Natural and vaccine mediated correlates
of protection against enteric fever

DOMI | MINA
NVS TIO

Elizabeth Jones

St Edmund’s Hall

University of Oxford

A thesis submitted for the degree of

Doctor of Philosophy

Paediatrics

Hilary Term 2024

Supervisors: Professor Sir Andrew Pollard, Dr Elizabeth Clutterbuck, and Dr

Adriana Tomic



Table of Contents

Chapter 1. Ta]d oo [ U] o1 4 e o RO TP 25
1.1.  Enteric fever clinical Manifestation ........c.ccccooiieiiiiniie e 25
1.2, BUIden Of diSEaSE.....eiiiiiiieeieeeee ettt st st 25
1.2.1. Geographical Variation ..........ciiciiie e e e 26
1.2.2. FAY (ol o 1 {1 o TU 4T Yo PP 29
1.3 TFANSMIISSION .eeeiiiiiitiie ettt e e s s e s s e e s s sre e s s e e e s nrenas 29
O S B T - =4 To 1) o (ot PNt 30
1.5. Treatment of disease and antimicrobial resistance........c..ccocceeeieiieieninieniececeerecreee 31
Y ST V- Yolol T o Tol o L=V o oY T=Y o} A PP 32
1.6.1. Historical enteric feVer VaCCinesS .......cooui ittt 32
1.6.2. Oral VACCINES ...ttt ettt et s bt s bt e st st e sab e st e e b e e bt e smeesmeeeaeeeneean 33
1.6.2.1. IMOLZHOO ...ttt sttt et st st e b e s be e saee s e e eneesneesneesane e 33
1.6.2.2. CVDO908, CVDI08-htrA, and CVDO0I........cccueriirierieeieeniee sttt 34
1.6.2.3. CVDTLO02.....c ettt ettt et b e bt sttt et e e s bt e s bt e sat e eat e e bt e bt e bt e bt e sae e et e eateentean 34
1.6.3. POlYSACCNAride VACCINE ...ueiiiiiiee ettt ettt e et e e et e e e e e tt e e e e ebre e e e ebaeeeeeanes 35
1.6.4. CONJUEATE VACCINE c.ciiieiiiiieeee ettt e s ettt e e e s s sttt et e e e e e s s saabbbaeaeeeesssasssssaaeeessssnsnsnnns 35
1.7.  The Salmonella infection lifecycle and evasion of the innate immune system.................... 37
1.7.1. Ingestion and the gastric acid Darrier ... 37
1.7.2. Invasion of the gastrointestinal epithelium (Figure 1-2) ...........ccccoeeviviiiieeccee e 38
1.7.2.1. T3SS-1 mediated entry to epithelium ........ooociiiiiiiee e, 40
1.7.2.2. Uptake by phagoCytes. ... e e e 42



1.7.3. Salmonella containiNg VACUOIE ........coooiiiiiiicieie ettt e e s aeae e e 42

1.7.4. SystemMIC diSSEMINATION . ...c.uiiiiicciiie e e s e e e s e e s s aree s 42
1.7.5. ) 0T [o [TV PSP 44
1.7.6. (@ oo o Lol of- T 4= - <RSI 44
1.8.  Adaptive iImmMuNE SYSTEM FESPONSES .......vveiieeriieeeiiieeeeiireeeeetreeeeeteeeeeebeeeeesreeeeesbaeeeennsenas 45
1.8.1. T cell Mediated rESPONSES.......uiiiietiiie ettt e e s e e s e e e s sbeeeeesreaeessanes 45
1.8.2. B LIS ettt st st e e s b e e s bt e e s be e e bt e e s ateesbeeesareenan 47
1.8.3. Humoral response and antibody effector functions..........cccouveereciie e, 48
0L T 0o 0 ¢ Y =Y T o Yl o] o) o <ot f [0 o FO USRS 50
1.10. FAN (s a3 T o @] o] [=Tot 41V PP 51
Chapter 2. Materials and MEthOUS ......cocciiiiiie e e 53
2.1.  Clinical trial SAMPIE OVEIVIEW ......oiiieiiiiee ettt et e e e ette e e e e tte e e s ebee e e s enaeeeeeanes 53
2.2, Bacterial Strains USE .....cc.eiiueiiiiiiiiie ettt ettt sttt sbe e st saee e 56
2.2.1.  Transfection of S. Paratyphi A NVGH308 with a GFP containing plasmid .............cc.cce... 59
2.3, CellLines and culture Methods. ........ccouiiiiiiiiiiiiieee ettt s 60
2.3.1. THP-1 surface Marker @XPreSSiON .......ccciiecicciieeeeceieeeeecitee e eeete e e e ectee e e e etreeeeeeareeeesastaeaeeanes 61
2.3.2. HL60 differentiation and Phenotyping.....cccccveeiiiciiee ittt e e e e 63
2.4, INhOUSE POSITIVE POO...cciiiiiiiciiiee ettt e et e e st te e e s s ate e e e sbteeessbteeesenraeaesnnes 65
2.5.  Serum bactericidal aCtiVity @SSAY ...ccciieiciiiiiiiee e 65
2.5.1. Salmonella Typhi (Quailes) luminescence based (L-) SBA..........ccccoveiieciieeeeciiee e 65
2.5.2. Salmonella Paratyphi A (NVGH308) luminescence based (L-)SBA..........cccccevveevveeereeennne. 66
2.5.3. Salmonella Paratyphi A (ATCC9150) conventional colony counting based SBA............... 67



2.5.4. Salmonella Paratyphi A (NVGH308) conventional colony counting based SBA................ 68

2.6. Antibody dependant monocyte phagoCytoSis .....ccccuciiieiiciiiiiiiiiee et 68
2.7. Antibody dependant neutrophil phagoCytosis .......cccuiiiirciiiiiiciiee e 70
2.8.  Enzyme linked immunosorbent assay (ELISA) ......coocciieeiiiiiie e 72
2.9.  Vicapsular polysaccharide eXpression @SSay......ccceucieeeeecieeeeeiieeeeeiieeeeeiseeeeesseeeessssseeeesnnes 74
2.10. SEAtiStICAl @NAIYSIS ceeieeiiee e e 74
Chapter 3. Development of standardised assays to investigate antibody effector functions ....... 76
K 70 R 101 4o T [0 o T FO RSO TP PP PPTOPPTRUROPRR 76
3.2, MEEROOS . st sttt b e b e sae e st eare s 77
3. 3L RESUIES ettt st st eh e s b e e s be e e s abeesbeeeneeesbeeenns 77
3.3.1. Methods development of Salmonella Typhi luminescence based (L-)SBA....................... 77
3.3.1.1. Selection of optimal complement conditions...........cceeeieciiieicciiee e 77
3.3.1.2. Expression of Vi capsular polysaccharide by different Salmonella Typhi Strains......... 83
3.3.1.3. Performance of a NIBSC 16/138 international standard as a QC sample..................... 85
3.3.1.4. Vi specific antibody depletion optimisation ..........ccceccveiiiiiiiie e 86
3.4. Method development of Salmonella Paratyphi A luminescence based SBA........................ 88
3.4.1. Optimisation of suitable complement conditions ........ccceccuviiiiiiiie i, 88
3.4.2. Use of an in-house pool as an assay QC.......cccueeiiiciiieiiiiieeeciieee e eirreeeeree e e svreee e eveneeeenes 89
3.5. Development of a conventional, colony counting SBA in collaboration with SIIPL.............. 91
3.5.1. Optimisation of SBA assay CONAITIONS.......c..ueiieiiuiiiieiiiiee e e 91
3.5.2. Qualification Of SIIPL SBA @SSAY ....cceccuurieeiiiieeeeiiieeeeiireeeesireeeessreeessnseesssssssesssssseesssssens 95
3.6. Methods development for an antibody dependent monocyte phagocytosis assay ............ 97



3.6.1.

3.6.2.

3.6.3.

3.6.4.

3.7.

3.7.1.

3.7.2.

3.8.

Selection of suitable reaction time and MO ...........ooovvviiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeees 97

Optimisation of bacterial fixing cONditioNS.......ccuveviiiiiiiiii e, 99
Effect of complement addition on phagocytosis ......ccceccuveiiiciieiiiiiieeice e 103
Final ADMP assay conditions and reproducibility assessment .........cccccvveeeeiiieeericnnnnenn. 107
Methods development for an antibody dependent neutrophil phagocytosis assay.......... 111
Selection of suitable reaction time and assay standard ..........ccccceveeiiiincien e, 111
Final ADNP assay conditions and reproducibility assessment..........cccoeeveeeviiveeeiiciveennn. 114
CONCIUSION ..ttt ettt b e s he e sat e et e et e e beesbeesaeesatesmbeeabeebeennes 116

Chapter 4. Changes in Serum bactericidal activity after S. Paratyphi A exposure or vaccination 117

4.1.

4.2.

4.3.

4.3.1.

4.3.2.

4.3.2.1.

4.3.2.2.

4.3.3.

4.3.4.

4.4.

4.4.1.

4.4.2.

INEFOTUCTION ettt sttt e st e st e s bt e e sbe e e sabeesabeesneeesareens 117
IMIEENOAS ..ttt et s e s bt e st e s bt e s bte e s bt e e bt e e nareesbaeesareenn 119
RESUIES ..ttt b e b e st sttt e bt e s bt e sae e s at e et e e be e e heesateeabeeabeebeenns 119
L-SBA responses to S. Typhi after Vivaccine in a CHIM.........ccccooeciiiiieiiiiee e 119
L-SBA responses to S. Paratyphi after exposure ina CHIM ........ccccoeeiviiiiiniieec e, 123
Effect of prior exposure to S. Paratyphi A..........coociiriieiiei e 126

Changes in L-SBA in participants in an oral S. Paratyphi A vaccine and challenge study

129

SBA responses to S. Paratyphi after bivalent S. Typhi - Paratyphi A conjugate vaccine.132

Comparison of SBA titres with difference methods and strains..........cccecveeevvveeeennen. 134
DT o{ U 1 [ P OO URPRPPT 135
Bactericidal antibodies after Vi vaccination in an S. Typhi CHIM ........ccccceeeiiieeenneenan. 135
Bactericidal antibodies against S. Paratyphi A.........ooeeeiiiiiiiiieieee e 138



Y O Y (o 1V 1Y o] o PR 141

Chapter 5. Changes in antibody dependant monocyte phagocytosis after S. Paratyphi A exposure

or vaccination 143

LT P 1014 o o [¥ Ty o Yo N TP POV ST PPV 143
5.2, IMEENOOS ...ttt re e 145
5.3 RESUIS et b e b e saee e 145
5.3.1. Changes in ADMP in participants in an S. Paratyphi A challenge model......................... 145
5.3.1.1. Changes in ADMP in an S. Paratyphi A challenge dose finding study...........cccecuveee. 148
5.3.1.2. Effect of prior exposure to S. Paratyphi A and homologous rechallenge................... 150

5.3.2. Changes in monocyte phagocytosis in participants in an oral S. Paratyphi A vaccine and

ol a1 =T o T= LI U | RSP PP 153

5.3.3. Changes in monocyte phagocytosis in participants in a typhoid — paratyphoid bivalent

CONJUEALE VACCINE STUY ...uviiiiiiiiiieciiiie ettt e e e e et e e e e st b e e e e stbee e e e sbaeeesnsbaeesenaseeeeennsenns 155
5.4, DISCUSSION....eetiiiiiitite ettt e st e e st e e s b e e e s r e e s e b e e e s e e e e s e nreeas 157
5.4.1. ADMP responses to experimental S. Paratyphi A challenge ina CHIM............cccvveenee 157
5.4.2. ADMP responses to oral S. Paratyphi A vaccine, CVD1902, and challenge.................... 160
5.4.3. ADMP responses to a novel S. Typhi — Paratyphi bivalent conjugate vaccine................ 161
5.5, CONCIUSION ittt ettt b e s he e st e st e et e bt e sbeesaeesabeenteebeesbeesaeenas 162

Chapter 6. Changes in antibody dependant neutrophil phagocytosis after S. Paratyphi A exposure

or vaccination 163

(7% R 11 4 e Yo [V To1 1o o HF U 163
6.2. 1Y/ <] 1 2 oo T 165
6.3. LTy | 165



6.3.1. Changes in neutrophil phagocytosis in participant in an S. Paratyphi A challenge model

165
6.3.1.1. Changes in ADNP in an S. Paratyphi A challenge dose finding study........cccccceeeuvnennn. 169
6.3.1.2. Effect of prior exposure to S. Paratyphi A and homologous rechallenge................... 171

6.3.2. Changes in neutrophil phagocytosis in participants in an oral S. Paratyphi A vaccine and

Lol a1 =T o F= LI UL | PP 174

6.3.3. Changes in neutrophil phagocytosis in participants in a typhoid — paratyphoid bivalent

CONJUEALE VACCINE STUAY ...uiiiiiiiiiiiecciiie ettt e e e sae e e e st e e e e s tbe e e e s sbaeeesnbaeeeesaseeeeennsenns 176
B.4.  DISCUSSION . cuueuiiieiitteee ettt e e e e e sttt e e e e s s st abteeeeesessaaabtbeaeeeeesssasssssaaaeesssssssssssaaeeesssnssnnsrnne 178
6.4.1. ADNP responses to experimental S. Paratyphi A challenge ina CHIM.............ccveene. 178

6.4.2. ADNP responses to an oral S. Paratyphi A vaccine, CVD1902, and S. Paratyphi A

challenge 180

6.4.3. ADNP responses to a novel S. Typhi — Paratyphi bivalent conjugate vaccine ................ 181

5.5, CONCIUSION .ttt ettt ettt b e s he e st e st e b e bt e sbeesaeesabeenteebeesbeesaeenas 182
Chapter 7. Integrated analysis of immunological correlates of protection...........cccccceeevieeenneen. 183

2% P 131 4o T [01 o RO PP R PP PRPUPRPPRO 183

7.2 IMLEENODS ...ttt st st st 185

7.3 RESUIS ottt sttt sttt b e st st e e te e be e sbeesaee e 185

7.3.1. Baseline clustering of immune responses in the naive S. Paratyphi A challenged

oL Aol o =] 1 3TN 185

7.3.2. Multivariate S. Paratyphi A exposure induced immune response clustering................. 188

7.3.3. Integrated analysis of baseline immune features prior to S. Paratyphi A homologous

[=Tol aF 11 F=T oY -SSR 191



7.3.4. Integrated analysis of immune responses induced by two doses of oral vaccine,

CvD1902 194

7.3.5. Correlation of immune responses induced by bivalent vaccine, Sii-PTCV...........ccc.uu. 197
R 0 111 ¢1 U131 (o T o PSPPSR 199
7.4.1. CONCIUSTON ...ttt ettt ettt st st e b e b e s bt e smee st e et e e sbeesanesanenas 203
Chapter 8. B 1Ty ol U 13 o] o PO USRS 204
8.1.  SUMMANY Of fINAINGS c..eeveeeeeiiie e e e e s bee e s e e e e e rareeas 204
8.1.1. Development of standardised laboratory assays .....ccccccceeevciveeeriiiieesiiee e eceee e 204
8.1.2. Changes in bactericidal antibodies after Vi vaccination and S. Typhi challenge ............ 205

8.1.3. Description of antibody effector functions in a paratyphoid challenge - rechallenge

model 206

8.1.4. Description of antibody effector functions after live attenuated oral S. Paratyphi A

VACCINE (CVDI902) ...uuveieieieeeeeereee ettt e eetee e e eeteee e e eteeeeeetbaeeeeebaeeeeebaeeeeesbaeeseestaeeeeastaeesesnteeeeennreeas 209

8.1.5. Description of antibody effector functions after S. Typhi - Paratyphi A bivalent conjugate

V= olol [ o Tl (S o LAY SR 210
8.2, LIMITAtiONS.cc.eiiiiiiiiiiiiiiti e 216
8.2.1. Limitations of the controlled human challenge model..........cccccoeeieeiiiiieiiiciieeiee, 216
8.2.1.1. NY=T00Y o] =4 1T o Vi =Y o] o Ly RS 216
8.2.1.2. Limitations of the CHIM study population..........ccccceeeeeciieieciiee e e 217
8.2.1.3. Diagnostic criteria imitations .......cueeiieiiii i e 218
8.2.2. Laboratory assay limitations .........cc.eeeieciiiiiiciiie e 218
8.3, FULUIE WOIK ettt et s st e s e e sae e sare e sree e sareesnees 219
8.3.1. Assessment of vaccine efficacy and immunological CoPs in the paratyphoid CHIM...... 219



8.3.2. Development of assays to assess other immunological features.........ccccceeeevveeeeinieennn.

8.4. (000Y a Lol [0 1o s P RRURRR

Bibliography



Acknowledgements

Firstly, | would like to thank all the amazing volunteers who have dedicated their time to participate
in the clinical trials included in this thesis. This research would not be possible without their

commitment.

| am grateful to my supervisor, Professor Sir Andrew Pollard, for the opportunity to work on this
project and | would like to thank him for supporting me while | am research assistant in the OVG
laboratory. | am also grateful for the support and supervision from Dr Elizabeth Clutterbuck. Her
immunology knowledge is second to none! | would like to thank her for her valuable contributions to
this thesis and for her support in navigating the balance between RA work, management work, and
research all while going through a pandemic. | would also like to thank my co-supervisor, Dr Adriana

Tomic, she has provided a valuable perspective to this project and | am grateful for her guidance.

| would also like share my thanks to Dr Jennifer Hill and Dr Lisa Stockdale, my initial supervisors. They
are two incredible scientists who provided much support at the beginning of this project and gave
my research confidence a significant boost by supporting me in publishing my first paper. | would

simultaneously like to express my gratitude for their support during the COVID-19 pandemic.

I am incredibly lucky to work with so many gifted individuals at the Oxford vaccine group. Due to the
complex nature of the Salmonella challenge trials, they would not be possible without the dedication
and hard work from many individuals. | would like to thank the clinical and admin teams, (past and
present — of whom there are far too many to name), for their incredible hard work and delivery of

the clinical trials.

This work would also not be possible without the wonderful lab team (past and present) who put in
exceptional effort processing all the samples and generally make the lab a great place to be. In
particular, | would like to thank Dr Susana Camara, Sonu Shrestha, Dr Sagida Bibi, Dr Jennifer Hill, Dr

Lisa Stockdale, Dr Helena Thomaides-Brears, Dr Helena Juel, Harri Hughes, Soumya Parinparajah,

10



Alex Maytum, Jaclyn Bowman, Kat Sanders, Sally Felle, Sarthak Sahoo, Nicole Day, Tanya Dinesh,

Amy Flaxman, Florence McLean, and Spyridoula Marianou.

It has been a privilege to work with Dr Sagida Bibi. We started one week apart, over 9 years ago and
her support has never been far from my side. | have learnt a lot from her during these years, her

honesty and sense of humour put any problem into perspective.

| would also like to thank my Salmonella sister, Dr Mari Johnson. Our mutual love of science and
dogs created a bond like no other. | feel lucky that our time at OVG overlapped for as long as it did,

hopefully it was long enough for me to absorb some of her wisdom.

| would like to thank my family; my Dad (Hywel), Stepmum (Steph), Mum (Dawn), and my
Grandparents (Hazel and Gordon, and Mansel and Rose). One of my biggest thank yous is reserved

for my wonderful sister, Louise, she is the best sister that anyone could wish for.

The list of those to whom | owe my gratitude would not be complete without sharing my thanks to
my wonderful friends, and of course, my Berry Mugfins and Cardi-gang; Lucy Cornell, Giannhs
Spanos, Aleksei Malyshev, and Marie-Claire Jalaguier. | am so glad that Teddy Hall brought us
together, you made life during these unprecedented times bearable. What's the most important

thing we’ve learnt during this time? Potatoes are delicious in any form.

Lastly, | would like to thank my dear friend Daisy. Our friendship is one of the best things to come
out of my time at OVG, she is a kind and intelligent person and without her support over the last few

years there would be many more blank pages in this thesis.

11



Declaration of contribution

The Salmonella challenge trials are complex and required the input from many people at Oxford
vaccine group. In particular, the paratyphoid trial (P1 1013/07) was set up by Dr Hazel Dobinson, and
the paratyphoid challenge — rechallenge study (PATCH 2014/01) was lead by Dr Malick Gibani. The
VAST study (2014/08) was lead by Dr Celina jin. Oversight of the challenge trials was provided by

Professor Sir Andrew Pollard and Professor Brian Angus.

The phase | study investigating the safety and immunogenicity of the typhoid-paratyphoid bivalent
vaccine (Sii-PTCV) was conducted by Serum Institute of India Private Limited. The delivery of the
immunogenicity part of this study was completed with collaboration between OVG and SIIPL, co-
ordinated by the author, Dr Florence Mclean, Dr Young Kim, Dr Amy Flaxman and Professor Sir
Andrew Pollard from OVG, and from Anirudha Vyankatesh Potey, Sandesh Bharati, Vinay Gavade,

and Chandrashekhar D. Kamat from SIIPL.

Management of laboratory sample processing was carried out by Sonu Shrestha (P1 and PATCH
studies), by the author (VAST study), and by Nicole Day and Susana Camara (VASP study).
Optimisation of the assays was provided by OVG staff at laboratory meetings. In particular, assay
optimisation feedback was provided by Dr Elizabeth Clutterbuck, Dr Jennifer Hill, Dr Lisa Stockdale,
Dr Celina Jin, and Dr Christina Dold. Original luminescence SBA concept was developed and shared
by Francesca Necchi and Francesca Micoli employed GlaxoSmithKline. Generation of the green
fluorescent protein expressing Salmonella Paratyphi A strain was performed by Dr Jennifer Hill, the
plasmid and protocol was provided by Dr Nancy Wang and Professor Dick Struggnell from the
University of Melbourne. Optimisation of the flow cytometry panels and training on the flow
cytometer was provided by Dr Mari Johnson and Dr Elizabeth Clutterbuck. The colony counting SBA
protocol was developed and shared by SIIPL, further optimisation work by the author was performed

with assistance from Tanya Dinesh and Sarthak Sahoo, with oversight and input from Vinay Gavade.

12



Sarthak Sahoo, Tanya Dinesh, Dr Amy Flaxman, Dr Eirini Pantazi also contributed in collecting the

SIIPL SBA data presented in chapter 4.

The P1/PATCH ELISA data presented in chapters 4-6 was collected by Helena Thomiades-Brears and
Sonu Shrestha. The SIIPL ELISA data presented in chapters 4-6 was collected by JuYeon Park and
Nicole Day. Symptom severity and diagnosis data were collated by Dr Celina Jin (VAST), Dr Hazel
Dobinson (P1), and Dr Malick Gibani (PATCH). Blood and stool cultures were processed by the
Microbiology Laboratory at the John Radcliffe Hospital, Oxford University NHS Foundation Trust..
Haematology and biochemistry samples were processed by the Clinical Biochemistry and

Haematology laboratories, at the John Radcliffe Hospital, Oxford University NHS Foundation Trust.

The data and analyses presented herein have not been submitted for any degree elsewhere and,

unless otherwise stated, all work presented in this thesis is my own.

Impact of the COVID-19 pandemic

The emergence of the COVID-19 pandemic in 2020 lead to unprecedented challenges across various
facets of life. As a doctoral candidate during the UK lockdowns my ability to perform experiments

and progress my research was significantly impacted.

My role as a full time research assistant and CL3 deputy manager in OVG during this time meant that
| was actively working on the delivery of SARs-COV-2 infection and vaccine related clinical trials
during this time. Moreover, in the face of post-pandemic career progression and staff departures |
was assigned to cover the CL3 management and biological safety for approximately 1 year which

imposed additional demands and constraints on my research endeavors.

As someone who has enjoyed working in the field of translatable medicine witnessing the real-time
impact of medical research on public health was an invaluable experience. | learnt a lot during this
time and | am grateful that | could participate in the global effort to tackle the COVID-19 pandemic,

however this undoubtedly impacted the progression and quality of my thesis work.

13



Abstract

Enteric fever is a febrile illness caused by systemic infection with Salmonella Typhi or Paratyphi. It
causes approximately 136,000 deaths a year. Enteric fever has largely been eradicated in developed
countries but there remains a high incidence in lower-middle income countries. Emergence of
antimicrobial resistant strains poses a significant health problem. Vaccine intervention can help
reduce the burden of disease and is recommended in regions of enteric fever endemicity. However,
current enteric fever vaccines are not effective against paratyphoid fever and recent data show that
in some regions the incidence and proportion of disease attributable to S. Paratyphi infection is
increasing. Comprehensive control of enteric fever requires effective vaccines against both
etiological agents. Currently there are no licensed vaccines against paratyphoid fever. Licensure of
novel vaccines is partially hindered by our limited understanding of protective immunity and lack of

immunological correlates of protection.

Development and application of immunoassays to characterise the immune response to S. Paratyphi
infection or vaccination can further our understanding of protective immunity and help support

licensure of new vaccines to help control enteric fever.

| have developed multiple robust immunoassays to reliably measure the functional humoral immune
responses against S. Typhi and S. Paratyphi A. Using these standardised methods | have measured
serum bactericidal activity (SBA), antibody dependent monocyte phagocytosis (ADMP), antibody
dependent neutrophil phagocytosis (ADNP) responses to enteric fever vaccines and experimental

challenge in a series of clinical trials.

| measured pre-existing, and post-challenge functional immunity in two oral S. Paratyphi A
experimental challenge studies. Although there was variability levels of pre-exisiting immunity at
baseline, none of the features significantly correlated with protection from acute paratyphoid fever

after challenge. Ninety days after challenge there were significant increases in SBA, ADNP, ADMP.
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For the SBA, challenge induced increases were dependant on systemic infection whereas increases
in ADMP and ADNP occurred regardless of systemic infection. A subset of S. Paratyphi A challenged
individuals undertook a second challenge. Significant waning of functional immunity occurred by 17
months, at the point of rechallenge and no features measured at the rechallenge baseline correlated

with diagnostic outcome of the second challenge.

In another study, healthy volunteers received either two doses two weeks apart of oral paratyphoid
vaccine, CVD 1902, or sodium bicarbonate placebo control approximately one month before oral S.
Paratyphi A challenge. SBA and ADMP titres were significantly increased 42 days after receiving
vaccine or placebo. However, ADNP titres were significantly elevated after vaccine/placebo in those
who were protected from infection. A similar trend was observed for ADMP, but it did not reach
statistical significance. Analysis of this data while the study is still blinded may impact these findings
and further analysis should be conducted once the study is unblinded. Integrative analysis
approaches were unable to identify any immune signatures that correlated with protection in any of

the three challenge studies.

Functional immunity against S. Paratyphi A was also measured in participants in a phase 1 clinical
trial evaluating the safety and immunogenicity of a novel S. Typhi — Paratyphi A bivalent conjugate
vaccine, Sii-PTCV. A single dose of Sii-PTCV elicited significant increases in SBA, ADMP, ADNP

suggesting polyfunctional immune stimulation.

In conclusion, | have developed robust immunoassays that can reliably measure antibody effector
functions. In paratyphoid naive adults or adults who have experience a single exposure to S.
Paratyphi A there are no baseline immune functions that correlate with protection in an
experimental challenge model. | have used these assays to demonstrate that functional immunity
can be stimulated by oral S. Paratyphi A challenge, a single dose of Sii-PTCV, and potentially by
CVD1902. However further work is required to determine whether vaccine induced responses

correlate with protection from paratyphoid fever. While no correlates of protection could be
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identified in these studies, this work adds to our growing understanding of host immune responses
to typhoidal Salmonella. Furthermore, this work serves a ‘proof of principal’ demonstrating that
these assays can be used, in addition to other assays, to assess immunogenicity and correlates of

protection against paratyphoid fever future studies.
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Chapter 1. Introduction

1.1. Enteric fever clinical manifestation

Typhoid and paratyphoid fever, collectively termed enteric fever, are systemic diseases caused by
infection with Salmonella enterica subspecies enterica serovars Typhi and Paratyphi A, B, and C.
Infection with either S. Typhi or S. Paratyphi causes a clinically indistinguishable, febrile illness
associated with, non-specific symptoms of malaise, headache, anorexia, abdominal discomfort,
arthralgia, dry cough, and nausea 2. Onset of symptoms typically occurs 8-14 days after exposure 2.
Clinical presentation varies based on geography, patient age, and the presence of comorbidities,
such as HIV 3. Disease severity can range from mild to life threatening, with complications, such as
intestinal perforation, gastrointestinal bleeding, and neurological complications occurring in 10-15%

of cases.

1.2. Burden of disease

Enteric fever predominantly effects low and middle income countries (Figure 1-1 shows the
distribution of disease). The true burden of disease is difficult to accurately measure due to its non-
specific presentation, lack of availability and affordability of sensitive and specific point of care
diagnostics, and health care seeking behaviour e.g. the use of over the counter antibiotics to treat
non-specific febrile illness *. The WHO recommends the use of facility-based surveillance in endemic

countries to get a better estimate of true burden of disease .

An estimated 14.3 million cases of enteric fever occurred globally in 2017, the majority of which
were attributable to typhoid fever (76-3% , 10.9 million) while 3.4 million cases were caused by
paratyphoid fever &, The global fatality rate was 0.95% (135,900 deaths in 2017) and notably the case

fatality was 1.89 times higher for typhoid compared with paratyphoid.

There are no standardized methods for collecting epidemiological data, most studies use data
collected from various sources such as hospital records, health care centre reporting, and
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community based household visits from surveillance studies 8. Heterogeneity in reporting also
exists due adjustments made using different risk factors associated with disease and diagnostics,
meta analyses by Mogasale et al, Antilion et al, and Buckle et al estimate the global burden to be

11.9, 17.8, or 26.9 million cases per annum %1%,

Outbreaks of enteric fever also contribute to the global disease burden, between 1990 and 2018 303

outbreaks were identified 2.

1.2.1.Geographical variation

The number of enteric fever cases varies geographically, the highest burden of disease is reported in
Africa and Asia. Stanaway et al report the burden of disease in the south Asia super-region to be
10.3 million cases per year, accounting for 71.8% of the global disease burden, the burden in the
proximally located southeast Asia, east Asia, and Oceania accounting for 14-1% of global cases

(Figure 1-1) ©.

Data collated from sub-Saharan Africa reports 1.73 million yearly cases, wide levels of variation are
seen throughout Africa as noted in the TSAP (Typhoid surveillance in Africa Program) study which
reported an adjusted incidence rate ranging 0 in Sudan to 383 per 100 000 person-years of
observation in Burkina Faso ®!3. The same global pattern was observed in the STRATAA (Strategic
Typhoid Alliance Across Africa and Asia) study. Data collected from STRATAA showed that the
incidence of enteric fever was highest in Asia (adjusted incidence rate of 1062 and 1135 per 100 000
person-years of observation in Kathmandu and Dhaka, respectively) with a lower burden of disease
being reported in Africa, as measured in Blantyre, Malawi which reported an adjusted incidence rate

of 444 cases per 100 000 person-years of observation 141>,

The global burden of enteric fever attributable to S. Paratyphi infection is lower compared with that
caused by S. Typhi infection %1, However, this varies regionally and recently, reports of increasing
paratyphoid fever incidence have been emerging. Studies in Nepal and India have reported an
increase in the proportion of enteric fever cases caused by S. Paratyphi, while a study in Cambodia
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found the incidence of paratyphoid fever increased 44 fold between 2007 and 2010 728, The
number of paratyphoid fever reports are highest in China, where four studies claimed an incidence
of 150 cases per 100,000 person years of observation, and in the Guangxi more than 90% of isolates

collected from enteric fever patients were positive for S. Paratyphi 1%,

Interestingly, there are only a few reports indicating the presence of S. Paratyphi A in Africa. Studies
in Kenya and Malawi found that S. Paratyphi was not isolated from any cultures, despite both areas
being endemic for typhoid fever 1#21, However, 2 hospital based studies conducted in Nigeria

isolated S. Paratyphi in 16.7 — 34.3% of cultures that were Salmonella positive 2223,

The majority of isolates from paratyphoid cases belong to the S. Paratpyhi A subtype, followed by

the B and C subtypes 2.

In developed countries, enteric fever is mostly eliminated and only remains a problem in travellers
returning from regions where enteric fever is endemic 2°. The same geographical and subtype
distribution described above is reflected in cases in returning travellers, the highest number of cases
in UK are from people returning from South-Central Asia, followed by South-East Asia then Africa.
Another study conducted in England between 2014-19 identified 1088 cases of S. Typhi, 729 S.

Paratyphi A, 93 S. Paratyphi B, and one S. Paratyphi C 25%°,
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Figure 1-1 Estimated incidence of typhoid and paratyphoid fever (per 100,000) in 2017.

Global enteric fever incidence data presented by GBD 2017 Typhoid and Paratyphoid Collaborators collected from a combination of vital registration data
and natural history data. Figure reproduced under the CC BY license, from Stanaway, J. D. et al. The global burden of typhoid and paratyphoid fevers: a
systematic analysis for the Global Burden of Disease Study 2017. Lancet Infect. Dis. 19, 369—-381 (2019).



1.2.2. Age distribution

Collecting corresponding demographic data identifies at risk groups and helps inform policy makers
of the best intervention strategies. Most studies corroborate that the highest disease burden lies in
school aged children, with the peak infection frequency occurring at either 2-4, or 5-15 years of age
6910 |nterestingly, the SEAP study reported that the median age a laboratory confirmed typhoid
diagnosis was 7 years of age where as the median age for paratyphoid was 12 years of age *.
Although it’s worth noting that burden data are likely underestimated in younger children due to the
atypical symptomology and difficulties in obtaining a large enough sample volume for accurate

laboratory based diagnostics.

1.3. Transmission

Typhoidal Salmonella serovars are human restricted pathogens and therefore there is no animal
reservoir harbouring bacteria. Transmission of enteric fever occurs primarily through consuming
contaminated food and water. Transmission of typhoidal Salmonella is divided into two categories.
Short cycle transmission occurs by exposure through household contacts and food preppers. Long
cycle transmission occurs by exposure through environmental contamination e.g. water sources /.
Enteric fever has mostly been eliminated in developed countries owing to improvements in water
and sanitation %, In endemic regions, transmission dynamics vary based on location, burden of
disease, and serovar/clade °. Interestingly, transmission patterns appear to differ between
typhoidal serovars, where the primary risk factor associated with S. Paratyphi infection is
consumption of contaminated food, while for S. Typhi infection, poor water sanitation and
socioeconomic status are the main risk factors 3°. Understanding transmission is paramount for
elimination of enteric fever and interrupting transmission though infrastructure changes (clean
water supply) and policy (direct and indirect vaccine effects) can greatly reduce the burden of

disease 3.
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1.4. Diagnostics

Diagnosis of typhoid and paratyphoid fever is problematic because the non-specific symptoms make
it hard to distinguish from other acute febrile illnesses. Without additional laboratory based
diagnostics this can lead to use of unsuitable treatments such as ineffective antibiotics. Diagnostic
tests are traditionally based on either isolating the pathogen, or a fragment of the pathogenin a
patient sample, or on host responses that are indicative of a recent infection3? . For enteric fever the
gold standard test is bone marrow culture, although blood culture is more commonly used owing to
the relative ease and comfort of sample collection. However, the number of viable bacteria in the
blood is low (estimated at about 1 CFU/mL) and accuracy of blood culture ranges from 51 — 65 %
when compared with bone marrow culture, although this depends on sample volume 333*3> |n areas
with frequent antimicrobial use, the accuracy can even be as low as 40% 36. Stool culture is
sometimes used as part of a composite diagnostic, but as shedding occurs intermittently it cannot

distinguish between current infection and chronic carriage.

The need for accurate, rapid, and affordable diagnostics for these bacterial pathogens is urgent,
particularly as increases in rates of antimicrobial resistance are exacerbated by inappropriate use of

antibiotics.

Serological diagnostic tests rely on detection of Salmonella specific antibodies in the blood, usually
targeted towards specific surface molecules such as the LPS, H, or Vi antigens. The historical Widal
test has been replaced by commercial kits like TUBEX® and Typhidot 32. Such diagnostics platforms
perform well compared with blood culture, with medium to high levels of sensitivity and specificity.
However, timing of the patient sample can compromise the sensitivity of the technique, as can the
presence of antibodies generated from recent infection, vaccination, or exposure in the endemic
environment, thus one study concluded these were valuable tools for assessing outbreaks, but less

useful for individual patient diagnosis 3%%7.
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Recent innovations in genomic and transcriptomic approaches are underway. A recent study
identified 5 host genes that were able to identify enteric fever from other febrile infections with
greater than 96% accuracy. However, the comparator febrile diseases included in this study were
limited and more work is needed to assess the feasibility of using host transcriptomics in endemic
settings 3. Diagnostics based on detecting bacterial DNA offer an advantage in that they can detect
unculturable bacteria, however in practice blood based PCR assays have mixed sensitivity and
specificity ranging from <50-90% 3°. While these molecular diagnostic approaches show promise,
these techniques are costly and more research is needed before they could become viable point of

care diagnostics 3%,

1.5. Treatment of disease and antimicrobial resistance

Acute enteric fever can be treated with the use of appropriate antibiotics. Introduction of first-line
antimicrobials such as chloramphenicol and ampicillin reduced the mortality rate due to enteric
fever, however resistance to these antimicrobials has been emerging since 1900s “°. Since then
emergence of multi-drug resistant clones of S. Typhi, in particular the H58 clade, have been reported
in Asia, Africa and Oceania displacing other strains which are sensitive to antimicrobial treatment #*.
Up to 90% of cases are treated at home with over the counter antibiotics 3. The ready availability of
antibiotics and the treatment of non-laboratory confirmed febrile disease with improper antibiotics
puts selective pressure on the organism giving advantages to antimicrobial resistant strains, causing
outbreaks #2. Recently, extensively drug resistant strains (strains resistant to first, second, and third
generation antibiotics such as chloramphenicol and ampicillin, fluoroquinolones, and cephalosporin)
of H58 lineage have been reported 404344,

MDR strains cause more severe disease in children (in adults it’s indistinguishable), possibly due to
delay to treatment or use of incorrect treatments. In combination with higher rates of prolonged

asymptomatic carriage by MDR S. Typhi strains, this highlights the importance of treatment by

vaccine intervention %46
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The pattern of antibiotic resistant S. Paratyphi is complex, while globally the frequency of
antimicrobial resistant paratyphoid strains is increasing, variations are seen between regions. A
study in Bangladesh observed that S. Paratyphi isolates remain sensitive to most antibiotics 47,
Interestingly, a study in India found S. Paratyphi isolates were sensitive to first generation
antibiotics, but had increased resistance to fluoroquinolones, the current drug of choice for treating

enteric fever #°. These observations emphasise the essential role of adequate diagnostics and

antimicrobial sensitivity testing in the treatment of paratyphoid fever.

1.6. Vaccine development

Persistent high disease burden and the rise of antibiotic resistant strains is a major obstacle in the
elimination of enteric fever. Long-term strategies to eliminate enteric fever require improvements in
sanitation, hygiene, and accessibility to clean water, however in the short to medium term

vaccination is an effective preventative measure.

1.6.1.Historical enteric fever vaccines

The first typhoid vaccines were developed in England and Germany over 100 years ago, consisting of
heat killed whole S. Typhi. An oral, heat killed S. Typhi vaccine caused severe reactogenicity and
caused typhoid fever due to incomplete inactivation and ingestion of live bacteria. Subsequently,
multiple preparations of injectable vaccines were developed consisting of heat killed, phenol
preserved or acetone killed, lyophilized whole cell S. Typhi. Vaccine efficacy studies conducted in the
1960s and showed efficacies of 51-67% for the phenol inactivated vaccine or 79-88% for the
lyophilized acetone inactivated vaccine. Despite the promising protection levels, these vaccines
elicited adverse reactions and have since been largely discontinued *°. Heat killed, phenol and
alcohol preserved vaccine against S. Typhi and Paratyphi A and B (TAB) was developed, these
combined vaccines were later discontinued in favour of other typhoid vaccines such as the Vi
polysaccharide subunit vaccine, due to adverse reactions and limited coverage against paratyphoid

fever °152,
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1.6.2.0ral vaccines

The first licensed oral typhoid vaccine was Ty213a, a live attenuated vaccine created by non-specific
chemical mutagenesis of the parent strain Ty2. The non-specific nature of the mutations resulted in
several genetic changes, most immunologically notable is the mutation of galE gene, and the lack of
Vi antigen >3. Loss of UDP-galactose-4-epimerase, the conventional product of galE transcription
causes a loss of galactose, an important component of LPS, as a result the bacteria do not express
smooth LPS and are less immunopotent. Initial field trials in Egypt demonstrated an efficacy of 96%
in children after 3 doses after 3 years >*. Additional studies in Chile calculated an efficacy of 66% at 5
years , or 62% efficacy after 7 years in children who received 3 doses *>°¢. While Ty21ais an S. Typhi
monoculture, evidence shows some cross protection against S. Paratyphi B, although evidence of
cross-protection against S. Paratyphi A is inconclusive. Ty21a is licensed in 56 countries but is mainly
used by travellers due the requirement for multiple doses, cold chain storage, requirement for
gastric acid pre-treatment buffer, and the fact that it is not recommended for use in children <5

years of age because of the capsule formula *’.

1.6.2.1. MO1ZHO9

Other oral vaccine candidates are in development and have been tested in clinical trials but have not
reached licensure. MO1ZHO09 is a live attenuated vaccine derived from the wild type Ty2 strain, it
harbours independent, targeted deletions in the aroC and ssaV genes. Deletions in the aroC gene
have auxotrophic effects hindering biosynthesis of aromatic amino acids, resulting in decreased
replication without exogenous amino acid supplement *%. Attempts to create a vaccine strain with
aro gene mutations proved to be immunogenic but still caused bacteraemia *2. The ssaV gene is part
of the SPI-2, a cluster of virulence related genes that encode a needle like structure that injects
effector proteins in to host cells to help avoid oxidative burst mediated killing. Mutations effecting
this structure limit the survival of bacteria within phagocytes and prevent systemic spread *°.

MO1ZHO09 is safe and well tolerated and can stimulate S. Typhi specific IgG, IgA antibody and cellular
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responses after a single dose in adults and children 7%, In a human challenge study where
participants received either a single dose of M01ZHQ9 or 3 doses of Ty21a 1 month before oral
challenge with live Salmonella Typhi bacteria, the vaccine efficacies were low at 13% for M01ZHQ9 or

35% for Ty21a 2.

1.6.2.2. CVD908, CVD908-htrA, and CVD909

The family of vaccines developed at CVD (centre for vaccine development) in the 1990’s also derived
from wild type Ty2 strain. CVD908 contains double deletions of aroC and aroD genes, phase 1 clinical
trials investigating safety and immunogenicity of this vaccine showed varied immunogenicity at low
doses, and reported undesirable bacteraemia at higher doses %. CVD908-htrA strain includes
mutations in the htrA gene which encodes heat shock proteins, deletion of this gene impairs the
intracellular survival of the bacteria, therefore limiting systemic spread and risk of bacteraemia. No
bacteraemia was detected in vaccine recipients, and the vaccine elicited strong serum and cellular

immune responses against flagellar (H) and LPS antigens.

Vi specific immune responses are thought to be an important target due to expression of the Vi
capsule at key points in the infection process. Stimulation of Vi specific responses by oral vaccines
would give them a potential advantage over Vi polysaccharide vaccines because of the potential to
induce immunological memory, which polysaccharide vaccines do not stimulate. A vaccine strain
with constitutive Vi expression, CVD909, was developed by replacing the promotor of the capsule
expression from the regulated Py, to the consituative Pic. Vi specific serum responses were low in
CVDI09 recipients, however a single dose of 10%° CFU elicited Vi specific IgA antigen secreting cells
(ASCs) %4, Despite the induction of immune responses the efficacies of these oral vaccines have not

been assessed.

1.6.2.3. CVD1902

While it’s been reported that Ty21a confers cross protection against S. Paratyphi B and CVD909

induces cross reactive immune responses against S. Paratyphi A and B, there are currently no
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licenced S. Paratyphi specific vaccines. Many candidate vaccines exist, including attenuated oral
vaccine candidate CYD1902. CVD1902 contains two independent mutations, one responsible for
virulence attenuation in the guaBA locus (disrupts the biosynthesis of guanine nucleotides), and the
other intended to increase immunogenicity in clpPX locus (genetic code for a chaperone ATPase,

clpPX mutants have increased flagellar expression) .

Phase | studies have shown CVD 1902 to be safe and immunogenic in human volunteers. After a
single dose (up to 10%° CFU) significant increases in LPS specific antibodies, B memory, and T cells
were observed. A phase Il controlled human infection study investigating vaccine efficacy and
immunogenicity of a two-dose schedule of CVD 1902 is ongoing at the University of Oxford at the
time of writing this thesis ®®. Some preliminary humoral immunogenicity findings from this study will

be discussed in chapters 4-7 of this thesis.

1.6.3.Polysaccharide vaccine

Vi polysaccharide vaccines contain purified Vi capsular polysaccharide (CPS), the outer capsule sugar
expressed on S. Typhi and sometimes S. Paratyphi C. Clinical studies reported moderate protection
from Vi-PS vaccines, with a 69% efficacy after 1 year and 59 % efficacy after 2 years ®’. However, by
the third year the efficacy drops to 50%, possibly attributable to the absence of immunological
memory due to lack of engagement of T cells . Vi CPS vaccines also demonstrate a lower efficacy in
younger children, the T-cell independent stimulation by polysaccharide antigens is less potent in
children because marginal zone B cells do not mature until approximately 18 months of age %79, Vi
CPS vaccines are not recommended for use in children under 2 years and revaccination is advised

every 2-3 years ',

1.6.4.Conjugate vaccine

In an effort to induce immunological memory and increase efficacy, especially in infants, Vi
polysaccharide typhoid conjugate vaccines (TCV) were developed. Initial vaccines used Vi CPS

conjugated to non-toxic recombinant protein that is antigenically identical to Pseudomonas
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aeruginosa exotoxin A, Vi-rEPA 72, Vi-rEPA was immunogenic and efficacious in young children, as
well as adults and induced long lasting protection with an efficacy of 82% was reported in children
aged 2-4 years 46 months post vaccination *”7>7%, More recently, typhoid conjugate vaccines have
been developed with other carrier proteins such as tetanus toxoid, diptheria toxoid, or CRM1g7. Early
studies demonstrated safety and predicted vaccine efficacy using seroincidence models and
controlled human infection models provided evidence for the WHO to support of typhoid conjugate
vaccines 7%, A single dose of Typbar-TCV showed a vaccine efficacy of 79% after 2 years in a study
conducted in Nepal and Malawi 7”78, Evidence to determine the duration of protection of newer
conjugate vaccines is currently being collected, one study demonstrates that Vi specific IgG persists

up to 7 years in children who receive a single dose of Vi-TCV.

Conjugate vaccines against S. Paratyphi A have been developed linking O-antigen (0O:2) to carrier
proteins. Phase | and Il trials demonstrated that O:2 conjugated to tetanus toxoid (SPA-TT;)was safe
and immunogenic in adults and children, inducing both binding and bactericidal LPS specific
antibodies 7°. Another study of a typhoid-paratyphoid bivalent conjugate vaccine (Sii-PTCV) was safe
and immunogenic in adults, and after a single dose, reported elevated binding and functional S.
Paratyphi A specific antibodies 29 days post vaccine, that remain elevated at 181 days post vaccine
8  However, the efficacy of these vaccines have not yet been evaluated, future challenge studies

will be required to determine the protective effect of S. Paratyphi A conjugate vaccines.

Due to the overlapping epidemiology, future enteric fever vaccines will likely target a combination of
serovars. Combined bivalent vaccines targeting typhoid and paratyphoid antigens would be
advantageous in Asia where the two serovars colocalise, whereas a combined vaccine targeting
typhoid and non-typhoidal Salmonella (NTS) would be beneficial to Africa where there is a high
burden of NTS, but little evidence of paratyphoid. A trivalent vaccine, which provides protection and

typhoidal and non-typhoidal Sa/imonella serovars is a desirable goal if it can provide global coverage

81
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1.7. The Salmonella infection lifecycle and evasion of the innate immune system

S. Typhi and S. Paratyphi are highly adapted for survival within the human host and have evolved

many virulence mechanisms to evade the human immune system.

Salmonella enterica subspecies diverged from a common E. coli ancestor 100-150 million years ago
years ago by obtaining genes that allowed the bacteria to invade cells, becoming facultative
intracellular pathogens 82. The subspecies of S. enterica are classified into serogroups based on the O
(somatic; S. Typhi 0:9,12, S. Paratyphi 0:2, 12) and H (flagellar; S. Typhi Hd, S. Paratyphi Ha) antigen
expression, according to the Kauffman-White classification system #. Typhoidal Sa/monella serovars
share 90% of their genes with non-typhoidal serovars. The distinct differences in pathogenesis are
caused by genetic variation introduced through reductive evolution by mutation induced gene
inactivation (pseudogenes) and by the incorporation of genetic elements from plasmids, prophages,
and phages 2. Interestingly, while S. Typhi and S. Paratyphi cause indistinguishable disease and both
serovars contain ~5% pseudogenes, the overlap of pseudogenes is less than 20% between typhoidal
serovars and the comparable disease phenotype by these bacteria is thought to have evolved

independently 88>,

Most genes encoding Salmonella related virulence factors are encoded by clusters of genes termed
Salmonella pathogenicity islands (SPIs), in the next section | will describe the pathogenesis of

typhoidal Salmonella serovars and highlight the role of some important virulent factors.

1.7.1.Ingestion and the gastric acid barrier

Once ingested, Salmonella enter the stomach where they resist the effects of low pH by utilising the
arginine decarboxylase acid resistance system. Production of shock proteins (RpoS, PhoP, PhoQ)
helps mitigate proton damage to the bacteria . Vaccine strains that contain mutations in the acid
shock response (e.g. Ty2 RpoS mutant: Ty21a) are more sensitive to lower pH levels, thus they are

often prepared in protective capsules or co-administered with an acid neutraliser (e.g. sodium
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bicarbonate) to help protect the bacteria from the low pH in stomach so they can reach the small

intestine.

1.7.2. Invasion of the gastrointestinal epithelium (Figure 1-2)

Transient exposure to low pH levels in the stomach triggers upregulation of genes that aid in the
bacterial survival in the intestine. Acid induced upregulation of RpoS genes increases bacterial
resistance to the action of short chain fatty acids present in the small intestine, while upregulation of
the OmpR/EnvZ two component system in response to organic stomach acid increases expression of

SPI-1 genes, which mediate invasion of the epithelial cells &’.

In order to cause systemic illness, Salmonella must first cross the intestinal epithelium. It was

thought that Salmonella preferentially traverse the epithelium in the terminal ilium by targeting M
cells, the specialised epithelial cells associated with the Peyers patches. However, it is now thought
that Salmonella also targets enterocytes and is able to cross the epithelium through direct capture

by underlying phagocytes:
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Figure 1-2 Schematic of epithelial invasion by Salmonella

DC migration to the MLN

Invasion of the gut epithelium by typhoidal Salmonella is primarily through:

1. T3SS-1 mediated entry through enterocytes

2. Sampling of the gut lumen by CD18+ phagocytes

3. Directly traversing through gaps between enterocytes

Followed by migration to the mesenteric lymph nodes and dissemination to secondary organs
through the reticuloendothelial and circulatory system.

Figure made using BioRender
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1.7.2.1. T3SS-1 mediated entry to epithelium

Primarily, Salmonella adhere to epithelial cells via fimbrae, S. Typhi fimH binds to terminal mannose
residues on surface glycoproteins of human cells. From this proximal location, Salmonella utilise the
needle like, type 3 secretion system 1 (T3SS-1) encoded on SPI-1 to inject effector proteins into the
cytosol of the attached epithelial cell, resulting in actin cytoskeleton rearrangement and engulfment
of the bacteria 8. These effector proteins belong to the Rho GTPase family, activation of NF-kB
transcription factor by NTS effector proteins triggers a proinflammatory response, and manifests in
the conventional gastroenteritis symptoms of intestinal inflammation and diarrhoea 8. Many T3SS-1
related effector proteins are pseudogenes in typhoidal serovars, epithelial uptake of S. Typhi and S.
Paratyphi does not result in NF-kB activation and downstream inflammation. Interestingly,
replacement of NTS effector proteins with typhoidal equivalents does not attenuate the
inflammatory profile in a murine model, suggesting a potential redundant function of some effector

proteins and an important role for other virulence factors in traversing the epithelium %.

Responses to the high osmolality conditions in the ileum are mediated by the viaB locus, an operon
located on SPI-7, which encodes genes related to regulation (tviA), biosynthesis (tviBCDE), and
export (vexABCDE) of the Vi capsule. Osmoregulation in the ileum prevents TviA expression which
prompts T3SS-1 and flagellar expression, aiding bacterial invasion. Upon entry into the cells and exit
via the basolateral surface, the decrease in osmolality triggers TviA expression resulting in Vi capsule
synthesis and export while simultaneously downregulating of flagellar expression®. Expression of
the Vi capsule at the basolateral surface of the epithelium attenuates inflammation by preventing
complement deposition, oxidative burst mediated killing and TLR-4 activation, furthermore reduced
expression of flagellar reduces TLR-5 mediated inflammation . This well co-ordinated, self-
regulating system enables the bacteria to stealthily invade the intestinal epithelium while evading

the immune system.
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S. Paratyphi A and B do not express the Vi capsule, but infection with these serovars is characterised
by a similar pathophysiology to S. Typhi and does not conventionally cause gastroenteritis in adults.
Immune evasion by S. Paratyphi A is thought to have arisen by convergent evolution. Production of
very long chain LPS (>100 repeating O side chains) regulated by FepE, a copolymerase that regulates
LPS chain length, which is a pseudogene in S. Typhi °*%. In vitro expression of very long chain LPS has
been shown to reduce IgM binding, complement deposition, reactive oxygen species (ROS)

production, and pryoptosis, comparable to the effects of S. Typhi Vi CPS (Figure 1-3) 2,
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Figure 1-3 Surface antigen expression by typhoidal Salmonella serovars and immune evasion

Adapted from Hiyoshi et al 2018 *2,
Immune evasion by typhoidal Salmonella serovars

Vi CPS expression by S. Typhi reduces binding by IgM, complement deposition, and neutrophil
mediated killing °2.
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Very long chain LPS expression by S. Paratyphi, hypothesised to mediate immune evasion in a similar
fashion to the Vi capsule. Very long chain LPS reduces IgM binding, complement deposition,
neutrophil mediated killing, and macrophage pryoptosis °>%. Figure made using BioRender.

1.7.2.2. Uptake by phagocytes

The Peyer’s patches contain professional CD18+ phagocytes that can directly sample the intestinal
lumen. To cross the epithelium, Salmonella can also be taken up by these phagocytes translocating

the bacteria to the basolateral surface ®*.

1.7.3. Salmonella containing vacuole

Once inside the host cell Salmonella reside in the Salmonella containing vacuole (SCV), SPI-1 is
downregulated and SPI-2 is simultaneously upregulated in response low pH and limited nutrients in
the SCV %°. SPI-2 contains genes encoding a second injectosome, T3SS-2, which translocates effector
proteins from the bacterial cytosol to the host cell cytosol. SPI-2 related effector proteins have a
myriad of functions, they aid in the maturation of the SCV to support bacterial replication, position
the SCV near the golgi apparatus to obtain nutrients, and help prevent SCV-lysosome fusion %7, The
low pH of the vacuole also triggers the PhoP/Q two component system, downstream actions of the
PhoPQ system cause changes in the membrane structure and contents increasing resistance to
antimicrobial peptides such as cationic antimicrobial membrane proteins (CAMP) %, These are
important virulence mechanisms that allow intracellular bacteria to replicate and evade killing within

the phagocytes.

1.7.4.Systemic dissemination

Salmonella bacteria that have successfully traversed the epithelium travel within CD18+ phagocytes
to the draining mesenteric lymph nodes (MLN). Systemic Salmonella infection occurs when invading
bacteria from the gut associated lymphoid tissues (GALT, e.g. Peyers patches) and the MLNs
disseminate to secondary, extra intestinal, organs through the reticuloendothelial and circulatory

system %°. Some evidence suggests this occurs rapidly after exposure, as early as 6 hours %,
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Vi expression by S. Typhi promotes phagocytic uptake by macrophages via binding to the human C-
type lectin receptor DC-SIGN °%, Successful binding to DC-SIGN is associated with dampened
proinflammatory cytokine responses, noting another Vi capsule mediated immune evasion tactic.
Neutrophils do not express DC-SIGN, and thus Vi expression is associated with reduced bacterial
uptake by neutrophils, but not macrophages 1°2. Expression of very long chain LPS by S. Paratyphi A
serves as stealthy sheath to the immune system, as very long chain LPS dampens the
proinflammatory response by macrophages by disrupting pryoptosis (Figure 1-3) 3. In a murine
model for typhoid fever, large numbers of S. Typhimurium can be recovered from the spleen and
liver, since there are relatively few neutrophils in the intestines during typhoidal Salmonella
infection, and macrophages reside within tissues it’s thought that monocytes are the primary

phagocyte involved in systemic dissemination .

The role of dendritic cells (DCs) in dissemination to secondary organs is under debate, however they
do seem to play an important role in colonization of the MLNs as the majority of S. Typhimurium
containing cells in the MLN express CD11, a phenotypic marker of DCs %, SPI-1 invasion knockout
mice can also seed the spleen directly from the gastrointestinal tract through migration of CD18+
phagocytes (monocytes and DCs), suggesting that Salmonella has evolved many covert routes of
infection 1%, Bacterial growth is restricted within DCs and in the MLN, potentially putting selective

pressure on the bacteria to find more surreptitious methods of dissemination.

The exact mechanism of secondary organ colonization is not fully understood, within the spleen, the
majority of Salmonella bacteria reside inside neutrophils at early stages of infection and in
macrophages at later stages *°. Within the tissues, Salmonella infected cells form foci, within which
the bacteria rapidly replicate. The exact intracellular burden of bacteria varies, but replication rates
are dependent on the number of bacteria present (quorum sensing) and the availability of nutrients
105 New host cells are continually recruited to these foci and spread of bacteria from cell to cell

provides fresh nutrients allowing continued replication and host colonisation 1. The mechanism of
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cell to cell spread is not fully understood but likely involves infected cell death, release of bacteria,
and uptake by new cells. It possibly arises from a myriad of pathways influenced by host and
bacterial cells including pryoptosis, apoptosis, and necrosis mediated cell death. The bacterial

population grows rapidly and eventually spills out resulting in a secondary bacteraemia.

1.7.5.Shedding

During the course of infection, bacteria can reseed the intestine causing shedding into the external
environment. Shedding of this human restricted pathogen plays a vital role in the transmission of
disease. Data from CHIM studies suggest there is an early, transient, phase of shedding. Shedding at
day 1 or 2 post exposure is significantly more likely to occur in individuals who later develop acute
enteric fever after experimental challenge 7. Shedding is observed twice as often in individuals
exposed to S. Typhi compared with S. Paratyphi A in CHIM studies, although this could be a
reflection of the higher exposure dose (10 for S. Typhi vs 103for S. Paratyphi A colony-forming
units). Serovar specific transmission patterns have also been observed in surveillance studies in

endemic countries.

1.7.6.Chronic carriage

S. Typhi and S. Paratyphi A can also be found in the gall bladder. Infected host cells migrate to the
gall bladder either directly from the intestine or from the liver during the systemic phase of the
infection 18109 |t’s estimated that around 3-5% of S. Typhi infected individuals become chronic
carriers who remain asymptomatic, but can transiently shed bacteria in their stool. Due, in part, to
the asymptomatic nature of chronic carriage the contribution of carriers to the epidemiology and
incidence of enteric fever is hard to determine, and requires further surveillance studies 1%, The gall
bladder is thought to be the primary reservoir harbouring bacteria during carriage. Gall bladder
pathology is present in 60% of acute enteric fever patients, however only a small proportion of
individuals go on to become chronic carriers. The mechanisms that Salmonella utilise in the

development of chronic carriage are poorly defined but in vitro studies show that S. Typhi
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upregulates T3SS-1 mediated invasion of epithelial cells in the presence of bile allowing Salmonella
to infect the gall bladder epithelium 3. Biofilm formation also contributes to long-term carriage,
where gall stones provide a favourable surface for biofilm formation and the presence of gall stones

is a significant risk factor, present in 90% of carriers 1%,

The ability of Salmonella to form persister cells to avoid antimicrobial action and death is also
hypothesised to contribute to chronic carriage. Induced by various stresses, such as presence of
antimicrobials, acidity, or osmotic stress, “persister” bacteria enter a metabolically dormant state.
Formation of persister cells, coupled with biofilm mediated protection means that the bacteria can
effectively avoid killing by host defences and antimicrobial intervention. Once these threats have
lapsed they can emerge from their dormant state, repopulate and disseminate !'°. Development of

persister cells is entirely stochastic, which may help explain why so few individuals become carriers.

Models of enteric fever transmission suggest that chronic carriage has a minor role in transmission in
areas where enteric fever is highly endemic but plays a more prominent role in disease transmission

when the incidence decreases 1%,

1.8. Adaptive immune system responses

Typhoidal Salmonella have evolved effective mechanisms to evade host defences and innate
immune stimulation. As a facultative, intracellular bacteria, successful immunity to Salmonella
comprises of both cellular and humoral responses. Professional antigen presenting cells (APCs: DCs,
and to a lesser extent macrophages and B cells) are able to prime the adaptive immune system by

presenting bacterial antigens in the context of major histocompatibility complexes (MHCs) to T cells.

1.8.1. T cell mediated responses

The T cell receptor (TCR) on CD4+ T cells recognises intracellular antigens presented in the context of

MHC-class Il molecules, while the TCR on CD8+ T cells recognises cytosolic bacterial proteins
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presented in a complex with MHC-class | molecules. APCs that can overcome Salmonella’s immune

evasion tactics, process intracellular bacteria and present their antigens to T cells.

Host susceptibility associations provide somewhat contradictory evidence for a role of CD4+ T cells
in enteric fever. While there are no strong links between reduced CD4+ cell counts in HIV patients
and increased susceptibility to typhoidal Salmonella infection, there are links between some genetic
variations in MHC class Il genes (such as HLA-DRB1*0301/6/8, HLA-DQB1*0201-3 alleles) and

increased susceptibility to disease 11112,

Naturally acquired acute typhoid fever is associated with a Th1 response, characterised by elevated
IFNy, TNFa and IL-17 levels, while experimental S. Typhi infection is associated by IFNy dominated
transcriptomic signature 37115, Cellular immunity to typhoid can be modelled using live attenuated
vaccine strains in humans, for instance S. Typhi specific stimulation of PBMC isolated from Ty21a
vaccinees stimulates multifunctional IL-17, IL-2, IFNy and TNFa producing CD8+ T cells, and IFNy
expressing CD4+ T cells 11%!Y7 However, in a typhoid challenge model, higher circulating levels of S.
Typhi specific CD8+ T cells correlated with protection from developing typhoid fever, and were
associated with a delay to disease onset, but only when participants were challenged with 10 CFU,
not 10* CFU. When participants were challenged with a higher dose of 10* CFU, higher frequencies of
CD8+ T cells at baseline significantly correlated with an increased risk of developing disease 1'811° |n
both challenge studies, the frequency of a4p7 (a gut homing marker) expressing S. Typhi responsive
CD8+ T cells was reduced at the time of diagnosis in individuals who developed systemic disease,
indicating migration of this cell subset to the intestine and associated tissues. Furthermore, pre-
challenge circulating proportions of a4B7 CD4+ FoxP3+ T cells were higher in individuals who went

on to develop clinical disease, suggesting that the regulatory effects of gut homing T cells

suppressed the effector and memory T cell function, perpetuating systemic disease 1%,

A similar pattern was occured in MAIT (mucosal associated invariant T). A sharp decline in circulating

MAIT cells was observed post challenge in CHIM study volunteers who developed acute infection 1%,
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In vitro presentation of S. Typhi stimulated MAIT cells to secrete either IFN-y, TNF-a, or IL-17A, or a
combination of those three cytokines. Each phenotypic cell subsets presents distinct behavioural
properties in individuals who develop typhoid fever versus those who do not, indicating a potential
complex role of MAIT cells in enteric fever. Interestingly, polyfunctional (IFN-y- TNF-a+IL-17A+, and
IFN-y+TNF-o+ IL-17A-) MAIT cell subsets discriminate between individuals who are susceptible to

typhoid infection versus those who are not'?.

1.8.2. B cells

B cells play a crucial role in the immune system's response to enteric pathogens, they provide
stimulus to T cells, form memory B cells, and produce antibodies to help fight infection. The exact
role of B cells in immunity to enteric fever is unknown. Studies have shown that oral challenge with
S. Typhi in human volunteers leads to reduced numbers of circulating B cells in individuals who
developed acute typhoid disease, followed by an increase in frequency of B cells with an activated,
gut homing plasmablast phenotype (CD40+, CD21+, and a4B7+), indicating they are sequestered the
site of infection and employed to help fight infection %%, Increases in LPS (0:9 or 0:2) specific IgA,
IgG, IgM, and Hd specific IgG antibody secreting cells are seen after challenge with S. Typhi. Similarly,
a significant increase in LPS (0:2) IgG ASCs around diagnosis in S. Paratyphi A challenge recipients is
also observed ?°. However, a single, homologous re-challenge does not seem to significantly boost

ASC responses 12,

B cell responses to enteric fever vaccines have been described. Inoculation with Ty21a induces IgG
and IgA ASCs to LPS purified from S. Typhi, S. Paratyphi A and B, which has been linked to the finding
that Ty21a confers partial cross protection against paratyphoid serovars 2°. The majority of LPS
specific IgG and IgA ASCs had a B memory phenotype (CD19+ CD27+) and coexpressed a4f37, or

) 126

a4B7 and CD62L (secondary lymphoid tissue homing marker

Vaccination with either a Vi polysaccharide (Vi-PS) or Vi conjugate vaccine induced Vi specific IgG

and IgM producing ASCs and further phenotyping analysis via mass spectrometry showed that a
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significant proportion of these cells were IgA positive and co-expressed a4B7. Interestingly,
increases in Vi specific IgA plasma cells did not correlate with protection in a Vi vaccine and typhoid

challenge study, but induction of IgA negative plasma cells did ¥’

. Head to head comparisons of
plasmablast responses in Vi-PS or Ty21a recipients showed that vaccines induced significant
increases in antigen specific plasmablasts (Vi; Vi-PS only, 0:9, 12; both vaccines), but those induced
by Vi-PS were systemic homing and those induced by Ty21a were gut homing %8, Responses to
flagellar (H antigen) are low after either experimental challenge or Ty21a vaccine, indicating that this
is not an immunodominant antigen for mucosal immunity, and supports the theory that flagellar is

primarily present when the bacteria are in the gut lumen, but expression is promptly downregulated

after Salmonella traverse the epithelium %128,

The relative heterogeneity of B cell responses to enteric fever infection or vaccine demonstrates the
plasticity of B cell responses in immunity. Moderate protection provided by Vi-PS vaccines, which are
purely T independent antigens shows that B cell responses can be an important mediator of
protection against enteric fever. However, their role in infection-derived immunity is more complex,
and to do date no studies have investigated the role of B cells in paratyphoid infection or S.

Paratyphi A inoculation.

1.8.3.Humoral response and antibody effector functions

One major, and easily measurable, function of B cells is production of antigen specific antibodies by
plasmablasts. Different antibody isotypes and subclasses engage in different functions, which can be
further modulated depending on the glycosylation status. It’s long been thought that induction of
high levels of antigen specific antibodies by vaccination is a good indicator of immunity, and possibly
protection 1°. For some pathogens other antibody biophysical properties (e.g. avidity) and function

are better indicators of protection 139131,

Oral challenge with S. Typhi or S. Paratyphi A induces strong antibody responses to 0:9 and O:2

respectively, moderate responses to Hd and Ha, and no responses to Vi. Although increases in
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binding antibody quantity are only significant in those who developed systemic disease 3#!3, In a

human challenge model, no demonstrable booster effect is observed following homologous re-
challenge, and despite the reduced risk of infection upon re-exposure, baseline levels at the time of
re-challenge did not correlate with protection >34, In partial contrast, seroepidemiology and
modelling studies hypothesise a link between increasing seropositivity through repeated exposure
and decreased disease incidence, and suggest antibody boosting can occur through subclinical
infection 2%, Furthermore responses to alternative antigens, such as HIYE, which have not been
routinely measured in challenge recipients, are promising markers of enteric fever infection in

endemic settings 3¢,

Oral vaccines Ty21a and M01ZHO09 both elicit strong anti-LPS and anti-H antigen responses. The
magnitude of O-specific ASCs and proportion of O-antigen responders after Ty21a has been linked to
the reported vaccine efficacy *****¥. Inoculation with M01ZH09 induces strong ASC responses and
produces multifunctional humoral response characterised by bactericidal and phagocytic enhancing
antibodies 1%, Despite these promising observations the vaccine efficacy of MO1ZHO09 is estimated at

13% in a human challenge model >,

Comprehensive studies have been conducted investigating Vi specific serological correlates of
protection. Broad analysis suggests that anti-Vi IgA titres correlated with protection, but higher anti-
Vi IgG was associated with reduced disease severity indicating distinct but complementary roles for
humoral immunity against typhoid. Comparative analysis shows distinct protective signatures for
each vaccine. Total anti-Vi IgA titre and fold change from baseline was associated with protection
after Vi-PS in a human challenge model, whereas Vi specific IgA fold change and Vi specific IgG1
avidity more closely linked with protection after Vi-TT 13914, Furthermore, Vi-PS and Vi-TT vaccines
elicited strong functional humoral responses (functional features measured: complement

deposition, neutrophil and monocyte phagocytosis, neutrophil oxidative burst, and NK cell
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acitivation). Polyfunctionality was associated with protection in both groups. Although, protective

functional responses in Vi-TT recipients was primarily associated with neutrophil phagocytosis 141

It is not possible to define a definitive antibody titre above which 100% of individuals are protected
from disease after Vi vaccination, studies are underway to define a relative correlate by measuring

antibody titres that correlate with 50% and 80% protection.

Few studies have looked at protective antibody activity against paratyphoid fever in humans.
Typhoid vaccines, Ty21a, CVD909 and surprisingly Vi-PS, induce cross-reactive binding antibody
responses to S. Paratyphi 12142, Inoculation with Ty21a and CVD909 have also been associated with
enhanced phagocytic antibodies against S. Paratyphi A and B 13, Although, no formal analysis has
linked humoral responses to the cross protection observed by Ty21a. A single dose of S. Typhi —
Paratyphi A bivalent conjugate vaccine induces strong 0O:2 specific and functional antibody responses
8 The efficacy and related immunogenicity of an oral paratyphoid, and bivalent S. Typhi — Paratyphi

A vaccine is being assessed in current and ongoing studies.

1.9. Correlates of protection

Identification of infection or vaccine induced correlates is a desirable goal, such knowledge helps our
understanding of underlying protective immune mechanisms, provides informed targets for vaccine
design, and can help identify protected individuals within a population. Correlates of protection can
be absolute (an immune marker with a defined protective threshold) or relative (associated with
protection above a certain level but not definitive), and due to the redundancy of the immune
system multiple co-correlates can exist 4. Establishing a correlate of protection can help expediate
vaccine development and licensing vaccines through established correlates can be more economical
than large-scale field trials, this is of particular importance for pathogens where disease incidence is

low.

Correlates of protection for multiple bacterial infections have been identified; anti- Haemophilius
influenza type B antibody titre for Hib infection (>1mcg/mL for polysaccharide vaccines, and >
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0.15mcg/mL for conjugate vaccines), and a serum bactericidal activity assay titre of >1/8 after
conjugate vaccine is sufficient for protection against infection with Neisseria meningitidis serogroup

A C W Y 145—147.

There are currently no licensed vaccines against paratyphoid fever. Comprehensive control of
enteric fever requires successful implementation of paratyphoid vaccines as well as typhoid
vaccines. ldentification of immune correlates will help our understanding of how protection from
these related pathogens differ, and will also help our understanding of which immune processes are

crucial for vaccine mediated protection.

1.10. Aims and Objectives

The overall aim of this thesis is to address the knowledge gap surrounding functional humoral

immunity to enteric fever.

Aim 1: Develop robust and reproducible assays to measure three key antibody effector functions:
serum bactericidal activity (SBA), monocyte phagocytosis, and neutrophil phagocytosis against S.

Typhi and S. Paratyphi A.

Aim 2: Does experimental typhoid, paratyphoid challenge, or enteric fever vaccine induce changes in

antibody effector functions?

Aim 3. Do any of the measured effector functions correlate with protection in typhoid or
paratyphoid challenge models? Do any changes in antibody effector functions induced by oral

vaccine CVD1902 correlate with protection in an experimental paratyphoid model?

Aim 4: Do functional antibody characteristics correlate with each other or any other biophysical
properties (e.g. isotype or antigen specificity) or disease severity after challenge (e.g. symptom

severity and bacteraemia) in challenged individuals?
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Figure 1-4 Overview of data collected and included in this analysis

Schematic overview of the three assays developed to measure antibody effector functions in the
various clinical trial populations. Combined with antibody and symptom metadata from typhoid and
paratyphoid with the aim of investigating the relationship between antibody function, diagnosis
outcome, and disease severity in CHIM participants.

Figure made using BioRender.
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Chapter 2. Materials and methods

Details for each of the methodologies used in this thesis have been compiled into a single chapter.
Each subsequent chapter refers to the appropriate methods sections. In the methods development

chapter (chapter 3) relevant deviations from the methods are mentioned within the text.

2.1. Clinical trial sample overview

Table 2-1 Details of the clinical trials and samples used

53



Study Study Description Study Samples Sample details Common challenge study features
name Location | tested
VAST Vaccines Healthy volunteers were enrolled and randomised UK Vi-TT: 37 | Serum for serological | Individuals were diagnosed with
against 1:1:1 to receive a single dose of either Vi — tetanus (TD: 13, assays was isolated typhoid fever if they had a positive
Salmonella toxoid conjugate vaccine (Vi-TT, Tybar TCV), Vi nTD: 24) from blood samples | blood culture (at least 72 hours
Typhi (VAST, polysaccharide vaccine (Vi-PS, Typhim-Vi), or Vi-PS: 35 | collected post-challenge), or a temperature
2014/08) MenACWY conjugate vaccine. Approximately 28 (TD: 13, immediately before >38°C for longer than 12 hours.
days after vaccination participants drank sodium nTD:22) vaccination (D-28) Upon diagnosis participants started
bicarbonate buffer to neutralise stomach acid and challenge (DO). antibiotics, individuals who did not
followed by oral challenge with 1-5 x 10* CFUs S. meet this pre-determined
Typhi Quailes strain re-suspended in sodium diagnosis criteria commenced
bicarbonate buffer. Participants attended daily antibiotics after 14 days.
follow up visits for 14 days consecutively for health Participants completed an e-diary
assessment and blood collection for culture %8, daily during the two week post
P1 Salmonella The first S. Paratyphi challenge study was a dose UK Low dose: | Serum for serological | challenge period where they
Paratyphi A finding study. Forty healthy volunteers were 17 (PD: 8, | assays was isolated recorded temperate and symptom
challenge enrolled and challenged 1:1 with either 100-500 (low nPD:9) from blood samples | data. Symptom data were collected
model dose dose), or 1-5 x 10® (high dose) CFUs of S. Paratyphi A High collected in a graded fashion (0:not present,
finding study NVGH308 strain suspended in sodium bicarbonate dose: 19 immediately priorto | 1:mild, 2:moderate, 3:severe) on
(P1,2013/07) | buffer, following sodium bicarbonate buffer (PD: 11, challenge (D0O) and headache, malaise, myalgia,
pretreatment 14°, nPD:8) 90 days later (D90) constipation, diarrhoea, abdominal
PATCH Salmonella A challenge, rechallenge study comparing the attack | UK Naive: 15 | Serum for serological | pain, nausea, loss of appetite,
Typhi and rate in naive individuals or those who had previously (PD: 8, assays was isolated cough, and arthralgia.
Paratyphi A been challenged with S. typhi or Paratyphi A. nPD:7) from blood samples
challenge re- Healthy volunteers received 1-5 x 10° CFUs of S. Rech: 13 | collected
challenge Paratyphi A NVGH308 strain suspended in sodium (PD: 4, immediately prior to
study (PATCH, | bicarbonate buffer, following sodium bicarbonate nPD:9) challenge (D0O) and
2014/01) buffer pretreatment. Only naive or homologous S. 90 days later (D90)
Paratyphi A challenged individuals were analysed in
this thesis 34,
VASP Vaccines Healthy volunteers were enrolled and randomised UK Total Serum for serological
against 1:1 to receive either a S. Paratyphi A live attenuated samples assays was isolated
Salmonella oral vaccine, CVD1902 (2 x 10%° CFU), or a sodium tested: 27 | from blood samples
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Paratyphi A bicarbonate placebo, following a sodium (blinded collected
(VASP, bicarbonate pretreatment. Two doses were given, to vaccine | immediately prior to
2018/07) two weeks apart. Approximately one month after arm) prime vaccination
the second dose participants received 1-5 x 10° CFUs PD: 13 (D-42) and 42 days
of S. Paratyphi A NVGH308 strain suspended in nPD: 14 later, immediately
sodium bicarbonate buffer, following sodium prior to challenge
bicarbonate buffer pretreatment. (DO)
This study is actively recruiting at the point of writing
this thesis, a subset of samples have been analysed.
SIIPL Serum A phase | study investigating the safety and India Sii-PTCV: | Serum for serological | NA
Phase 1 Institute India | immunogenicity profile of a novel S. Typhi - 30 assays was isolated
S. Typhi - S. Paratyphi A bivalent conjugate vaccine (Sii-PTCV). Tybar- from blood samples
Paratyphi Sixty healthy adults were enrolled and randomised TCV:30 collected
Bivalent to receive a single intra-muscular dose of Sii-PTCV or immediately prior to
Conjugate Tybar-TCV, a licensed Vi-conjugate vaccine . vaccination (DO) and

vaccine Phase
|

The novel bivalent vaccine (Sii-PTCV) consists of S.
Typhi Vi polysaccharide conjugated to tetanus toxoid
and S. Paratyphi O-specific polysaccharide
conjugated to diphtheria toxoid.

29 days later (D29)
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2.2. Bacterial strains used

The content of this thesis includes data from many clinical trials and projects, utilising multiple
typhoidal Salmonella strains. Table 2-2 summarises the strains used for each of the datasets

presented.
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Table 2-2 List of bacterial strains used

Project | Chapter | Serovar Strain Details Assay specific culture methods
VAST L- | Chapter | Salmonella | Quailes Wild type S. Typhi strain isolated from the gall bladder of Using an inoculation loop, scrapes were taken
SBA 3 Typhi strain typhoid fever patient 1*3 from a vial of the GMP batch of each strain and
dipped in LB broth. This was cultured until log
phase: ODgoo > 0.2. The bacteria were pelleted by
VAST L- | Chapter | Salmonella | CVD908 Oral vaccine strain: Ty2 parent strain with aroC/aroD gene centrifuging at 3200xg and a stock was made by
SBA 3 Typhi deletion impacting the biosynthesis of aromatic amino acids resuspending in LB containing 20% glycerol. The
63150 day before the L-SBA assay 5mL LB broth was
inoculated with the bacteria and grown overnight
VAST L- | Chapter | Salmonella | CVD909 Oral vaccine strain: Ty2 parent strain with aroC/aroD at 37C, 220rpm. On the day of the assay the
SBA 3 Typhi deletion, htrA deletion (gene in the heat shock protein cultured bacteria were diluted to an ODggo of 0.05
synthesis pathway), replacement of Vi expression promotor | and cultured until the ODggo reached 0.2.
from Pwia to constitutive promotor Py, %10
VAST L- | Chapter | Salmonella | M01ZH09 | Oral vaccine strain: Ty2 parent strain with aroC and ssaV
SBA 3 Typhi deletion (inner membrane component of the T3SS encoded
by SPI-2) 11
VAST L- | Chapter | Salmonella | Ty21a Oral vaccine strain: Ty2 parent strain with multiple
SBA 3 Typhi mutations, including: galE mutation causing downstream
galatose metabolism disruption 8152
P1L- Chapter | Salmonella | NVGH308 | Wild type strain of S. Paratyphi A isolated from a
SBA 3 Paratyphi A paratyphoid fever patient at the Oxford University Clinical
Research Unit at Patan Hospital, Kathmandu, Nepal**
PATCH | Chapter | Salmonella | NVGH308 | See above
L-SBA 3 Paratyphi A
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SIIPL Chapter | Salmonella | ATCC9120 | Commercially available wild type S. Paratyphi A strain, used Bacteria were streaked from the stock vials onto
Phase1 | 3 Paratyphi A by SIIPL for the manufacture of the S. Typhi-Paratyphi A TSA agar, cultured overnight at 37C, 5% CO; and
SBA bivalent conjugate vaccine. inspected for contamination. A sweep was taken
of the bacteria and used to inoculate 50mL LB
broth. The culture was incubated at 37°C,
150rpm until stationary phase. 10mL of the
bacterial culture was mixed with 14mL LB broth
and glycerol with a final amount of 13-15%.
SIIPL Chapter | Salmonella | NVGH308 | See above Stocks were frozen and then thawed on the day
Phasel | 3 Paratyphi A of use.
SBA
ADMP — | Chapter | Salmonella | NVGH308 | See above Bacteria were transfected using a plasmid gifted
all 4 Paratyphi A by Dr Nancy Wang and Professor Dick Strugnell
samples (GFP from the University of Melbourne 3, The
transfected) plasmid encodes green fluorescent protein under
a constitutive promoter. The transfection process
is described in section 2.2.1. Stocks for the
functional assays were made of the transfected
bacteria by initially grown on tryptic soy agar
(TSA) to confirm no contamination. A sweep was
taken of the plate using an inoculation loop,
bacteria were cultured in 50mL LB broth 150rpm
37°C, and grown to an ODgoo = 0.2. Bacteria were
ADNP - | Chapter | Salmonella | NVGH308 | See above centrifuged at 3200xg and resuspended in 50mL
all 5 Paratyphi A 2x BD cell fix (BD biosciences) for 20 minutes to
samples (GFP fix the bacteria. The bacteria were centrifuged at
transfected)

3200xg and resuspended in LB broth containing
20% glycerol.
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2.2.1.Transfection of S. Paratyphi A NVGH308 with a GFP containing plasmid

Transfection of Salmonella Paratyphi A, NVGH308 strain was performed by Dr Jennifer Hill using a
protocol and plasmid provided by Dr Nancy Wang and Professor Dick Struggnell. The pTETtac4
plasmid contains GFP (GFPmutb3 variant) expressed under a constitutive promoter and an ampicillin
antibiotic resistant gene. S. Paratyphi A was grown in 10mL Luria Bertani (LB) broth for 16-22 hours
(overnight) at 37°C, 220rpm. 100pL of the overnight culture was added to 10mL of fresh LB broth
and was then incubated for 3 hours at 37°C, 220rpm until the ODgoo reached 0.6-0.8. The culture was
placed on ice for 10 mins before centrifuging 4000rpm for 10 mins at 4°C. The supernatant was
discarded and the pellet resuspended in 800pL ice-cold transformation and storage solution (TSS)
buffer. Then 200uL of this bacterial suspension was added to 80uL of TSS enhancement buffer
combined with 20-200ng of plasmid DNA. The resultant mixture was incubated on ice for 20 mins,
followed by a further 20 min incubation at room temperature. 1mL of super optimal broth with
catabolite repression (S.0.C. media) was added to transformed bacteria and incubated at 37°C,
220rpm for 60-90min. Bacteria were pelleted by centrifuging at 10,000rpm for 3 mins and

resuspended in 700pL of LB broth.

Bacteria were streaked on to tryptic soya agar (TSA), containing ampicillin and incubated at 37°C, 5%
CO; overnight. A single colony was picked and used to inoculate 10mL LB broth, containing 100
pg/mL ampicillin, and incubated overnight at 37°C, 220rpm. A subculture was made by adding 100uL
of overnight culture to 10mL of fresh LB broth and was incubating it for 3 hours at 37°C, 220rpm.
300pL of culture was added to 200uL of 50% glycerol and the stocks were stored at -80°C. Successful
plasmid transformation and GFP expression was confirmed by flow cytometry (Figure 2-1). Using an
inoculation loop, scrapes were taken from the frozen stocks, mixed with 5mL LB broth and incubated
overnight 37°C, 220rpm. A fresh subculture was then made with an ODgg of 0.05 which was
incubated for 3 hours at 37°C, 220rpm until the ODsoo reached 0.2. These bacteria were then diluted
to 1 x 10° CFU/mL and 20puL was added to 220puL of 2 x BD cell fix and incubated in the dark for 10

mins. Bacteria were pelleted by centrifuging at 300xg for 5 mins and resuspended in 200uL of 1x PBS
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for running on the cytometer (BD Fortessa). While the wild type bacteria have small amounts of

autofluoresence, there is a significant shift in fluorescence at the 530nm wavelength in the

transformed bacteria.
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Figure 2-1 Transfection of S. Paratyphi A bacteria with GFP expressing plasmid

Salmonella Paratyphi A NVGH308 strain transfected with GFP containing plasmid. Single positive
colony selected, grown, fixed and frozen to make a stock of GFP bacteria.

2.3. Cell Lines and culture methods

Table 2-3 Cell lines and culture condition details

Cell line Supplier Description Culture methods
THP-1 (TIB- ATCC Monocyte cell line THP-1 monocytes were cultured in RPMI medium (Gibco)
202) isolated from an supplemented with 10% FBS (Merck) and 2mM L-

acute monocytic Glutamine.

leukemia patient The cell culture concentration was kept between 0.2 -1 x

10° cells/mL, as recommended by ATCC

HL60 (CCL- ATCC Promyeoloblast cell | HL60 cells were cultured in IMDM containing L-glutamine
240) line isolated from an | and HEPES without phenol (Gibco) , supplemented with

acute promyelocytic

leukemia patient

20% FBS. The cell culture concentration was kept
between 0.2 — 1 x 10° cells/mL, as recommended by ATCC

60




Table 2-4 Antibodies used for cell line phenotyping and phagocytosis assays

Surface marker Clone Fluorochrome Filter Manufacturer
CDh64 10.1 PE 586/15 BD Life Sciences
CD32 FUN-2 AF647 660/20 BioLegend
CD16 3G8 AF700 730/45 BD Life Sciences
CD11b ICRF44 Superbright702 710/50 BD Life Sciences
CD35 E11 BV786 780/60 BD Life Sciences
CD89 A59 BV605 610/20 BD Life Sciences
Cbhi14 MdoP9 BVv450 450/50 BD Life Sciences
CDh71 M-A712 FITC 530/30 BD Life Sciences
Live dead (for NA NA 450/50 BD Life Sciences
phenotyping)

Annexin V NA PE-CF594 610/20 BD Life Sciences
Live dead stain NA NA 525/50 BD Life Sciences
(for phagocytosis

assays)

GFP expressing NA GFP 530/30 NA

bacteria

2.3.1.THP-1 surface marker expression

Expression of surface monocyte markers was assessed on thawed, overnight rested pre-banked THP-

1 cells, and cells in fresh culture. Both culture types had positive expression of CD64 (FcyRI), CD32

(FcyRll), CD16 (FcyRlIIl), along with CD11b (leukocyte marker), and CD35 (complement receptor 1)

expressed slightly higher than baseline. Little expression of CD14 (macrophage marker) and CD89

(FcaR) were presen

t 154
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Figure 2-2 Gating strategy and phenotypic marker profiling of THP-1 cells in fresh culture compared with thawed and rested pre-banked THP-1 cells

(A) Representative example of the gating strategy of THP-1 cells in the ADMP assay: selection of THP-1 cells > selection of single cell population > gating on
live cells (live/dead stain negative) > Selection of THP-1 cells that are also GFP positive.
(B)THP-1 cells were cultured in RPMI media with L-Glutamine, Hepes, and 10% FBS. Cells were stained with antibodies against, CD64, CD32, CD16, CD14,

CD89, CD11b, and CD35.

Top panels represent surface marker expression on thawed pre-banked THP-1 cells after overnight resting, bottom panels represent THP-1 cells in fresh

culture.

Blue population is the fluorescence intensity of the unstained population, red population is the stained population.
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2.3.2.HL60 differentiation and Phenotyping

HL60 cells were cultured as per ATCC recommendations, detailed in Table 2-3. To differentiate the
cells from a general granulocyte cell to neutrophil-like cells for use in the ADNP, cells were
suspended IMDM media with 20% FBS and 0.08% dimethylformamide (DMF, Merck) at a

concentration of 0.2 x 10° cells/mL and incubated for 5 days >>1%,

Flow cytometry was used to determine the relative level of expression of various surface
differentiation markers, for details of antibodies used see Table 2-4. Successful differentiation was
assessed by demonstrating the relative increase in expression of CD11b (leukocyte marker), CD16

(FcyRIIl), CD64 (FcyRI) and CD32 (FcyRll) following the differentiation step, along with a relative

decrease in CD71 expression "1, Levels of CD35 (complement receptor 1), and CD89 (FcaR) were

constant in both conditions.

63



SSC-A

250K =

200K =

150K =

100K

50K

5(;!( |0I0K l.’:ﬂK
FSC-A
unstained

FSC-H

250K =

200K =

150K =

100K =

50K =

Single Cells
941

T
50K

T T
100K 150K

T
200K

T
250K

Count

V525_50-A-
120 = 948

90 =

60 =

30—

V525_50-A+
521

Count

B530_30-A-}
50 ={81.0

B530_30-A+
190

FSC-A Live Dead
(V525/50)

CD71 CD64 CD32 CD35
J il NTHE
1 U i L J i 3T "
1 i

S ‘“J 5

203040

.....

Figure 2-3 Phenotypic marker profiling of HL60 and differentiated HL60 cells

(A) Representative example of the gating strategy of dHL60 cells in the ADNP assay: selection of dHL60 cells > selection of single cell population > gating on

live cells (live/dead stain negative) > Selection of dHL60 cells that are also GFP positive.

(B)HL6O cells were cultured in IMDM with L-Glutamine, Hepes, and 20% FBS. Cells stained with antibodies against, CD11b, CD66b, CD71, CD16, CD64, CD32,

CD35, and CD89.

Top panels represent surface marker expression on undifferentiated cells, bottom panels represent differentiated cells, after a 5-day incubation with media

containing 0.8% DMF.
Blue population is the fluorescence intensity of the unstained population, red population is the stained population




2.4. In house positive pool

Standardised assays require a consistent source of reference samples to facilitate intra-lab and inter-
lab comparisons. For the S. Typhi specific protocols the commercially available international
standard developed by national institute of biological standards and controls was used (NIBSC,
sample 16/138). However, no S. Paratyphi A specific standard has been developed. Therefore, |
developed an in house pool using serum collected from individuals enrolled in two experimental
human challenge models (P1/PATCH). A subset of 15 serum samples taken 90 days after oral

challenge with S. Paratyphi A were selected.

2.5. Serum bactericidal activity assay

2.5.1. Salmonella Typhi (Quailes) luminescence based (L-) SBA

Serum samples were heat inactivated, to remove endogenous complement, by incubating at 56°C
for 30 minutes. Serum samples were serially diluted in 1 x PBS (Gibco) in a 96 well u-bottom plate.
10uL of diluted test sera was added to 70uL LB broth (LB, Merck). 5mL of Salmonella Typhi, Quailes
strain was grown overnight at 37°C 220rpm to stationary phase. A subculture with an ODggo of 0.05
was incubated for approximately 2 hours until it reached log phase defined as having an ODeggo of
0.20-0.22. Then 10pL of log phase bacteria were added to the diluted test sera along with 10uL of
rabbit serum (Cedarlane). The resultant mixture was incubated for 3 hours at 37 °C, shaking at 220
rpm, before centrifuging at 3220xg for 10 minutes. The supernatant was discarded and the pelleted
bacteria were resuspended in 100uL PBS. From this, 50uL was transferred to a white, flat-bottomed
plate along with 50uL BacTiter-Glo. BacTiter-Glo is a buffer containing a bacteria lysis enzyme and a
recombinant luciferase enzyme. It catalyzes ATP (from lysed bacteria) into a luminescent signal
which is directly proportional to the number of surviving bacteria. The luminescence (relative light

units, RLU) was quantified using the LUMlIstar (BMG Labtech).

Quality control, acceptance criteria and analysis methods
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Luminescence data were collected and processed using BMGLabTech Omega software version 5.11.
The read outs from each test well were blank corrected and normalised to a no serum, complement
only control and were fitted to a 4-parameter sigmoidal curve in GraphPad Prism version 10. The L-
SBA titre was calculated as the serum dilution required to achieve 50% killing compared with the no

serum, complement only control.

Samples were only included in the final analysis if they passed the following quality control criteria:

e The R? of the dilution curve was greater than 0.7

e The sera had been diluted sufficiently, determined as a <30% difference in RLU between the
most dilute serum condition and the complement only control.

e The positive control (NIBSC 16/138) on the same plate was within 1 standard deviation of

the average (taken from all plates where the standard curve passed QC).

2.5.2. Salmonella Paratyphi A (NVGH308) luminescence based (L-)SBA

L-SBA Serum samples were heat inactivated by incubating at 56°C for 30 minutes. Serum samples
were serially diluted 1/1.5 in 1 x PBS (Gibco), starting from neat serum to a final dilution of 1/87, in a
96 well u-bottom plate. 10uL of diluted test sera were added to 70uL LB broth (Merck). 5mL of
Salmonella Typhi, Quailes strain was grown overnight at 37°C 220rpm to stationary phase. Then a
subculture with an ODgoo of 0.05 was incubated for approximately 2 hours until it reached log phase,
defined as having an ODggo of 0.20-0.22. From this, 10l of log phase bacteria were added to the
diluted test sera along with 10puL of rabbit serum (Cedarlane). The resultant mixture was incubated
for 3 hours at 37 °C, with shaking at 220 rpm before centrifuging at 3220xg for 10 minutes. The
supernatant was discarded and the pelleted bacteria were resuspended in 100uL PBS, 50l was
transferred to a white, flat-bottomed plate along with 50uL BacTiter-glo. The luminescence (relative
light units, RLU) was quantified using the LUMIstar (BMG Labtech) and is directly proportional to the

number of surviving bacteria.

Quality control and acceptance criteria
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Luminescence data were collected and processed using BMGLabTech Omega software version 5.11.
The read outs from each test well were blank corrected, normalised to a no serum, complement only
control and were fitted to a 4-parameter sigmoidal curve. The L-SBA titre was calculated as the
serum dilution required to achieve 50% killing compared with the no serum, complement only

control.

Samples were only included in the final analysis if they passed the following quality control criteria:

e The R? of the dilution curve was greater than 0.7

e The sera had been diluted sufficiently, determined as a <30% difference in RLU between the
most dilute serum condition and the complement only control.

e The positive control (in house pool, SPtA, see section 2.4 for details) on the same plate was
within 1 standard deviation of the average (taken from all plates where the standard curve

passed QC).

2.5.3.Salmonella Paratyphi A (ATCC9150) conventional colony counting based
SBA

These methods were initially developed in collaboration with Serum Institute India Private Limited to
test the immunogenicity of a bivalent Salmonella Typhi — Salmonella Paratyphi A conjugate vaccine.
The paratyphoid component of this vaccine uses LPS purified from S. Paratyphi A ATCC9150 strain

conjugated to diptheria toxoid.

Serum samples were thawed and heated inactivated for 30 minutes at 56°C. Samples were pre-
diluted 1/32 in Hanks Balanced Salt Solution (HBSS, Gibco) containing 0.5% FBS. Samples were then
serially diluted 1:2 from 1/32 to 1/32 768 in HBSS in a 96 well plate. S. Paratyphi A, ATCC9150 strain
bacteria were thawed and diluted 1/6000 in HBSS 0.5% FBS. 20uL of the bacterial suspension was
added to each well of the 96 well plate. 10uL of baby rabbit complement (Pel-Freez) was added to all

test wells and to the active complement control wells, 10uL of heat inactivated complement was
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also added to the heat inactivated control (HIC) wells (no serum). The contents of the plate were

mixed thoroughly by shaking the plate side to side, in all directions before incubating for 37°C for 1
hour. After 1 hour, using the tilt plating technique, 10uL from each well were spotted onto LB agar
plates, and then tilted to allow the formation of neat streaks down the plate. Plates were dried and
incubated at 37°C, 5% CO,, after 16-22 hours the number of colonies were quantified using a semi-

automated colony counter.

Quality control and acceptance criteria
The SBA titre was calculated as the highest serum dilution where the colony count is higher than or

equal to 50% of the heat inactivated complement control (HIC).

Samples were included in the analysis if the duplicates of the same sample gave titres within a 2-fold

dilution. The final SBA titre is the average of the duplicates.

Plates were accepted if the % difference between the active complement control and the HIC was
<30% in 50% of the rows. The most dilute serum condition, or the bacteria only control could be

substituted for the active complement control to meet these criteria.

2.5.4.Salmonella Paratyphi A (NVGH308) conventional colony counting based
SBA

To determine if antibodies generated after bivalent vaccination were cross protective against other
S. Paratyphi strains, the SBA protocol was performed with the NVGH308 strain. This protocol was
identical to the one detailed in section 2.5.3 but with the ATCC9150 strain swapped for NVGH308

strain.

2.6. Antibody dependant monocyte phagocytosis

Test samples were heat inactivated for 30 minutes at 56°C before pre-diluting 1/8, 50uL of the
diluted samples were added to u-bottom plate in duplicate. Frozen S. Paratyphi A NVGH308

containing a GFP expressing plasmid were thawed, centrifuged for 5 minutes at 13,000 xg and
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resuspended in 1 x PBS at 6.25 x 107 CFU / mL. 20uL of the bacteria suspension was added to each
well of the 96 well plate containing the diluted test sera and the plates were incubated for 2 hours at
37°C, shaking 50 rpm for pre-opsonisation. THP-1 cells were freshly cultured as described in section
2.4, cells were spun at 220 xg and resuspended in RPMI at a concentration of 2.5 x 10° cells/mL. The
plates containing the pre-opsonised bacteria were spun at 3200 xg for 10 minutes and the
supernatant was discarded, followed by addition of 100uL of THP-1 cells to the pelleted bacteria plus
a further 100uL of RPMI. This was incubated for 30 minutes at 37°C, shaking 50 rpm. Then the plate
was spun at 500xg for 5 minutes and 100p.L of live dead stain (BD fixable viability dye 510) was
added at a 1/1000 dilution to all the wells apart from the live dead compensation control well to
which 1x PBS was added. The cells were left to stain for 15 minutes at 37°C, shaking 50 rpm before
spinning again at 500xg for 5 minutes. The cells were then resuspended in 2% paraformaldehyde
and incubated at room temperature, in the dark, for 15 minutes to fix. After fixing, the plate was
then spun at 500xg for 5 minutes and the pelleted cells were resuspended in PBS. Cells were
analysed on the BD fortessa flow cytometer. Phagocytosis was measured using a composite score,
termed phagocytic score, defined as the number of THP-1 cells that are GFP positive multiplied by

the median fluorescence intensity.

A positive pool, SPtA (see section 2.4 for details) was used as a reference standard. The standard was
diluted %, and subsequently serially diluted % to generate a standard curve. The phagocytic score of
the top standard, % dilution, was assigned the arbitrary titre of 1000 phagocytic units and
subsequent assigned titres were halved in line with the % serial dilution (see Table 2-5 for dilution
series). The titre of test samples were calculated by interpolating from the plate matched standard

curve.
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Table 2-5 ADMP standard dilution and corresponding phagocytic units

Standard 1/4 1/8 1/16 1/32 1/64 1/128 1/256 1/512
dilution

Arbitrary 1000.0 | 500.0 | 250.0 125.0 | 62.5 31.3 15.6 7.8
phagocytic

units

Quality control and acceptance criteria

Flow cytometry data were analysed using FlowJo software version 10.8.0.

The standard curve was plotted using a 4-parameter sigmoidal curve and which was used to

interpolate the titres of the test samples. The curve was passed if the R? value was greater than 0.9.

Two QC samples were included on each plate, the plates were passed if the QC samples fell within
range, which was determined as the average titres from all plates + 1 standard deviation (see section

3.5, Figure 3-18 F for plotted QC samples). Samples from failed plates were repeated.

If the titre of the samples was out of the range of the linear range of 62.5-500 phagocytic units (see
standard curves examples, section 3.5, Figure 3-18 A-C) when run at 1/8, samples were repeated at
a higher dilution and the final titre was calculated taking that into account, e.g. if samples were test
at 1/16 the final titre was double to account for this. Samples that consistently read below the lower

part of the standard curve (15.63 phagocytic units) were assigned a titre of half the lower limit, 7.8.

2.7. Antibody dependant neutrophil phagocytosis

Test samples were heat inactivated for 30 minutes at 56°C before pre-diluting 1/8 in 1 x PBS, and
double diluted 3 times, 50uL of the diluted samples were added to duplicate wells of a u-bottom.
20pL of S. Paratyphi A NVGH308 bacteria were added at 6.25 x 107 CFU / mL to each well and the

plates were incubated for 2 hours at 37°C, shaking 50 rpm for pre-opsonisation.

dHL60 cells were freshly cultured as described in section 2.4.2, cells were spun at 100 xg and
resuspended in RPMI at a concentration of 2.5 x 10° cells/mL. The plate containing the pre-

opsonised bacteria was spun at 3200 xg for 10 minutes, 100uL of cells were added to the pelleted
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bacteria along with 100uL of IMDM and incubated for 30 minutes at 37°C, 50 rpm. The plate was
spun at 500xg for 5 minutes, 100 uL of live dead stain (BD fixable viability dye 510) was added at a
1/1000 dilution to appropriate wells and PBS was added to control wells. Cells were left to stain for
15 mins at 37°C, 50 rpm, before centrifuging again at 500xg for 5 minutes. Cells were resuspended in
2% paraformaldehyde and incubated at room temperature for 15 minutes to fix. After fixing, the
plate was spun at 500xg for 5 minutes and the cells were resuspended in PBS. Cells were analysed on

the BD fortessa flow cytometer, before downstream assessment cells were gated on live single cells.

Phagocytosis was measured using a composite score, termed phagocytic score, defined as the

number of dHL60 cells that are GFP positive multiplied by the median fluorescence intensity.

A serum sample collected 90 days post-exposure to S. Paratyphi A from individual enrolled in a
controlled human infection model at Oxford was used as a standard (ID 8949, time point D90). The
standard was diluted 1/16, and subsequently serially diluted % to generate a standard curve. The
phagocytic score of the top standard, 1/16, was assigned the arbitrary titre of 2000 phagocytic units
and the titres of subsequent dilutions were halved in line with the % serial dilution (see Table 2-6 for
dilution series. The titre of test samples were calculated by interpolating from the plate matched

standard curve.

Table 2-6 ADNP standard dilution and corresponding phagocytic units

Standard 1/16 1/32 1/64 1/128 | 1/256 | 1/512 | 1/1024 | 1/2048
dilution
Arbitrary 2000.0 | 1000.0 | 500.0 | 250.0 |125.0 | 62.5 31.3 15.6
phagocytic
units

Quiality control and acceptance criteria

Flow cytometry data were analysed using FlowlJo software version 10.8.0.
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The standard curve was plotted using a 4-parameter sigmoidal curve using GraphPad Prism version
10 which was used to interpolate the titres of the test samples. The curve was passed if the R? value

was greater than 0.9.

Two QC samples were included on each plate, the plates were passed if the QC samples fell within
range, which was determined as the average titres from all plates + 1 standard deviation (see section

3.6.2, Figure 3-20 for plotted QC samples). Samples from failed plates were repeated.

Four dilutions of each sample were run on the plate, samples were included if they read from the
linear part of the standard curve, if the they fell above this the next dilution was taken and the
dilution factor was taken into account. Samples that consistently read below the lower part of the

standard curve (62.5 phagocytic units) were assigned a titre of 31.25.

2.8. Enzyme linked immunosorbent assay (ELISA)

S. Typhi Vi ELISA
Quantification of Vi specific IgG antibodies was performed using the Binding Site Vacczyme ELISA kit
as per the manufacturers guidelines and has been described extensively 7415, Measurement of
other subclasses (1gG1, 1gG2, and 1gG3) and isotypes (IgA and IgM) were performed using an
adaption of the kit, optimisation of this was performed by Anna Nebykova and Dr Helene Juel. These

data are not novel to this thesis and are included as part of the correlation analysis’® .

S. Paratyphi LPS ELISA for CHIM samples
Quantification of LPS specific antibodies (IgG, IgM, and IgA) was completed using an in-house ELISA
detailed by Dobinson et al**2, Flat bottomed plates are coated with 1ug/mL of O:2 antigen, supplied
by NVGH, and incubated overnight at 4°C. Plates were washed 5 times with 300uL 1xPBS + 0.05%
Tween (PBST, Sigma), and blocked with 1xPBS +1% bovine serum albumin (BSA, Sigma) at room
temperature for 60 mins. Plates were washed 5 times and test samples were added at a 1/200
dilution (diluted in 1xPBS+1% BSA), samples were serially diluted 1/3 for 5 iterations until a final

dilution of 1/5400 and incubated for 90 mins at room temperature. Plates were washed 5 times in
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PBST and 100uL/well of diluted anti-human IgG/IgA/IgM-HRP-conjugate antibody (ABD Serotec) was
added and incubated for 60 mins at room temperature (conjugate dilutions: 1gG 1/20,000, IgA
1/6,000, IgM 1/6,000). Plates were washed 5 times with PBST and 60uL of 3,3',5,5'-
Tetramethylbenzidine (TMB) was added. When the top standard reached an OD 0.5-0.55 reading at
630nm wavelength the reaction was stopped by addition of 30uL 2.5M sulphuric acid. The final OD

readings were taken at 450nm.

A standard and 3 QC samples, made from pooled sera from MOIZH09 vaccinated individuals,

supplied by Emergent BioSolutions, were run on each plate.

Quality control and acceptance criteria

The standard curve was plotted using a 4-parameter sigmoidal curve which was used to interpolate
the titres of the test samples. The curve was passed if the R? value was greater than 0.98. The plate
passed if the titre of the QC samples were within the assigned range and %CV of duplicates was
<10%. Quality control and acceptance criteria. Samples were accepted if the %CV of the duplicates
was <20%. The assigned value was the value taken from the highest dilution that could be

interpolated from the standard curve and met the QC criteria.

These assays were developed and performed by Dr Helena Thomaides-Briers and are included in this

thesis as part of the correlation analysis.

S. Paratyphi LPS ELISA for SIIPL Phase | study samples
Quantification of LPS specific IgG was done using an ELISA based on the one above with some minor

changes, namely:

e Plates were coated with 20pg/mL of purified LPS antigen supplied by SIIPL
e Blocking was achieved by incubation with PBS 0.05% tween and 5% non fat milk powder at
25°C for 2 hours

o Development of plates was stopped when the ODs30 of the top standard reached 0.3-0.6
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These assays were developed and performed by Dr Florence Mclean, JuYeon Park, Nicole Day, and

Dr Amy Flaxman, and are included in this thesis as part of the correlation analysis

2.9. Vi capsular polysaccharide expression assay

Monoclonal antibody binding was used as a proxy for measuring Vi capsule expression. The bacterial
strains were grown to early log phase (ODggo = 0.2) as described in table 2.2. 1mL of bacteria culture
was pelleted by centrifuging for 5 mins at 13,000xg, they were washed in 1mL autoMACs running
buffer and then pelleted by centrifuging for 5 mins at 13,000xg. Bacteria were resuspended in 200uL
of autoMACs running buffer. An anti-Vi monoclonal antibody (in house, generated as part of the
VAST trial) was added to the bacteria and incubated for 30 mins at 4°C. Bacteria were then washed
twice in autoMACs running buffer, spinning at 13000xg inbetween. 100uL of add anti IgG-Alexa 488
(Invitrogen) was added to the pelleted bacteria and incubated for 30 mins at 4°C. Bacteria were
pelleted by centrifuging for 5 mins at 13,000xg and fixed using cytofix/perm before running on the

BD Fortessa flow cytometer.

2.10. Statistical analysis

Statistical analysis and plotting was completed using GraphPad Prism version 10 and R version 4.3.1.

Comparison of functional antibodies titres across timepoints was carried out using a Wilcoxon paired
signed rank test. Analysis of unpaired samples (to compare between groups with different diagnosis

outcomes) and fold-changes were assessed using a Mann Whitney-U test.

Correlations were assessed using a Spearmans Rank order correlation.

The relationship between the various immune markers and the diagnosis outcome from challenged

was assessed using a logistic regression and odds ratio.

Principal Component Analysis (PCA) presented in chapter 7 was performed with FactoMineR using
the R version 4.3.1. Data were standardised by scaling to have a mean of 0 and a standard deviation

of 1 before plotting the PCA.
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Unsupervised hierarchical clustering presented in chapter 7 was performed using the pheatmap

package in R version 4.3.1.
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Chapter 3. Development of standardised assays

to investigate antibody effector functions

3.1. Introduction

Assessment of humoral immunity to enteric fever is a key part of understanding the mechanisms
underpinning natural and vaccine induced protection. While extensive studies have been used to
investigate quantitative and functional serological correlates of protection to S. Typhi after Vi
vaccine, the application of these assays to assess S. Paratyphi A humoral immunity is still in its

infancy.

Development of standardised, reproducible assays to measure antibody effector functions will more
easily permit meaningful comparisons between vaccine responses in historical, current, and future

clinical trial sample sets.

This chapter describes the steps taken to develop novel protocols to assess antibody bactericidal

activity (SBA), ADMP, and ADNP using established cell lines.
Three independent SBA assays were set up:

1. S. Typhi specific assay for assessing responses to Vi vaccination in a challenge model.

2. S. Paratyphi A serum bactericidal activity (SBA) assay for assessing responses and oral
vaccine S. Paratyphi A vaccine and response to Paratyphi exposure in a CHIM

3. S. Paratyphi A SBA for assessing responses to an S. Typhi-Paratyphi A bivalent conjugate

vaccine in collaboration with SIIPL.

The chapter also describes the development steps used to set up an S. Paratyphi A specific antibody

dependent monocyte phagocytosis (ADMP) and antibody dependent neutrophil phagocytosis
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(ADNP) assays. The same assays were applied to all data sets collected in the clinical trials outline in

Table 2-1.

3.2. Methods

The final assays methods for each for the protocols developed for this thesis are mentioned in
Chapter 2, sections 2.5 (SBAs), 2.6 (ADMP), and 2.7 (ADNP). The optimisation steps taken to develop
these protocols are explained within this chapter, deviations from the final methods for the sake of

optimisation are detailed in each of the sections below and in the figure legends.

3.3. Results

3.3.1. Methods development of Salmonella Typhi luminescence based (L-)SBA

To measure the serum dependent bactericidal activity of our samples we adopted a luminescence
based SBA protocol originally developed by Necchi et al*®°. | developed this assay with the S. Typhi
Quailes strain, a wild type strain, and CVD909, which is modified so the Vi capsule polysaccharide is
constitutively expressed. The aim was to examine changes in SBA after Vi vaccinations administered
as part of the vaccines against Salmonella Typhi (VAST) controlled infection study, therefore using a
bacteria with constitutive Vi expression (CVD909) would be advantageous in assessing the

contribution of the Vi specific antibodies.

3.3.1.1. Selection of optimal complement conditions

SBA is a measure of antibody dependent complement mediated bacterial killing and to ensure the
read out is primarily a measure of the antibody activity it relies on a uniform exogenous complement
source. To optimise the complement conditions; bacteria were grown to log phase and incubated
with different batches of rabbit complement, used at 5-50%, for 3 hours at 37°C, 220 rpm, and the
surviving bacteria were quantified via luminescence. The ideal complement condition is one were
you can see a small reduction in the bacterial growth, but not an overwhelming amount, i.e.

biologically the complement is able to lyse the bacteria, but it is not added in such quantities that
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would mask the antibody dependant enhancement of this reaction. In the presence of increasing
complement amounts there is decreased growth of bacteria, these data show that the optimal

conditions would be 10% for the Quailes strain and 5% for the CVD909 strain (Figure 3-1).
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Figure 3-1 Optimisation of complement conditions for Salmonella Typhi specific L-SBA assay

Graphs show bacterial growth relative to starting bacteria quantity, measured via luminescence.
Experiments were performed in the absence of serum, with complement at varying amounts. Note
different scales for different strains (A) Quailes strain, (B) CVD909 strain. Different lines represent
different batches of complement.

The L-SBA titre is calculated as the serum dilution needed to achieve 50% killing of the bacteria
compared with a complement only control. To measure this, sera were serially diluted to generate
bacterial survival/killing curves. Suitability of complement conditions were tested using the standard
serum sample NIBSC 16/138, available from NIBSC, which is made from pool of sera collected from
Vi vaccinated individuals. Serially diluted 16/138 was incubated with the bacteria and increasing
concentrations of rabbit complement (5-25%). The survival curves are expressed as the
luminescence in the test sera well relative to that in the complement only well. There is little
difference in the curves generated with the Quailes strain when adding complement at 10-15%
(Figure 3-2 A), however, addition of 15% complement seems to induce less killing relative to the
complement only control when the serum is more concentrated. This indicates that addition of
higher concentrations of complement overwhelms the antibody dependent aspect (Figure 3-2 A).

When the same positive serum pool was added to the assay with CVD909 as the target strain,
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marked differences in the killing profile at different complement concentrations were observed
(Figure 3-2 B). Addition of complement at 5% is the only condition were antibody dependent
differences can be measured. These data indicate that 10% complement is adequate for the Quailes

L-SBA and that 5% should be used for the CVD909 assay.
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Figure 3-2 Bactericidal activity of NIBSC 16/138 serum standard with multiple complement
amounts.

The L-SBA assay performed with either S. Typhi Quailes (A) or CYD909 (B) strain under different
complement conditions. Graphs show the proportion of bacteria present in each condition
(RLUtest)compared with a no serum complement only control (RLUcontrol) as measured by
luminescence (RLU) after a 3 hour incubation. Lower values on the y axis represent higher killing in
the serum test condition compared with the control. Each point represents the average of 3
replicates and the error bars are indicative of the standard deviation.

Such stark differences in the curve profiles for CVD909 in the presence of increasing complement
could be affected by other parameters of the assay such as incubation times. The serum incubation
time was tested, using the positive serum pool 16/138 in the presence of various concentrations of
complement. The assay developed by Necchi et al suggests a 3-hour reaction time, but we varied the
reaction time to investigate the influence on the curve formation 1, If the reaction is stopped
before 3 hours then the serum dilution curve is not fully formed (Figure 3-3Figure 3-4). When the
reaction continues for the full 3 hours the recognisable sigmoidal dilution curves are only present in

the assay with the lowest complement, 5-7.5%.
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Figure 3-3 Comparison of bactericidal activity of NIBSC 16/138 at different time intervals

The L-SBA assay performed with either S. Typhi CVD909 strain under different complement

Log (serum dilutions)

conditions and with different time incubations (30 minutes — 3 hours). Graphs show relative ratio of

surviving bacteria (S. Typhi, CVD909) in the presence of serially diluted positive control compared

with complement only control. Each data point represents the duplicate average, and the error bars

are standard deviation.
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The exogenous complement source used in L-SBA assays is not purified, it comes from rabbit sera,
therefore it is important to determine the presence of any cross-reactive antibodies as they could
also lessen the quantification range of the assay. The rabbit complement was heat inactivated to
remove any complement activity before testing in the L-SBA alongside the active complement
source. The surviving bacteria in the heat inactivated complement (HIC) condition should be
comparable to that of the active complement (AC) condition if there are no cross-reactive
antibodies. Figure 3-4 shows the optimal complement condition when taking this into account is
10% for Quailes and 5% for CVD909, which corroborates the data shown in Figure 3-1 -Figure 3-3. Vi
IgG levels were quantified using the VaccZyme ELISA also showed undetectable levels of antibodies

in the complement source (data not shown).
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Figure 3-4 Surviving bacteria in active and heat-inactivated complement source without serum

Abundance of S. Typhi Quailes (A) or CVD909 (B) measured by luminescence after incubating for
three hours with either active complement (AC) source or heat inactivated complement (HIC) source
added at varying amounts, or with no complement (No C).
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To determine if the assay could measure the bactericidal activity in our test samples rather than just
a positive pool we tested the samples collected at two time points from 3 individuals from the VAST
study, V1 is immediately prior to receiving Vi vaccine, and V2 is 4-6 weeks after receiving Vi
conjugate vaccine (Vi-TT). The dilution curves generated against the Quailes strain showed a good
level of fit to the 4-parameter sigmoidal regression curve as demonstrated by high R? values and the
IC50 values could be calculated (Figure 3-5A, Table 3-1). For CVD909 the dilution curves were not
sigmoidal and showed low R? values, the level of corroboration between the triplicates was also low
as indicated by large error bars (standard deviation) at each data point (Figure 3-5B, Table 3-1). The
purpose of developing this S. Typhi L-SBA assay is to measure bactericidal activity in samples
collected in a Vi vaccine study. The advantage of assessing the bactericidal activity against CVD909 is
that constitutive expression of the Vi capsule would better elucidate the contribution of Vi specific
antibodies generated in response to vaccine. However, these data suggest that CYD909 is not a

suitable choice for this assay, use of the Quailes strain is more stable.
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Figure 3-5 Comparison of bactericidal activity against S. Typhi Quailes and CVD909 strain, example
experiment

Bactericidal activity curves of test samples from VAST run with either S. Typhi Quailes (A) or CYD909
(B). V1 = visit 1, pre-vaccination, V2 = visit 2, 28 days post Vi-Tetanus toxoid conjugate

vaccination. Individual data points represent average of three replicates, and error bars are the
standard deviation.
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S. Typhi (Quailes) S. Typhi (CVD909)

Sample and visit Titre R? Titre R?
number

8792 V1 114.6 0.9851 87.60 0.3735
8792 V2 160.5 0.9954 500 0.3587
8098 V1 115.6 0.9828 ~13.52 0.1987
8098 V2 134.6 0.9864 284.1 0.7077
8158 V1 101.2 0.9900 81.75 0.5100
8158 V2 104.0 0.8832 278.9 0.5986
NIBSC (16/138) 110.7 0.9586 859.8 0.6672

Serum Standard

Table 3-1 Comparison of bactericidal activity against CVD909 and Quailes strains

Luminesence based serum bactericidal activity titres and corresponding R? values for identical
samples run with either S. Typhi Quailes or CVD909.

3.3.1.2. Expression of Vi capsular polysaccharide by different Salmonella

Typhi Strains

In wild type strains, Vi expression is highly regulated and is hypothesised to change in response to
the osmolarity of the surroundings, with capsule synthesis being expressed preferentially at low and
medium osmolarities %2, To determine if the Quailes strain was expressing Vi in the assay conditions
we used a Vi specific monoclonal antibody, developed as part of the VAST study, to assess the
expression of the Vi capsule in multiple strains of Salmonella Typhi (Figure 3-6, Table 3-2). Vi
expression was represented using a composite score calculated by multiplying the number of
positive bacteria by the geometric mean fluorescence intensity. The composite score accounts for
heterogeneity of a Vi expression within each bacterial population. CVD909 grown in DHB (0.1% 2,3-
Dihydroxybenzoic acid) supplemented broth had the highest levels of Vi expression, as expected.
CVD908, the parent strain of CVD909, had intermediate levels of Vi expression, similar to that of
Quailes grown in regular salt LB. Changes in the salt conditions for Quailes resulted in lower
expression confirming that regular LB broth with 85mM salt are the best growth conditions for Vi
expression for the Quailes strain. Ty21a, an oral vaccine strain which contains a genetic deletion of

the Pwia promotor of the Vi capsule, was tested alongside the other strains as a negative control.
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Figure 3-6 Vi capsular polysaccharide expression on various strains of S. Typhi

Expression of the Vi capsular polysaccharide, assessed on various Salmonella Typhi strains and
differing growth conditions, was assessed by flow cytometry. Bacteria were grown in liquid Luria
Bertani broth to log phase as in the L-SBA, to an ODs00=0.2. Expression was detected using a Vi
specific monoclonal and secondary anti-human Fc antibody conjugated to alexa fluor (488nm). For
comparison, a composite score of geometric mean fluorescence intensity multiplied by % positive
bacteria was used.
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S. Typhi Strain

Growth conditions

Quailes Low salt 9mM Salt LB broth

Quailes Regular (85mM Salt) LB broth

Quailes 300mM Salt LB broth

CVD908 Regular LB broth

CVD908 Regular LB broth supplemented with aromatic amino acids (aro)

CVvD909 Regular LB broth

CVD909 DHB Regular LB LB broth supplement with 0.1% 2,3-Dihydroxybenzoic acid (DHB)
MO01ZHO09 Regular LB broth supplemented with aromatic amino acids (aro)

Ty21a Regular LB broth

Table 3-2 Details of S. Typhi strains and growth conditions used for the Vi expression assay

3.3.1.3.

Performance of a NIBSC 16/138 international standard as a QC

sample

To ensure the assay remains consistent across plates run on the same day in different batches or

run on different days, a control sample, NIBSC 16/138, was included on each plate (Figure 3-7).

The sample titre was calculated identically to the test samples. After running all the samples the

upper and lower acceptable limit of the QC were calculated as the average titre +/- 1 standard

deviation. Only runs where the dilution curve had an R? of >0.7, and had sufficiently diluted out

the bactericidal activity were used. Samples run on plates where the QC samples fell out of the

calculated acceptable range were re-run, samples were only included in the analysis if the QC

sample fell within the designated range.
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Figure 3-7 Summary of repeat titres of NIBSC 16/138

Bactericidal activity titre of NIBSC 16/138 against S. Typhi Quailes strain across multiple experiments.
Dotted lines represent upper and lower limit of acceptable range, calculated as +1 standard
deviation of the average.

3.3.1.4. Vispecific antibody depletion optimisation

To assess the contribution of antigen specificities to the bactericidal activity of the test sera, |
conducted some antibody depletion experiments. To deplete Vi specific antibodies, plates were
coated with either BSA only, or Vi at various concentrations (Figure 3-8). After blocking the plates
with 1x PBS + 0.5% BSA, undiluted samples were added and incubated for 30 mins at 37°C, this
incubation was repeated for 10 iterations, the antibody titres were analysed via ELISA. The initial
optimisation step was carried out using the positive control sample, NIBSC 16/138, and after 9
iterations there was an average 94% decrease in Vi specific IgG. The reduction was slightly less in the
wells coated with just 2ug/mL, 88%, while the reductions observed for the other coating
concentrations were comparable. Coating the plates with BSA only showed a reduction of Vi IgG by

20%. Bead and free antigen optimisation methods were also assessed, but they did not result in
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reduced Vi antibody levels (data not shown). The same plate-based methods were used to deplete

LPS antibodies to investigate if LPS antibodies were also contributing to vaccine related changes in

SBA. LPS antibodies are known to contribute to bactericidal activity after challenge with S. Typhi, and

interestingly in the VAST study we observed an increase in LPS specific antibody secreting cells 7
days post Vi vaccine %3, Quantification of LPS specific IgG in serum after 9 incubations on plates
coated with 40pg/mL of LPS antigen corresponded with a minimal 36% reduction in antibody, in
comparison incubation with BSA coated plates showed a 23% reduction. Vi depleted samples were
then used in the L-SBA assay to assess antigen specificity of bactericidal function in Vi vaccinated
individuals (see Chapter 4, Figure 4-3). Due to the high volumes of serum needed for this depletion
and the small reduction in LPS antibodies observed, the L-SBA assay was not carried out on LPS

antibody depleted serum samples.
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Figure 3-8 Optimisation of antigen specific antibody depletion in serum samples

Quantification of Vi (A) or LPS (B) specific IgG in NIBSC 16/138 after iterative incubations with plate

bound Vi or LPS antigen at various coating concentrations, or BSA coated plates.
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3.4. Method development of Salmonella Paratyphi A luminescence based SBA

For the assessment of the functional serological response to Salmonella Paratyphi A infection or
vaccination a robust and reproducible assay for measuring the serum bactericidal activity is needed.
Necchi et al describe the development of the L-SBA for high throughput measurement of bactericidal

activity of S. Paratyphi A which was also validated for measuring S. Typhi activity as detailed in

section 3.3.1%°%,

3.4.1. Optimisation of suitable complement conditions

Initial steps to validate the S. Paratyphi A specific assay were to find an appropriate complement
condition. Using the same criteria as for the S. Typhi assay, the optimal complement conditions are
those that show some level of killing/growth restriction in the absence of serum, and for the growth
of the bacteria to be similar in the active complement and heat inactivated complement conditions
(to confirm the absence of overwhelming cross-reactive antibodies). Growth of the bacteria was
similar for the AC and HIC when adding 10-20% complement (Figure 3-9A), these conditions also
demonstrated optimal complement mediated growth inhibition when measured in the absence of

serum (Figure 3-9B).
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Figure 3-9 Optimisation of complement conditions for Salmonella Paratyphi A specific L-SBA assay

(A) Amount of bacteria as measured by luminescence after a 3 hour incubation with varying
amounts of active (AC) or heat inactivated complement (HIC), or no complement (No C). (B) Bacterial
growth relative to starting bacteria quantity, measured via luminescence, different lines represent
different batch numbers of complement. Experiments were performed in the absence of serum.

88



3.4.2. Use of an in-house pool as an assay QC

As with the S. Typhi assay a positive sample was run as a QC for each plate. The QC sample was
made of a combination of samples collected 90 days post S. Paratyphi A challenge from individuals
enrolled in the P1/PATCH CHIM studies. Two independent pools were tested in the assay with
addition of complement between 10-20%. Pool 2 consistently had a higher titre and both pools had
highest titres when adding complement at 20%, suggesting that at 10-15% complement is not in
excess and is restricting the serum dependant killing (Figure 3-10 A). Pool 2 was included as the QC
sample on each of the plates when assessing the test samples. The average titre measured on the
102 plates was used to define the acceptance criteria of the QC samples which was calculated as the
average +/- 1 standard deviation, L-SBA titre of 91-949. Samples run on plates where the QC fell out

of this range, did not dilute out or did not have an R? values of > 0.7 were repeated.
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Figure 3-10 Selection and performance of an anti - S. Paratyphi A serum pool for use as a control in the L-SBA.

(A) Bacterial killing curves generated from performing the L-SBA assay with two independent pools of serum made from samples collected in the human
challenge models (PATCH study, OVG2014/01) in the presence of varying amounts of complement. Relative survival of bacteria shown as the luminescence
in the test sample normalised to the luminescence in the active complement only control well. Each data point represents three replicates, and error bars
represent the standard deviation (B) L-SBA titres of Pool 2 run on each assay plate, dotted lines represent the lower and upper acceptable range, calculated
at the average + 1 standard deviation.
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3.5. Development of a conventional, colony counting SBA in collaboration with SIIPL

To assess the immune response to a novel Salmonella Typhi and Paratyphi A bivalent conjugate
vaccine developed and tested by SIIPL, we collaborated with them to develop a conventional, colony

counting SBA against S. Paratyphi A to assess vaccine induced functional antibody changes.

3.5.1. Optimisation of SBA assay conditions

A stock of S. Paratyphi A, ATCC9150 strain was made as per Table 2-2. For the assay, sufficient
bacteria must be added to each well to accurately determine antibody mediated differences in
bacterial survival. Approximately 80-100 CFU are required per well/10uL. More than 100 colonies
would make it difficult to count after the bacteria are spotted on to agar plates. Less than 80 would
make it difficult to detect changes in the colony numbers due to the antibody effect. To determine
the dilution needed to achieve this, bacteria were serially diluted from 1/6000 — 1/9000, spotted on
LB agar plates and enumerated the following day using a semi-automated colony counter. A bacteria
dilution of 1/6000 was sufficient to add at least 80 colony forming units per well (Table 3-3). To
ensure correct complement conditions, active and heat inactivated complement was added at
differing amounts (2-7uL) and incubated for 1 hour with the bacteria, but without serum. At lower
complement amounts, the % difference between the active complement (AC) and the heat
inactivated complement (HIC) is lower (Figure 3-11B), however the overall number of colonies is
lower than desired, even at the most concentrated bacteria conditions, suggesting that we needed
to use more concentrated bacteria for the assay (Figure 3-11A). These data also suggested that
addition of 5uL of complement in a total 40ulL (12.5%) reaction mixture was suitable for the assay. A
1/5000 dilution of the bacteria was later tested and showed > 80 colonies in all complement

conditions and so this dilution was used in the final assay protocol (data not shown).
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Dilution R1 R2 Average
1/6000 90 74 82
1/7000 64 88 76
1/8000 67 68 68
1/9000 61 63 62

HBSS
only 0 0 0

Table 3-3 Results of titration experiment showing the CFU of diluted bacteria, completed in

duplicate

92



100
a0 mem Active complement 80+ Complement
mmm  Heat inactivated complement S % ° ° added
g 2 60+ 2uL
= °
GD T O O O O S B R B O A = C [ ] ® [ ]
= . ‘ 29 wd . e o 3uL
5 o0 e . o e
40 il I T
: A E'U 20 ® e SuL
: T c [ ] e 6ulL
20 E 0
T O 04 e 7uL
=<
0 -20

2ul 30l 4ub Sul 6ub Tul 2ul 3ol dul Sul Sul Tul Zul dul ful Sub Gul Tul 2L Jul 4l Sul Gl Tul Comp|ament added

1 I 1 1
1/6000  1/7000  1/8000  1/9000  Bacteria dilution 1/6000  1/7000 ~ 1/8000  1/9000

Bacteria Dilution

Figure 3-11 Quantification of colonies in various complement conditions and bacterial dilutions

(A) Surviving bacteria in active and heat inactivated complement conditions with varying amounts of complement and different bacterial dilutions. Dotted
line at 60 CFU; desirable minimum number of colonies in complement control wells. Mean and SD of duplicates are plotted. (B) Percentage difference
between active complement and heat inactivated complement. Dotted line at 30%; maximum accepted % difference. Percentage difference = ((HIC-
AC)/HIC)*100
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SBA titres in this protocol are calculated as the serum dilution required to achieve 50% killing
compared with the HIC. The assay was tested using preclinical samples and the original protocol
shared by SIIPL, whose titres had already been assigned in the using the SIIPL in house SBA. Using
this protocol we saw an average % difference between the AC and HIC of 47% in initial experiments.
The maximum desired % difference for this assay is 10%. To see if the difference between could be
reduced from 47%, the assay was performed with buffers containing blocking agents, on different
plates, and with an increased reaction volume. A combination of increasing the overall reaction
mixture volume from 40pL to 80uL, switching to U-bottom plates and addition of blocking agents to
the reaction buffer decreases AC/HIC % difference. In the experiments summarised in Table 3-4, %
differences are acceptable in the original SIIPL conditions with addition of a shaking step, however
these conditions had a high standard deviation. Doubling the volume of all the components
proportionally to a total volume of 80uL increased the CFU in the control wells, which is preferable
because it means the counts are less sensitive to small fluctuations in CFU (which can be introduced
at the pipetting or counting stages). Final conditions were decided as, a total reaction volume of
80pL, performed in U-bottom plates and using HBSS+ buffer with 0.5% FBS, incubated at 37°C

without shaking.
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Total Plate

reaction shaking Average

Plate volume during AC/HIC %
type Buffer HBSS+ (uL) reaction  difference SD n
Flat NA 40 Yes 8.2 37.3 10
Flat 0.5% BSA 40 Yes 32.7 8.0 4
Flat 1.0% BSA 40 Yes 50.0 4.5 2
U NA 40 Yes 58.6 7.2 4
U 0.5% BSA 40 Yes 324 6.4 4
U NA 80 Yes 43.5 14.3 10
U 0.5% BSA 80 Yes 37.4 13.6 10
u 0.5% FBS 80 Yes 36.4 19.9 8
U 1.0% FBS 80 Yes 39.8 23.4 8
U 0.5% FBS 80 No 6.8 16.5 8

Table 3-4 Summary of the % difference between the active complement (AC) and heat inactivated
complement (HIC) condition

Percentage difference in surviving bacteria in the SBA assay performed with active (AC) and heat
inactivated (HIC) complement and no serum, calculated using: ((HIC-AC)/HIC)*100. Results with
various buffers, volumes, and plate types. Experiment was performed with a 1/5000 bacteria
dilution. HBSS+ = Hanks balanced salt solution. SD = Standard deviation. n = number of replicates.

3.5.2. Qualification of SIIPL SBA assay

For the qualification of the assay, as required by SIIPL, 10 serum samples collected at baseline (D0),
and 90 days after exposure (D90) from P1/PATCH CHIM studies were tested alongside a D90 pool
and the NIBSC 16/138 standard sample. Samples were analysed by two independent operators, on
three different days (Table 3-5). If the titres from the sample replicates were within 2-fold dilutions
of each other they were accepted. In 10/12 of the samples tested, each operator was within 2-fold
dilutions on the different days tested demonstrating the assays inter day precision. The average titre
obtained across 3 replicates for each operator is within 2-fold dilutions for 11 of the 12 samples

tested. Therefore, the assay demonstrates inter-operator precision (Table 3-5).
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Operator 1 Operator 2 Operators
within 2
R1 R2 R3  Average Within2 R1 R2 R3  Average Within2 (dijlutions
dilutions dilutions
of the of the
average average
0027 DO 3072 5760 11520 6784 Yes 8192 2880 5760 5611 Yes Yes
0027 D90 11520 11520 11520 11520 Yes 5760 46080 5760 19200 No Yes
0042 DO 1024 2880 5760 3221 No 4096 7680 4080 5285 Yes Yes
0042 D90 11520 7860 11520 10300 Yes 2880 7680 7680 6080 Yes Yes
0053 DO 1280 768 768 939 Yes 512 384 128 341 No No
0053 D90 2048 1024 288 1120 No 640 512 384 512 Yes Yes
0036 DO 3840 5760 1920 3840 Yes 1920 2400 2880 2400 Yes Yes
0036 D90 7680 7680 3840 6400 Yes 3840 3840 17280 8320 Yes Yes
0077 DO 2048 768 760 1192 Yes 768 1280 1536 1195 Yes Yes
0077 D90 1024 1536 1024 1195 Yes 2560 768 1280 1536 Yes Yes
NIBSC 16/138 2560 2560 1024 2048 Yes 2044 2560 3072 2559 Yes Yes
SPtA QC 9600 7680 5760 7680 Yes 5760 5760 15360 8960 Yes Yes
Pass: Pass: Pass:
10/12 10/12 11/12

Table 3-5 Summary data for SBA qualification samples against S. Paratyphi A

SBA titres measured in 12 qualification serum samples, run in multiple replicates by two different

operators. The average titre obtained across 3 replicates for each operator is with 2-fold dilutions for

11 of the 12 samples tested. SPtA QC = pool of D90 samples from Salmonella exposed individuals

(from Oxford challenge study).

96



3.6. Methods development for an antibody dependent monocyte phagocytosis assay

The role of antibodies in phagocytosis and clearing S. Paratyphi A infection is not well defined. To
study this effector function in response to paratyphoid infection and vaccination we developed a
reproducible, standardized flow cytometry-based monocyte phagocytosis assay, using GFP

expressing S. Paratyphi A bacteria and the THP-1 monocyte cell line.

The THP-1 cell line is a widely characterised leukemia monocyte cell line which has been extensively
utilised to study a variety of monocyte functions including phagocytosis!®4. The aim of the assay is to
measure antibody mediated uptake of GFP expressing bacteria that have been pre-opsonised with
antibodies in our participant test sera. Standardization of assay components is essential for
comparison of results between studies. To minimise variability, we aimed to develop an assay using

a frozen THP-1 cell bank, and a stock of fixed bacteria.

3.6.1. Selection of suitable reaction time and MOI

A preliminary matrix experiment which varied the number of bacteria per cell (multiplicity of
infection, MOI) and the incubation time showed that an incubation of 30 - 60 minutes was enough to
see considerable phagocytic uptake when using a MOI of 10 or 100 (Figure 3-12 A). Using the SPtA
positive pool we saw serum dependent uptake of bacteria and importantly, there were minimal
observable differences in the phagocytosis when using fresh culture or thawed, pre-banked THP-1

cells following an overnight rest (Figure 3-12 B & C).

Technical variation could also come from day-to-day changes in the cell surface components of the
bacteria when cultured. Along with the fact that S. Paratyphi A is a hazard group 3 organism in the
UK and all experiments with live bacteria are performed in a biosafety level 3 laboratory, making a
stock of fixed, non-culturable, frozen bacteria would be advantageous in the standardisation of the
ADMP assay. While serum dependant phagocytosis of fixed bacteria (Figure 3-12 B) was 10-fold
lower compared with live bacteria (Figure 3-12 C), there was still measurable serum dependent

uptake indicating that this is a viable option for a standardized assay.
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Figure 3-12 Initial optimisation of ADMP conditions

(A) Representation of two matrix experiments measuring phagocytic uptake of bacteria by THP-1 monocyte cells under various incubation times and with
different multiplicity of infection conditions. Phagocytosis measured using composite score, termed phagocytic score (B+C) Initial measurement of serum
enhanced phagocytosis using THP-1 cells in fresh culture or a frozen stock of THP-1 cells that have been thawed immediately prior to use, using either fixed
bacteria (B) or live bacteria (C). Error bars are standard deviation of replicates.
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3.6.2. Optimisation of bacterial fixing conditions

Figure 3-13 A shows differences in fluorescence of THP-1 cells that have engulfed bacteria pre-
treated with different fixatives compared with live, non-fixed bacteria. Frozen BD cell fix treated
stocks of bacteria showed highest median fluorescence after incubating with THP-1 cells for 1-hour,
but the live bacteria had higher levels of phagocytosis as calculated using the composite phagocytic
score (Figure 3-13 B). Measurement of ingested bacteria as opposed to adherent bacteria was
confirmed by trypan blue quenching of fluorescence of adherent bacteria. Within the BD cell fix
group there was a minimal difference in phagocytic score with a 1-hour reaction time after
guenching compared with not quenched (-27%) suggesting that the majority of bacteria are
internalised rather than adhered to the cell surface (Figure 3-13 C & D, Table 3-6). This pattern was
conserved when looking at the serum dependant uptake (Figure 3-13 E), at the 1 hour timepoint BD
cell fix treated bacteria show less reduction in phagocytosis after quenching compared with the live

bacteria or other prefixed conditions.

The overnight condition was performed as a comparator time point, it was hypothesised that the
bacteria were bound to the cell surface in the shorter incubations but could take longer to be
phagocytosed. Similar reduction in phagocytosis after quenching in the overnight condition suggests
this is not the case. When incubated overnight the serum dependant uptake was reduced,
confirming that shorter incubations with the bacteria are more suitable for measuring antibody

mediated phagocytosis.
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Figure 3-13 Optimisation of fixative conditions

(A) Fluorescence intensity of THP-1 cells after 1 hour incubation of live bacteria or bacteria fixed with
BD Cell Fix, 2% paraformaldehyde, or 4% paraformaldehyde (PFA). (B) Measurement of phagocytic
uptake using the composite phagocytic score of fixed bacteria without serum. Error bars show
standard deviation. (C-E) Flow cytometric analysis of median fluorescence intensity or phagocytic
score of GFP positive THP-1 cells after either a 1 hour or overnight incubation with fixed bacteria,
with or without quenching via addition of trypan blue, in the absence (C-D) of serum or after a 2-
hour pre-opsonisation step with a positive pool of serum (E). Error bars are standard deviation of
replicates.
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Live BD cell fix 2% PFA 4% PFA
Average % Difference from live (1 NA -80% -50% -56%
hour)
Average % Difference between -52% -27% -155% -669%

guenched — unquenched (1 hour)

Table 3-6 Comparison of different fixative methods and quenching

The percentage difference from the live bacteria condition was calculated in the absence of serum:
(Phagocytic score of condition/ score of live)*100. The percentage difference between the quenched
and unquenched was calculated similarly: (score of quenched / score of unquenched) * 100.

Calculations shown are for the one hour incubation only.
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Further dilutions of test samples, showed the serum dependant uptake of live bacteria to be similar
to bacteria pre-fixed with BD cell fix (Figure 3-14). Samples with low levels of uptake were low in
both conditions, and samples with high uptake were high in both conditions, indicating that the
assay is suitable for measuring a range of antibody functions and supporting the use of a fixed and

frozen stock of bacteria.
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Figure 3-14 Comparison of serum dependant phagocytosis of fixed with live bacteria

The ADMP assay was performed with three different samples using either live bacteria or fixed and
frozen bacteria.
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3.6.3. Effect of complement addition on phagocytosis

Addition of complement has been shown to enhance antibody mediated phagocytosis of other
pathogens. | tested human, guinea pig, standard rabbit and baby rabbit complement to in this assay.
Addition of human, guinea pig, or baby rabbit complement to the assay when using a positive pool
enhanced the prozone/Hook effect, where functional output appears reduced when the
concentration of serum is higher due to over presence of antibodies blocking down-stream
functional effects (Figure 3-15 A). Addition of standard rabbit complement (5-25%) showed a dose
dependant uptake, similar to the no complement condition. When testing this with 2 samples, one
positive and one negative as defined by S. Paratyphi A specific SBA titre, addition of 10-15% standard
rabbit complement enhanced uptake and resulted in better resolution between the positive and
negative sample, compared with the no complement conditions. Addition of human complement did

not result in the same enhancement and the prozone effect was still prominent (Figure 3-15 B).
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Figure 3-15 Optimisation of complement conditions

(A) The ADMP assay performed with a positive pool at three dilutions in the presence of
complement from different sources and at varying final amounts, or with no complement. (B) ADMP
assay performed with two samples a baseline (negative sample) and a post exposure (positive
sample). Samples were tested in the presence of standard rabbit complement (SR3) at 5-15%, or
human complement 30-40%.
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The goal was to produce a standardised assay to measure ADMP across multiple projects and
populations. We aimed to limit the technical variation by developing a protocol that used a frozen
stock of bacteria and THP-1 cells. Frozen THP-1 cells showed similar levels of phagocytosis when
compared with cells in conventional culture (Figure 3-12C & D). The post-thawing rest times for the
frozen stock of THP-1 cells were tested in the absence of serum, longer pre-assay rest times resulted
in fewer live cells (Figure 3-16 A), when rested overnight the % live cells was 56-60% compared with
the freshly thawed cells which had 87-90% viability. Addition of 10% complement reduced the cell
viability further, although conversely, longer rest times and addition of complement increased the
levels of bacterial phagocytosis even though there were fewer viable THP-1 cells (Figure 3-16 B).
Measurement of apoptosis by annexinV staining revealed more cells in the in freshly thawed
condition were actively undergoing apoptosis compared with the rested cells, possibly hindering the
phagocytic capacity of this cell population. These observations were consistent across different
reaction incubation times. From this | concluded that an overnight rest would be optimal for the

assay.

Use of freshly thawed THP-1 cells in the assay showed limited serum dependant bacteria uptake in
the presence of a positive pool of serum compared with overnight rested cells, this pattern was true
independent of the complement status (Figure 3-16 D, Figure 3-17). Furthermore, addition of
complement masked serum dependant uptake of bacteria in overnight rested cells when incubated
for 30 minutes. Most likely due to there being fewer live cells after the overnight rest and also
complement addition also seemed to reduce the number of viable cells. Therefore, complement

was omitted for the analysis of test samples (Figure 3-16 E).
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Figure 3-16 Optimisation of time incubations in the presence of complement

The ADMP assay was performed using a stock of frozen THP-1 cells. THP-1 cells were thawed and rested overnight, for 5 hours, or used in the assay
immediately (<30mins rest). These cells were incubated with bacteria, with or without complement, for 15, 30, or 60 minutes. (A) Shows % live cells, (B)
shows the phagocytic score, and (C) shows the % THP-1 cells that are AnnexinV positive. Error bars represent standard deviation.

(D) The ADMP assay performed with a 30 minute incubation time, with or without complement (15%), using overnight rested or freshly thawed cells, in the
presence of a positive pool. (E) The serum dependant uptake at multiple complement amounts with overnight rested cells.
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Percentage live cells of overnight rested THP-1 cells after 30 min incubation with standard rabbit
complement at various amounts

3.6.4. Final ADMP assay conditions and reproducibility assessment

During initial experiments analysing participant samples, cell viability varied after the overnight rest
stage and the number of live cells dropped to <40% this was deemed not suitable and THP-1 cells in
conventional culture were used for the subsequent assays and reproducibility testing (described in

section 2.3.1).

To calculate the titre of our test samples a positive pool was used as a standard. An initial dilution of
% of the standard was assigned an arbitrary 1000 phagocytic units, the standard was diluted % for 7
further dilutions, the phagocytic score from the serial dilution were plotted using a 4-parameter
sigmoidal curve and used to interpolate the ADMP titre of test samples (Figure 3-18 A-C). A panel of
10 samples were run on three independent occasions (Figure 3-18 D, Table 3-7). Inter-day analysis
showed a high levels of reproducibility with CV% from 14.23-30.66%. This was true for both samples
with low phagocytic capacity or those with high phagocytic capacity that needed further pre-diluting

(Table 3-7). This assay was deemed suitable for accurately measuring antibody dependent monocyte
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phagocytosis. Two control samples were run on each plate, the upper and lower limit of each QC

sample were calculated as the average + 1 standard deviation (Figure 3-18 F).
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Figure 3-18 Reproducibility of the ADMP and standard curve interpolation

(A-C) Example ADMP standard curves: A positive pool, SPtA, was serially diluted and interpolated using a 4-parameter sigmoidal regression curve, a starting
1/8 dilution of the pool was assigned an arbitrary titre of 1000 phagocytic units. Curves represent data collected over the period of 3 months. Error bars
represent the standard deviation between the replicates.

(D) ADMP titres of a panel of ten samples, run on three different days, plotted with error bars representing the standard deviation.

(E) Example of a linearity test of two samples, ADMP titre plotted accounting for dilution.

(F) ADMP titres of the two quality control samples run on each plate (QC1 & QC2), dotted lines denoting the lower and upper acceptable limit, calculated as
the average * 1 standard deviation.
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Sample Time Point Ave %CV
24 DO 78.23 22.46
24 D90 688.20 30.66
56 DO 153.66 24.90
56 D90 418.63 23.28
77 DO 73.40 14.23
77 D90 538.77 26.98

8538 DO 66.59 25.14
8538 D90 162.69 27.42
8122 DO 97.12 23.03
8122 D90 178.77 20.54

Table 3-7 ADMP titres of the reproducibility sample panel

ADMP titre, average and % CV of ten samples used to assess the reproducibility of the ADMP assay
and standard curve interpolation.

% CV calculated as (standard deviation/ average) x 100.
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3.7. Methods development for an antibody dependent neutrophil phagocytosis assay

| aimed to develop a standardized assay to measure phagocytosis of pre-opsonised S. Paratyphi A by
neutrophils. Neutrophils play an important role in bacterial clearance and antibody dependant
neutrophil phagocytosis correlates with protection from typhoid after Vi-vaccination #*. Donor
neutrophils are sensitive and easily activated meaning they can be difficult to work with. To create a
standardised antibody dependant neutrophil phagocytosis assay | used fixed GFP expressing bacteria
as described in section 2.2, and a cell line. The HL60 cell line is a promyleoblast cell line,
differentiation of the cells to a neutrophil like cell is achieved through incubation with a

dimethylformamide (DMF) for 5 days, see section 2.3.2 for methods and gating strategy.

3.7.1. Selection of suitable reaction time and assay standard

| adopted the MOI of 50 bacteria per cell as per the ADMP assay. Initial testing showed the serum
dependent bacterial uptake could be measured after just 30 minutes using differentiated HL60s
(dHL60s) either in fresh culture, or using rested thawed, pre-banked dHL60s. There was minimal
uptake by non-differentiated cells when using the same composite score used for the ADMP assay,
GFP MedFI x % GFP positive dHL60 cells = phagocytic score (Figure 3-19 A). However, pre-banked
frozen dHL60 cells were not used for the assay in case we saw the same thawing induced cell death
that was observed in in the THP-1 cell line. Testing of further incubation times ranging from, 15 mins
to overnight, using baseline and D90 samples showed good resolution between positive and
negative samples, it also showed little variation in phagocytosis for incubations times between 15 —
60 minutes (Figure 3-19 B). Minimal levels of phagocytosis were measured after overnight

incubation. From this data a reaction time of 30 minutes was decided for the final assay.

For culturing the cells, ATCC recommend a culture media of IMDM with 20% FBS initially and
subsequently 10% once the cell line is established. Testing of 10-20% FBS during the differentiation

and incubation steps showed that this made little change to the outcome of the assay, serum
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dependent uptake using an S. Paratyphi A positive pool could be measured in both conditions

(Figure 3-19 C).

Three D90 samples and an S. Paratyphi A positive pool (SPtA) were serially diluted to find a suitable
standard for the assay which could be used as a standard curve to interpolate the test samples
(Figure 3-19 D). The curve generated by sample 8949 spanned a larger range compared with the
other samples tested, which would be beneficial for more accurately measuring a wider range of
titres in the test samples. At dilutions higher than 1/32, 8949 D90 demonstrated the hook effect as
the level of phagocytosis decreased with increasing serum. Sample 8949 D90 was used as the ADNP
standard, a 1/32 dilution was assigned an arbitrary titre of 1000 phagocytic units and the phagocytic
score from subsequent % serial dilutions were plotted using a 4-parameter sigmoidal curve and used

to interpolate the ADMP titre of test samples.
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Figure 3-19 Optimisation of a neutrophil phagocytosis assay

Phagocytic score analysis from various optimisation experiments. (A) S. Paratyphi A pre-opsonised with positive pool sera incubated for 30 or 60 minutes
with either HL60, fresh differentiated or frozen HL60 cells tested against. (B) Baseline (D0) and 90 days post challenge (D90) samples were tested from three
participants at 1/8 dilution, incubating for either 15, 30, 60 minutes or overnight. (C) A positive pool was tested using HL60 cells differentiated in the
presence of either 10% or 20% FBS. Error bars represent standard deviation of replicates. (D) Extended serial dilution of three D90 samples or positive pool
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3.7.2. Final ADNP assay conditions and reproducibility assessment

Example standard curves shown in Figure 3-20 A-C demonstrate good reproducibility between
different days, plates were only passed if the R? of the standard curve was > 0.90. A panel of 10
samples were used to determine the reproducibility of the assay. Titres were calculated from the 10
samples run on 3 separate occasions, the CV% was under 40% for each sample and under 30% for
the majority of samples indicating an acceptable reproducibility cut off for a cell-based assay, Table
3-8. Two QC samples were run on each plate, the samples were only included if the titre of the QC
samples was within range, as determined by the average titre from all plates with a valid standard

curve * 1 standard deviation (Figure 3-20 E).
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Figure 3-20 Reproducibility of the ADNP assay and standard curve interpolation

(A-C) Example ADNP standard curves collected over a period of 3 months: A positive pool was serially diluted and interpolated using a 4 parameter
sigmoidal curve, a starting 1/16 dilution of the standard was assigned an arbitrary titre of 2000 phagocytic units. Error bars represent the standard deviation
between the replicates.

(D) ADNP titres of a panel of 10 samples, run on three different days, plotted with error bars representing the standard deviation.

(E) ADNP titres of the two quality control samples run on each plate, error bars represent the average, and 1 standard deviation used as the upper and
lower acceptable limit
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Sample Time Point Ave %CV
8106 DS0 431.6 28.7
8122 DS0 293.5 34.5
8236 DS0 297.1 10.2
8265 DS0 489.3 35.1
8277 DS0 307.9 29.5
8384 DS0 353.8 29.6
8470 DS0 428.7 36.8
8488 DS0 611.2 37.3
8538 DS0 503.8 26.2
8560 DS0 545.1 25.7

Table 3-8 ADNP titres of the reproducibility sample panel

Average ADNP titre and % CV of 10 samples used to assess the reproducibility of the ADNP assay and
standard curve interpolation.

% CV calculated as (standard deviation/ average) x 100

3.8. Conclusion

This chapter describes the successful optimisation and relevant QC criteria of multiple standardized

assays to measure SBA, ADMP, and ADNP against S. Typhi and Paratyphi A. These assays show good

inter-day reproducibility and can distinguish between samples with positive and negative titres for

each function. In the following chapters these assays will be applied to the samples collected from

multiple clinical trials outlined in section 2.1 to assess the changes in antibody effector functions in

response to Salmonella vaccination or infection.
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Chapter 4. Changes in Serum bactericidal activity

after S. Paratyphi A exposure or vaccination

4.1. Introduction

Serum bactericidal activity (SBA) assays are an in vitro measure of classical complement pathway
activation. They quantify the ability of antibodies to bind to bacteria, recruit complement effector
proteins, activating the complement cascade resulting in bacterial lysis. The complement cascade is
a triggered-enzyme cascade, and is an effective link between the innate and adaptive immune
system. In the classical pathway, recruitment and binding of C1q to the Fc portion of antibodies
bound to bacterial cell surface triggers recruitment and cleavage of downstream effector proteins,
namely C3-C9, in a sequential manner. Collectively the cleaved sections of the effector proteins,
C5b-C9, bind to the bacteria surface forming a pore named the membrane attack complex (MAC).

This ruptures the bacteria outer membrane causing lysis and death 1,

Bactericidal antibodies are important for neutralising and promoting clearance of bacteria, and have
a key role in preventing dissemination and establishment of systemic infection. The SBA assay is a
valuable tool for measuring functional antibody responses to natural infection and in response to
vaccination for Gram-negative bacteria. SBA is an accepted correlate of protection for the
encapsulated Gram-negative bacterium, N. meningitidis, it is widely interpreted as a surrogate of

vaccine efficacy and is used to license new meningococcal vaccines 166167,

SBA is thought to be one potential protective mechanism in S. Typhi infection. In Kathmandu, Nepal,
increases in S. Typhi SBA with age have been associated with decreasing typhoid fever incidence *°.
In an S. Typhi CHIM study, SBA induced after a single dose of oral vaccine candidate M01ZH09
correlated with less severe disease, although did not protect human volunteers from developing

163

infection after oral challenge with bacteria '°3. While expression of the Vi capsule is thought to help
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the bacteria evade the immune system and make it less sensitive to complement mediated killing,
anti-Vi antibodies have been shown to support complement mediated bacterial killing in vitro 162,
Research into Vi specific serological correlates of protection revealed a role for IgA quantity and fold
change, and neutrophil phagocytosis in protection from acute typhoid fever in a controlled human
infection study, as well as a role for higher anti-Vi-lgG1 aviditiy in mitigating disease severity 141168,
These studies highlighted the multifaceted nature of immune responses underpinning protection

from disease. How bactericidal antibodies fit into this dynamic system is not known.

Our comprehension of S. Paratyphi A infection is largely extrapolated from our understanding of S.
Typhi infection, but S. Paratyphi pathogenesis is not well understood. The lack of Vi capsule on S.
Paratyphi serovars A and B, which are responsible for the majority of paratyphoid fever cases, and
other variations in surface antigens mean that antibody derived protection against paratyphoid fever
might be mediated by distinct mechanisms compared with typhoid. The specific role of bactericidal

antibodies in the context of paratyphoid has not been extensively characterised.

Pre-clinical studies of paratyphoid vaccine candidates have demonstrated a potential role of
bactericidal antibodies in vaccine mediated protection. A vaccine comprising of a recombinant S.
Typhi invasin, an outer membrane protein expressed by S. Typhi and S. Paratyphi, was demonstrated
to be protective against 10x the lethal dose of S. Paratyphi A challenge in an adapted murine model
165 A MAPS (Multiple Antigen Presenting System) vaccine that uses rhivavadin-biotin linking
technology to generate polysaccharide-protein complexes, including Vi and S. Paratyphi O specific
polysaccharide, showed significant increases in SBA post-vaccination in rabbits, although no formal

analysis has been performed in a preclinical challenge setting *°.

The aims of this chapter are:

1. Does Vivaccination induce changes in bactericidal antibodies? Is there a relationship

between Vi vaccine induced SBA titres and diagnostic outcome in an S. Typhi CHIM?
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2. Does bactericidal activity against S. Paratyphi A change in response to S. Paratyphi A
challenge and homologous rechallenge? Does baseline SBA activity at either challenge
correlate with protection from paratyphoid infection?

3. Does live attenuated oral S. Paratyphi A vaccine (CVD1902) induce changes in bactericidal
antibodies? Is there a correlation between CVD1902 vaccine induced SBA titres and
diagnostic outcome in an S. Paratyphi CHIM?

4. Does novel S. Typhi — Paratyphi A bivalent conjugate vaccine induce changes in SBA?

4.2. Methods

Quantification of bactericidal antibodies was performed on all data sets outlined in Table 2-1.

Methods for measuring SBA titres against S. Typhi in VAST study samples are outlined in section
2.5.1. Methods for measuring SBA titres against S. Paratyphi A in P1, PATCH and VASP CHIM study
samples using a luminescence based SBA are outlined in 2.5.2. Methods for measuring SBA titres
against S. Paratyphi A in the SIIPL bivalent vaccine phase | study using a conventional colony

counting SBA protocol are outlined in sections 2.5.3 - 2.5.4.

L-SBA titres are correlated with other immune markers, the methods for measuring each immune

markers are noted in chapter 2.8 (binding antibodies Quantified by ELISA).

4.3. Results

4.3.1. L-SBA responses to S. Typhi after Vi vaccine in a CHIM

Serum bactericidal activity was measured against S. Typhi, at baseline (prior to Vi vaccination) and 28
days later, immediately prior to challenge, in participants enrolled in the VAST study. A total of 72
vaccinated volunteers who completed the 14-day challenge period were analysed. There was a
significant increase in SBA titre in both Vi-PS and Vi-TT vaccine groups (Figure 4-1 L-SBA titre at
baseline (Pre-vac) and 28 days later, at the point of S. Typhi challengeA). To investigate whether

SBA was associated with protection from disease in the challenge model, titres at the point of
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challenge (D28) were compared between individuals who were later diagnosed and those who did
not meet the diagnosis threshold. There were no significant differences in SBA titre related to
diagnosis outcome in either vaccine arm (Vi-PS: p = 0.88, Vi-TT: p = 0.29, Figure 4-1 B). There was
no significant difference in fold change from pre-vac to day 28 between any groups, although there
was a trend towards significance comparing fold change in Vi-PS nTD group (n = 22) with Vi-PS TD

group (n =13), p = 0.09. Data not shown).
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Figure 4-1 L-SBA titre at baseline (Pre-vac) and 28 days later, at the point of S. Typhi challenge

(A) Comparisons between time points, split by vaccine (Vi-PS n=35, Vi-TT n=37). (B) Comparisons of
day 28 titres, split by vaccine and challenge outcome (TD; typhoid diagnosed, closed circles. nTD; not
typhoid diagnosed/remained well, open circles). Limit of detection is an L-SBA titre of 39. Between
time point comparisons analysed using Wilcoxon matched-pairs signed rank test, between group
comparisons analysed by Mann-Whitney. Bars represent median SBA titre.

SBA titres at the point of challenge were compared with alternative variables and assessed for
correlation. SBA titres at D28 in Vi-PS vaccinated individuals correlated with Vi specific IgG, 1gG2 and
IgM (Figure 4-2 A-C) conversely SBA titres in the Vi-TT vaccinated group did not significantly
correlate with any measured variables (Figure 4-2 A-C, Table 4-1). There were no significant

correlations with any of the clinical outcomes or parameters of disease severity.
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Figure 4-2 Correlation between anti-Vi IgG, I1gG2, and IgM levels and SBA titre at the time of

challenge

Correlations between L-SBA titre at the point of challenge with anti-Vi IgG (A), anti-Vi-IgG2 (B), and

anti-Vi-IgM (C). TD; typhoid diagnosed, closed circles. nTD; not typhoid diagnosed/remained well,
open circles. Correlation assessed using the non-parametric spearman rank correlation coefficient

assessment
Spearman rho (p value)
Vi-PS Vi-PS Vi-PS Vi-TT Vi-TT Vi-TT
(all, n=35) (nTD, n=22) (TD, n=13) (all, n=37) (nTD, n=24) (TD, n=13)
Anti-Vi IgG1 0.226 (0.192) 0.261 (0.241) 0.102 (0.740) -0.152 (0.371) -0.040 (0.845) -0.382 (0.197)
Anti-Vi 1gG3 0.230 (0.183) 0.245 (0.272) 0.280 (0.354) -0.070 (0.682) 0.044 (0.837) -0.429 (0.144)
Anti-Vi IgA 0.079 (0.657)  0.286 (0.205) -0.223 (0.461) -0.092 (0.593) -0.232 (0.287) -0.052 (0.867)
Antibody Dependant Complement 0.178 (0.307) 0.350 (0.110) -0.107 (0.763) 0.051 (0.763) -0.005 (0.982)  0.070 (0.818)
Deposition
Time to Typhoid Fever Diagnosis 0.064 (0.716) NA 0.252 (0.404) -0.218 (0.196) NA -0.209 (0.490)
(Days)
Duration of Fever (Days) 0.089 (0.617) 0.333 (0.140) -0.772 (0.365) -0.038 (0.825) -0.243 (0.253) 0.333 (0.262)
Duration of Bacteraemia (Days) -0.062 (0.731) NA -0.182 (0.589) -0.178 (0.298) NA 0.470 (0.125)
Symptom Severity 0.133(0.4454)  0.132 (0.558) 0.011 (0.978) -0.266 (0.112) -0.312 (0.138) -0.124 (0.684)
Bacterial Burden (CFU/mL) 0.127 (0.733) NA 0.127 (0.733) 0.112 (0.760) NA 0.112 (0.759)

Table 4-1 Table of correlation outcomes of log10 SBA titre 28 days after vaccination compared
with various parameters

Anti-Vi antibody levels and antibody dependent complement deposition data all 28 days post

vaccination, at the point of challenge.
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To assess whether Vi vaccine induced SBA is mediated by Vi specific antibodies, serum samples were
depleted of Vi specific antibodies and then assessed for bactericidal activity. A subset of samples
from 6 participants, who were vaccinated but not challenged were chosen based on large sample
volume availability. Vi IgG titre at pre-vaccination went from 45.8 EU/mL to 17.5 EU/mL following
depletion, while for D28 the GMT went from 669.1 EU/mL to 106.4 EU/mL following depletion.
Analysis of SBA in these samples showed a corresponding significant reduction in activity after Vi
antibody depletion at D28 only, with titres comparable to pre-vaccination levels (Figure 4-3 B; p =

0.56). SBA GMT pre-vaccination versus D28; 1190-2002 originally, 809.2-1232 in depleted samples).
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Figure 4-3 Anti-Vi IgG and SBA titres before and after Vi antibody depletion

(A) Anti-Vi IgG titre determined by ELISA, pre and post Vi antibody depletion, in a subset of Vi-PS or
Vi-TT vaccinated individuals. Dotted line marks the limit of detection,7.4 EU/mL. (B) Corresponding
SBA titres from pre and post depleted serum. Dotted line marks the limit of detection, 39. (n=6).

122



4.3.2. L-SBA responses to S. Paratyphi after exposure in a CHIM

Bactericidal antibodies against S. Paratyphi A were evaluated in healthy volunteers at baseline (DO)

and 90 days post S. Paratyphi A challenge (D90) in 62 individuals enrolled in two CHIM studies. The

P1 study which was a dose finding trial investigating the challenge dose needed to achieve an attack

rate of 60-70%, and the PATCH study which was a trial examining the immunological responses to S.

Typhi and S. Paratyphi A challenge and the effect of homologous or heterologous rechallenge.

Ninety days after challenge SBA titres were significantly increased. When analysed by diagnosis
outcome this elevation was only significant in the group who developed paratyphoid fever (p
<0.0001, Figure 4-4 A & B). However, this was not statistically significant when analysed using a
regression model (Odds ratio 1.002, p 0.0745). 24/62 challenged individuals showed no change in

SBA or decreased SBA activity post challenge.

L-SBA titres at the point of challenge (D0) did not correlate with protection from infection after S.

Paratyphi A exposure (Odds ratio 1.002, p 0.4391).

Correlation of L-SBA titres with anti LPS-1gG showed that L-SBA at D90 correlate with anti LPS-IgG

(Figure 4-4 C).
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Figure 4-4 L-SBA titres against S. Paratyphi A

L-SBA titres against S. Paratyphi A NVGH308 strain at baseline (D0) and 90 days (D90) after oral challenge with S. Paratyphi NVGH308 strain. (A) All
participants grouped together. (B) split by diagnosis outcome (C) correlation analysis between L-SBA titre and anti-LPS IgG. Correlation assessed using non-
parametric spearman’s rank correlation coefficient, tabulated underneath the graph. (PD; paratyphoid diagnosed, nPD; not paratyphoid diagnosed).
Between time point comparisons analysed using Wilcoxon matched-pairs signed rank test, between group comparisons analysed by Mann-Whitney. Bars
represent median and 95% confidence interval. Comparisons between all timepoints and groups were performed, but only those that reached statistical
significance are presented.
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Forty five out of the 62 participants analysed received the high dose (1-5 x 10® CFU) and 17 received
the low dose (500-1000 CFU). There was a significant increase in SBA titre at D90 compared with DO
irrespective of challenge dose (Figure 4-5 A). 3/17 participants who received the low dose didnt
show any changes in L-SBA between DO and D90, whereas 21/46 participants in the high dose group
did not have an L-SBA response. In the high dose group, challenge induced increases in L-SBA titre
were only significant in the diagnosed group (PD; p = 0.0009). In contrast, there was a statistically
significant increase in titre by D90 irrespective of diagnosis outcome in the low dose group (nPD; p =
0.0117, PD; p = 0.0078). This could be due to the fact that the time to diagnosis was delayed in the

low dose group.
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Figure 4-5 Comparison of L-SBA titres in individuals challenged with S. Paratyphi at two different
doses

L-SBA titres at baseline (D0) and 90 days after challenge (D90) with S. Paratyphi A NVGH308 strain
split by dose (A) or dose and diagnosis outcome (B). High dose; 1-5 x 103 CFU, low dose; 500-1000
CFU. PD; paratyphoid diagnosed, nPD; not paratyphoid diagnosed. Between time point comparisons
analysed using Wilcoxon matched-pairs signed rank test, between group comparisons analysed by
Mann-Whitney. For Panel A comparisons were performed between all groups and time points, only
those that reached statistical significance are presented on the graph. For Panel B, comparisons
were performed between all time points and diagnosis groups within each dose arm, only those that
reached statistical significance are presented. No comparisons between dose groups were
performed for panel B.
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4.3.2.1. Effect of prior exposure to S. Paratyphi A

In a challenge model setting, previous exposure to S. Paratyphi A was associated with a 57% reduced
risk of developing paratyphoid fever upon second exposure®34, To investigate the relationship
between bactericidal antibodies and protection after homologous rechallenge, titres at DO and D90
were compared between 45 naive and 12 rechallenged volunteers. A significant increase in SBA was
measured between baseline (D0) and D90 in the group which were naive at the point of challenge
only (p <0.0001), in contrast no significant changes in SBA titre were detected 90 days after
rechallenge (Figure 4-6 A). SBA titres had decreased significantly at the point of rechallenge
compared with D90 of the first challenge (p = 0.0303, Figure 4-6 B, median interval between
challenges was 17 months), indicating waning of bactericidal antibodies. Although this might be at

least partially attributable low numbers of rechallenged participants (n=12).

To determine if SBA changes over time were different based on outcome after initial exposure, SBA
titres in rechallenge participants who were diagnosed (PD) were compared with those who were not
diagnosed (nPD). In participants who were developed paratyphoid fever after their first challenge
SBA titres were significantly higher after 17 months (DO of rechallenge) compared with those who
were not did not develop clinical disease (p = 0.0303, Figure 4-6 B). The median SBA titre at the point
of rechallenge was lower in those who went on to develop disease however it did not reach
statistical significance (median nPD 68.7, PD 17.8, p 0.4713, Figure 4-6 D). Furthermore, baseline
titres measures at the point of rechallenge did not correlate with protection after a second exposure

as assessed by logistic regression (Odds ratio 0.9929, p 0.6028)
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Figure 4-6 Comparison of L-SBA titres after homologous rechallenge

L-SBA titres at baseline (DO) and 90 days after challenge (D90) with S. Paratyphi A NVGH308 strain. (A) Results plotted by challenge iteration. (B) Timeline of
L-SBA titres in the rechallenge group only, plotted based on initial challenge outcome. (C) L-SBA titres in the rechallenge group only separated based on the
diagnosis status of both challenges. (D) L-SBA titre at the point of rechallenge, split based on outcome of the second challenge.

PD; paratyphoid diagnosed, nPD; not paratyphoid diagnosed. Time point from the first challenge are denoted as DO_1 and D90 _1, time points from the

second challenge are denoted as DO_2 and D90_2.

Between time point comparisons analysed using Wilcoxon matched—pairs signed rank test, between group comparisons analysed by Mann-Whitney. Bars
represent median and 95% confidence interval. On panel A all groups were compared, p-values are presented only from comparisons that reached
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statistical significance. No formal comparisons were performed on panel B or C, due to the low numbers of participants in each group these data are for
descriptive purposes only.
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4.3.2.2. Changes in L-SBA in participants in an oral S. Paratyphi A vaccine

and challenge study

Bactericidal antibodies against S. Paratyphi A were measured in 27 healthy volunteers enrolled in a
live attenuated oral paratyphoid vaccine, CVD1902, CHIM study (VASP). Samples were taken
prevacination (D-42), and then 42 days later immediately prior to challenge (DO0), from participants
who received either two doses of CVD1902 or placebo administered two weeks apart. At the point
of writing this thesis the VASP study is actively recruiting therefore | am blinded to the vaccine status
of the participants and data are analysed in a blinded fashion. Forty-two days after primary
vaccination/placebo there was a significant increase in SBA titre (p 0.0025, Figure 4-7 A). To evaluate
the potential protective effect of vaccine induced bactericidal antibodies, SBA titres in diagnosed
individuals were compared with titres in individuals that were not diagnosed during the 14 day
challenge follow up period. There was a significant increase in titre in the diagnosed group between
D-42 and DO (p 0.0117). Although L-SBA at the point of challenge (D0) was not significantly related to

the development of paratyphoid fever ( Odds ratio 0.9988, p 0.4680)
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Figure 4-7 L-SBA titres in participants in an oral S. Paratyphi A vaccine trial

L-SBA titres in individuals at baseline (D-42) and 42 days after vaccine or placebo immediately prior to challenge with S. Paratyphi A NVGH308 strain (DO) for
all participants combined (A), or divided by diagnosis outcome after challenge (B). (C) Fold change in L-SBA titre from D-42 to DO split by diagnosis outcome.
PD; paratyphoid diagnosed, nPD; not paratyphoid diagnosed. Between time point comparisons analysed using Wilcoxon matched-pairs signed rank test,
between group comparisons analysed by Mann-Whitney. Bars represent median and 95% confidence interval. For Panel B, comparisons were performed
between all groups and time points, only those that reached statistical significance are presented.
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Fold change in SBA titre was calculated as D90/DO0 in P1/PATCH, and as DO/D-42 in VASP
participants. No significant differences in fold change were observed when comparing subgroups

(Figure 4-8).
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Figure 4-8 Comparison of L-SBA titre fold change

Fold change in L-SBA titres at baseline (DO) and 90 days after challenge (D90) with S. Paratyphi A
NVGH308 strain split by dose, diagnosis outcome, or challenge iteration. High dose; 1-5 x 103 CFU,
low dose; 500-1000 CFU. PD; paratyphoid diagnosed, nPD; not paratyphoid diagnosed. Or fold
change in L-SBA titre at baseline and 42 days after vaccine with CVD1902 or placebo (VASP) split by
diagnosis outcome.
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4.3.3.SBA responses to S. Paratyphi after bivalent S. Typhi - Paratyphi A

conjugate vaccine

Bactericidal antibodies against S. Paratyphi A were evaluated in healthy volunteers enrolled in a
phase | clinical trial evaluating the safety and immunogenicity of the novel typhoid-paratyphoid
bivalent conjugate vaccine (Sii-PTCV). This vaccine contains S. Typhi Vi CPS conjugated to tetanus
toxoid and S. Paratyphi A O specific polysaccharide conjugated to diphtheria toxoid. Samples were
analysed at baseline (D0O) and 29, and 181 days post vaccine in 60 individuals. Inoculation with Sii-
PTCV induced a significant increase in SBA titre (p <0.0001) measured 29 days post vaccine, titres
showed signs of waning by D181 (p 0.0007) but remained significantly elevated above baseline levels
(p <0.0001, Figure 4-9 A). There were no significant changes in the SBA titres against S. Paratyphi A
measured in the Typbar-TCV® group. These findings are corroborated when comparing fold change
between time points and groups. Fold change in SBA titre from DO to D29 and D181 were
significantly higher in Sii-PTCV recipients compared with Typbar-TCV recipients (p <0.0001 at both

time points, Figure 4-9 B). SBA titres significantly correlated with anti-LPS IgG (Figure 4-9 C).
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Figure 4-9 Bactericidal activity in SIIPL phase | study participants

SBA titres against S. Paratyphi A measured at baseline (D0), and then 29 (D29) or 181 (D181) days
after vaccination with either SIIPL Typhoid — Paratyphoid A bivalent conjugate vaccine (Sii-PTCV), or
typhoid Vi conjugate vaccine (Typbar-TCV®) (A).(B)Fold change SBA titres measured 29 or 181 days
from baseline in participants who received a single dose of Sii-PTCV or Typbar-TCV®. (C) Correlations
between SBA titre and anti-LPS IgG all time points combined. Between time point comparisons
analysed using Wilcoxon matched-pairs signed rank test between group comparisons analysed by
Mann-Whitney U test. Correlations assessed using a spearman’s rank correlation coefficient
assessment. Bars represent median and 95% confidence interval. For Panels A and B, comparisons
were performed between all groups and time points, only those that reached statistical significance
are presented.
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4.3.4.Comparison of SBA titres with difference methods and strains

SBA titres in the Sii-PTCV study were measured against S. Paratyphi A ATCC9150 strain, the same
strain used for the LPS purification during the vaccine manufacturing. In order to provide
comprehensive protection against paratyphoid it’s important that functional responses are cross
reactive against other strains. We evaluated bactericidal titres in serum samples collected in the Sii-
PTCV study against the NVGH308 strain. Selected samples which had a range of titres against
ATCC9150, and when tested against NVGH308 there was a strong, positive correlation (spearman r

0.9493, p <0.0001) indicating that bactericidal antibodies are cross-reactive (Figure 4-10 A).

Bactericidal antibodies in samples collected in the CHIM studies were measured using the
luminescence based assay, whereas samples collected in the SIIPLTD bivalent vaccine study were
evaluated using the conventional colony counting methods. This difference in protocol means that
no statistical comparisons can be made between these datasets. To allow descriptive comparisons, a
Spearman rank correlation coefficient assessment was performed to determine the degree of
correlation between the two methods. Samples collected in the P1/PATCH study with a range of L-
SBA titres were run on the colony counting SBA using ATCC9150. There was a significant, positive
correlation between the two methods (r 0.7333, p 0.0311), indicating that samples with a high L-SBA

titre would also have a high conventional SBA titre.

134



A
97 0.0493 103+
r0.
- r0.7333
, 08| P<0.0001 . * * , P00311
= ° O > .
- = N ®
8 105— : oo = N ° o L]
] o < = 1024
5 104- oo * m ¥ . o
2 oo ? %
z o ® Y )
103 o ®
102 T T T 1 10° ! |
102 103 104 105 106 103 104 10°
ATCC9150 titre SBA titre
SIIPL

Figure 4-10 Correlation of bactericidal activity using different assays

(A)SBA titres in participants enrolled in the SIIPL Phase | study measured using the colony counting
method with either NVGH308 challenge strain, or ATCC9150 vaccine strain. (B) Correlation of SBA
titres of participants enrolled in the P1/PATCH studies using the luminescence SBA methods and the
colony counting SBA methods. Correlation assessed using the non-parametric spearman rank
correlation coefficient assessment.

4.4, Discussion

In this chapter | describe and compare changes in bactericidal antibodies in response to vaccination
and experimental infection with typhoidal Salmonella serovars. These analyses represent the first
time SBA has been measured post Vi vaccine in a human challenge model, the first time SBA
responses have been characterised in a paratyphoid human challenge model, and the first time SBA
responses have been quantified in human volunteers after receiving a typhoid-paratyphoid bivalent

conjugate vaccine.

4.4.1.Bactericidal antibodies after Vi vaccination in an S. Typhi CHIM

SBA titres were measured in healthy volunteers enrolled in a CHIM study where participants
received a single dose of either Vi-PS or Vi-TT 1 month before being challenged with Salmonella
Typhi. Vaccination with either Vi-PS or Vi-TT caused significant induction of SBA antibodies after 28
days, consistent with findings for other S. Typhi vaccines: M01ZH09, CVD910, and intramuscular Vi-

purified capsular polysaccharide in animals and humans which showed significant increases in SBA
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post vaccination 138174172 However, there were no significant differences in SBA titre at the point of
challenge between individuals who went on to develop acute typhoid fever compared with those
who did not, nor was there a significant correlation between SBA and disease severity. This

highlights the heterogeneity of bactericidal antibodies to different vaccine types.

SBA titre at the point of S. Typhi challenge was assessed for correlation with other antibody
measures. After Vi-PS vaccination SBA titre significantly correlated with anti-Vi IgG, 1gG2 and IgM.
This is in line with the known importance of IgM as an activator of complement due to its
pentameric structure and ability to bind multiple epitopes and I1gG2 being a dominant isotype
induced following polysaccharide vaccination 1>173, No significant correlations were found between
SBA titre and markers of disease severity after either vaccine, providing no evidence for a role of Vi
vaccine-induced SBA in mitigating acute typhoid fever within our challenge model. One possible
explanation for this is the mechanism S. Typhi utilizes to evade antibody dependent killing by being
facultative intracellular pathogen. The exact lifecycle is not fully understood but bacteria are thought
to hide intracellularly within the Salmonella containing vacuole (SCV) and disseminate to multiple
sites using the reticuloendothelial system, causing systemic infection 4. Expression of the Vi capsule
is tightly regulated by genes encoded on SPI-7, it is mainly thought to be expressed in response to
low osmolarity, for example in the small intestine where expression of the capsule aids translocation
from the intestinal epithelium?’®, The low level of complement in the intestinal epithelium and
predominant presence of IgA, a non-complement fixing isotype, mean that when Vi is expressed
there is little bactericidal activity capacity. Even though SBA-capable Vi antibodies are abundant in
circulation after vaccination, their target antigen might not be visible, and so they cannot bind and

therefore have a limited role in vivo in protecting against systemic infection.

Another reason for the lack of correlation between SBA titres and protection is that the measured
SBA titres could be an underestimate of the true titre. It is thought that as little as 2% of the Vi

capsule remains attached to the bacterial surface in vitro 1>, Sloughing of Vi antigen could bind
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antibodies in our test samples, abrogating the measurable SBA titres, this would explain why we see
only a small increase in SBA titres after vaccine but a much larger increase in Vi specific binding

antibodies.

A previous study which demonstrated a link between higher SBA following M01ZH09 and reduced
disease severity showed that vaccine-induced SBA in this setting was largely mediated by LPS
antibodies 1%, Vibriocidal antibodies, predominately targeting O-polysaccharide, have been shown
correlate with protection after cholera vaccination and infection, and bactericidal antibodies
primarily specific to O-polysaccharide are associated with reduced disease severity after vaccination
in a Shigella CHIM Y75°17° Depletion of Vi specific antibodies lead to a corresponding significant
reduction in SBA. In depleted samples titres at D28 were comparable to pre-vaccination levels
confirming that the majority of vaccine elicited bactericidal activity is mediated by Vi specific
antibodies. Recent data suggest a common virulence mechanism of long chain LPS and Vi for evading
the immune system, and while in vitro Vi antibodies have bactericidal properties, perhaps in vivo LPS
specific antibodies have greater potency for SBA dependent disease severity mitigation 9>°3, This
highlights the antigen specific nature of antibody effector functions, and the variable mechanisms of
protection of different vaccines, which is particularly important when investigating correlates of

protection after single antigen subunit vaccines.

The high SBA function seen in vitro without a corresponding role mitigating disease could also be

due to differences in antigen density. To activate the complement cascade, antibodies need to bind
the surface at a high enough density to allow Clq activation . In vivo, antibodies could be binding
the surface at a density that activates limited amounts of C1q, whereas in vitro the assay conditions

could be skewed giving lower SBA titres which do not then correlate with protection.
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4.4.2 Bactericidal antibodies against S. Paratyphi A

SBA titres against S. Paratyphi A were quantified in 64 volunteers enrolled in two CHIM studies, and

in 60 participants of a Phase | S. Typhi-Paratyphi Bivalent vaccine study.

Comparisons between day of challenge and 90 days later showed a significant increase in SBA
activity (p <0.0001). This observation was dependant on challenge outcome, comparisons between
DO and D90 were only statistically significant in the group who met the diagnostic threshold (PD; p
<0.0001, nPD; p 0.1023). Consistent with previous observations of serological immunity in both
Salmonella Typhi and Paratyphi A CHIM studies which show that changes in antibodies and antibody
secreting cells are limited to those who developed acute paratyphoid fever 133134 post challenge
increases in SBA were consistent irrespective of challenge dose, higher dose: 1-5x103, or lower dose:
500-1000 CFU (Figure 4-5), however when receiving the lower dose, the SBA increase was significant
irrespective challenge outcome. This observation could be attributable to low numbers of low dose
recipients (n=17, PD; 8, nPD; 9). However, we also saw that the time to diagnosis in the low dose
group was longer compared with those in the high dose group (median time to diagnosis; high dose;
6.4, low dose; 8.3), suggesting that functional responses might be partially driven by low levels of
exposure over a longer period of time. This has important implications when comparing with real life
settings where natural, acquired immunity is thought to arise from multiple, subclinical exposures of

various doses.

Data from a challenge — rechallenge study showed a reduced risk of getting acute paratyphoid fever
upon re-exposure. Titres on the day of the first S. Paratyphi A challenge were marginally higher
compared with the day of second challenge (p 0.046), suggesting that after a median interval of 17-
months, SBA antibodies wane to at least pre-existing levels. However, again this observation was
dependent on challenge outcome as those who developed paratyphoid fever after initial exposure
showed sustained levels of SBA during the 17-month interval compared with those who did not

meet diagnosis criteria (D90 1% challenge — DO 2" challenge; PD; p 0.3152, nPD; p 0.0303), indicating
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that systemic infection drives longer term immunity. SBA titres on the day of second challenge were
generally lower in those who went on to develop acute paratyphoid disease upon rechallenge,
although this did not meet statistical significance (median titre nPD; 68.7, PD; 17.8, p 0.4713). The
number of participants who underwent rechallenge were low (n = 12). Although this trend indicates
a potential role of SBA in protection from reinfection, the study was not powered to assess
serological correlates of protection. In endemic settings, enteric fever incidence is highest in school
age and decreases with age, it is thought that immunity is acquired through repeated exposure to
Salmonella in the environment. These findings support this theory and demonstrate that a single
infection is enough to drive significant changes in functional humoral immunity to S. Paratyphi A,
which in turn further supports the potential role of an oral vaccine against paratyphoid fever.

Interestingly, no significant increases were present 90 days after second exposure.

SBA titres were evaluated in 27 volunteers in the VASP trial where participants received either two
doses of an oral live attenuated S. Paratyphi A vaccine CVD1902, or sodium bicarbonate placebo. The
primary endpoint of the study was not complete at the time of writing this thesis and data were
analysed in a blinded fashion. SBA titres were significantly elevated 42 days after the initial
vaccine/placebo (p 0.0025). Assuming these differences are driven by immunological change sin
those who have received the vaccine, and not the placebo. This observation is consistent with
findings from other oral vaccine studies, such as typhoid vaccine, M01ZH09, which was associated
with a significant rise in bactericidal activity against S. Typhi (p 0.0001) or cholera vaccine,
CVD103HgR, which is associated with a 5.9 geometric fold rise in SBA titre after one month #°,
Paradoxically, when divided by challenge diagnosis outcome increases in SBA titre post vaccine were
only significant in the group who went on to develop acute paratyphoid fever (D-42 — DO, nPD; p
0.0771, PD; 0.0117). This observation is confounded by the inclusion of placebo recipients, likely
diluting the vaccine specific responses. Furthermore, only 22 samples were tested and included in
the analysis, once this is divided into vaccine and placebo arms and further divided in to diagnosed

and not diagnosed, the numbers become small and the statistical comparisons become less
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meaningful. Titres at DO were not significantly different between nPD and PD groups, indicating that
an absolute higher abundance of bactericidal antibodies is not directly associated with an increased
probability of getting diagnosed. Preclinical studies demonstrated a live attenuated oral vaccine
CVD1902 had a protective efficacy of 90% using a murine adapted paratyphoid model, however
complement mediated kill titres at the point of challenge were no different in protected mice
compared with those who succumbed to infection 8. In conjunction, these observations suggest a
redundant role for SBA after oral paratyphoid vaccines. One mechanism of action of oral vaccines is
activation of T helper cells by antigen presenting cells (APC) residing in the Peyer’s patches, causing
downstream activation of B cells, promoting class switching to IgA, ¥%18, Secretory IgA works by
blocking pathogens or toxins from binding to the epithelium. Increases in potentially protective
secretory IgA would not be reflected in SBA titres as it is not a complement fixing isotype #. The
corresponding increase in SBA titres in non-protected individuals could be indicative of a
subpopulation of vaccine responders, that have not undergone class switching and have a

predominately IgM response.

Interestingly, while SBA increases after challenge were only significant in those who developed
systemic infection, there was a general increase in SBA titre after oral vaccine in VASP despite there
being no evidence of systemic dissemination of the vaccine strain. This could be due to the vaccine
dose being much higher, not less than 2 x 10° CFU, compared with the maximum challenge dose of
5x10° CFU. Higher titres of the vaccine strain could be more potent in driving systemic immune

responses without the need for dissemination.

A single dose of typhoid paratyphoid bivalent conjugate vaccine induced significant increases in SBA
titres as measured at 1 month and 6 months post vaccine. It’s well documented that conjugate
vaccines elicit strong functional antibody responses including SBA which is associated with disease

mitigation from various pathogens such as N. meningitidis and H. influenzae . Although induction
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of SBA indicates this novel vaccine is capable of driving functional immune responses, which is often
a requirement for vaccine licensure, it is unknown if vaccine induced SBA can protect against
paratyphoid fever. Correlation of SBA and protection from disease will be assessed in an upcoming
CHIM study investigating the efficacy and immunogenicity of the bivalent vaccine, which will be
particularly exciting as LPS specific antibody mediated SBA has been shown to reduce symptom
severity in a typhoid fever model %3, Unsurprisingly there were no changes in SBA against S.
Paratyphi after Vi-TT vaccine in the SIIPL phase | study. Significant correlations of SBA titres in SIIPL
samples against NVGH308 strain as well as ATCC9150 strain demonstrates cross reactive functional
responses, supporting the use of the bivalent vaccine for protection against paratyphoid fever in
endemic settings in which the vaccine would need to be efficacious against many circulating wild

type strains.

4.5. Conclusion

In this chapter, | describe the variable nature of bactericidal antibodies in the context of enteric
fever infection and vaccination. Vi-PS or Vi-TT vaccine are strong inducers of SBA, however there is
no evidence to support a role for Vi specific bactericidal antibodies in protection in a human
challenge model. Exposure to S. Paratyphi A alone is not enough to drive an increase in bactericidal
antibodies but requires systemic infection. In a homologous S. Paratyphi A rechallenge model, there
is a general trend for lower SBA titres in participants who develop acute paratyphoid fever upon
reexposure although the low number of participants in this study limits meaningful interpretation
from these results. Interestingly, these findings are not mimicked in a study looking at SBA responses

after oral vaccine CYD1902, which shows a complex relationship between SBA and protection.

Vaccination with an S. Typhi-Paratyphi bivalent conjugate vaccine is a strong driver of SBA responses,
although it is not feasible to assess the protective nature of S. Paratyphi LPS specific bactericidal

antibodies in the phase | study. The varied SBA responses described here demonstrate the unique
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nature of immune response to different S. Paratyphi stimuli, and suggest this area warrants further

assessment to aid our understanding of the role of SBA in paratyphoid fever.
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Chapter 5. Changes in antibody dependant
monocyte phagocytosis after S. Paratyphi A

exposure or vaccination

5.1. Introduction

Antibody dependent monocyte phagocytosis (ADMP) is a coordinated process linking the adaptive
and innate immune system and plays an important role in the clearance of pathogens. Antigen
specific antibodies opsonise pathogens by binding to their target antigen, the Fc domain of the
antibody binds to the relevant Fc receptor on the phagocyte activating intracellular signalling
pathways, resulting in actin cytoskeleton rearrangement engulfing the bacteria. Within the cell,
bacteria reside in membrane bound vesicles called the phagosome, or the Salmonella containing
vacuole (SCV) in the case of Salmonella enterica. Bacteria within the phagosome are destroyed by

acidification and hydrolytic enzymes contained within lysosomes which fuse with the phagosome2®,

Historically, most studies into humoral correlates of protection have focused on singular antibody
functions such as SBA and neutralisation; but recent advances in the data driven, systems serology
approach have highlighted the importance of cooperative antibody effector functions in infection

control &7

. While phagocytosis is broadly recognised as an effective method of pathogen clearance,
it’s importance in immunity for specific pathogens has been somewhat understudied. Recently, the
role of monocyte and macrophage phagocytosis has been highlighted in viral infections, such as HIV,
where studies linked monocyte phagocytosis to reduced disease severity and vaccine mediated

protection 181%° A role for ADMP has also been implicated in protection from infection with

parasite P. falciparum, and bacteria S. aureus 919,
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Intracellular bacteria, like S. Paratyphi have evolved effective virulence mechanisms to avoid being
detected and destroyed within the intracellular niche, however it has also been shown that bacteria
specific antibodies can overcome this resulting in effective clearance 3%, Monocytes and
macrophages provide a unique intracellular niche for Salmonella at various points in the infection
life cycle. Salmonella reside in monocyte SCVs and disseminate from the gut to other sites causing
systemic infection. Salmonella can also reside long term within macrophages in an altered metabolic
state, a phenomena known and “Salmonella persisters”, which is thought possibly contribute to
reinfection and the chronic carriage state, although the contribution of Salmonella persisters in

enteric fever is unknown %.

Studies of a live attenuated oral S. Typhi vaccine M01ZHQ09, show that in the presence of post
vaccination sera rates of S. Typhi uptake by macrophages was up to 2.3 fold higher compared with
pre vaccination sera '*8, Simultaneously, survival of bacteria was 50% less in the presence of post
immunisation sera compared with pre-immunisation sera 138, The reported efficacy of Ty21a against
S. Paratyphi A infection ranges from 0 — 75%, and role of phagocytosis in the cross protection against
paratyphoid provided by oral typhoid vaccines has not been defined %7, Interestingly, sera
collected after 4 doses of oral S. Typhi vaccine Ty21a or a single dose of oral vaccine CVD909 showed
cross-reactive responses to S. Paratyphi A and B. Both vaccines elicited an increase in phagocytic
activity against S. Paratyphi, compared with sera collected prior to immunisation 1*3. Increases in
monocyte phagocytosis have also been observed after parental Vi vaccine, although this did not
correlate with protection in an experimental S. Typhi human challenge study . It is often assumed
that there is considerable overlap between immune mechanisms underpinning protection from
enteric fever serovars but increasing evidence suggests unique virulence factors and distinct host

pathogens interactions for typhoidal Salmonella serovars.

Therefore, further studies in to the role of monocytes in context S. Paratyphi A infection and

immunity would provide important insight into this potential mechanism of protection.

144



The aims of this chapter are:

1. Does monocyte phagocytosis activity against S. Paratyphi A change in response to S.
Paratyphi A challenge and homologous rechallenge? Does baseline ADMP activity at either
challenge correlate with protection from paratyphoid infection?

2. Does live attenuated oral S. Paratyphi A vaccine (CVD1902) induce changes in ADMP? Is
there a correlation between CVD1902 vaccine induced ADMP titres and diagnostic
outcome in an S. Paratyphi CHIM?

3. Does novel S. Typhi — Paratyphi A bivalent conjugate vaccine induce changes in ADMP?

5.2. Methods

The samples included in this analysis are detailed in section 2.1, Table 2-1. Samples were included
from the P1 and PATCH oral challenge studies, the VASP oral vaccine and challenge study, and the

phase 1 S. Typhi — Paratyphi bivalent study.

The methods for the ADMP assay are described in detail in section 2.6.

ADMP titres are correlated with other data obtained from other assays, the methods for measuring

each immune marker are noted in chapter 2.8 (binding antibodies quantified by ELISA).

5.3. Results

5.3.1.Changes in ADMP in participants in an S. Paratyphi A challenge model

Phagocytic uptake of S. Paratyphi A was evaluated in healthy volunteers at baseline (DO) and 90 days
post challenge (D90) in 62 individuals enrolled in two CHIM studies. Ninety days after challenge,
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phagocytosis titres were significantly elevated above baseline (
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Figure 5-1 A, p <0.0001). Differences in ADMP titre 90 days after challenge were significant

irrespective of challenge outcome (Figure 5-1 B, nPD; 0.0128, PD; <0.0001). This is also reflected

when analysing FC data, those who developed disease after challenge had a significantly higher fold

rise in titre after 90 days (Figure 5-1 C, p 0.0010). ADMP titres significantly correlated with LPS IgG

and IgA titres (Figure 5-1 D & E), there was a general pattern of positive correlation between D90

ADMP titres cumulative symptom severity score, suggesting more severe disease stimulates stronger

ADMP responses. Although this was only available from PATCH participants and did not meet

statistical significance (Figure 5-1 F ). There was no difference in ADMP at baseline in those who

developed disease compared with those who did not (Odds ratio: 0.9992, p 0.8038).
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Figure 5-1 ADMP titres against S. Paratyphi A in a human challenge model

Cummulative symptom score

ADMP titres at baseline (DO) and 90 days (D90) after oral challenge with S. Paratyphi NVGH308
strain. (A) All participants grouped together. (B) split by diagnosis outcome. (C) Fold change in ADMP
titre from DO to D90 split by diagnosis outcome after challenge (PD; paratyphoid diagnosed, nPD;
not paratyphoid diagnosed). (D) Correlation of ADMP titres and LPS IgG titres (D), or LPS IgA titres
(E),or cumulative symptom score (F) Correlation assessed using non-parametric spearman’s rank
correlation coefficient, tabulated underneath each graph. Between time point comparisons
analysed using Wilcoxon matched-pairs signed rank test, between group comparisons analysed by
Mann-Whitney U test. Bars represent median and 95% confidence interval. For panel B all groups
and time points were compared, only those that reached statistical significance were presented on

the graph.
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5.3.1.1. Changesin ADMP in an S. Paratyphi A challenge dose finding
study

The effect of exposure S. Paratyphi A dose on ADMP titres was assessed by comparing titres
between recipients of the low dose (500-1000 CFU) and the high dose (1-5 x10° CFU) (Figure 5-2).
ADMP titres were significantly elevated 90 days after challenge in both dose groups (low dose; p

0.0155, high dose; p<0.0001, Figure 5-2 A).

When divided by challenge outcome, increases in ADMP titre following low dose, only reached
significance in those who were diagnosed (PD; p 0.0156, nPD; p 0.8438) while, high dose group
increases in ADMP were significant irrespective of the development of paratyphoid fever (PD; p
0.0103, nPD; p 0.8438). However, the 95% confidence intervals of the these findings significantly
overlap (low dose PD; DO 7.8 —633.3, D90 7.8 — 1903.0), high dose nPD; DO 56.0 — 131.7, D90 72.8 —

199.0).
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Figure 5-2 Comparison of ADMP titres in individuals challenged with S. Paratyphi at two different doses

ADMP titres measured in healthy individuals at baseline (D0) and 90 days after oral challenge (D90) with S. Paratyphi A NVGH308 strain split by dose (A) or
dose and diagnosis outcome (B). High dose; 1-5 x 103 CFU, low dose; 500-1000 CFU. PD; paratyphoid diagnosed, nPD; not paratyphoid diagnosed. Between
timepoint comparisons analysed using Wilcoxon matched-pairs signed rank test, between group comparisons analysed by Mann-Whitney U test.
Comparisons were performed between all groups and time points, only those that reached statistical significance are presented.
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5.3.1.2. Effect of prior exposure to S. Paratyphi A and homologous
rechallenge

To investigate the effect of prior exposure on ADMP titres, titres at DO and D90 were compared
between 45 naive and 12 rechallenged volunteers. A significant increase in ADMP was measured
between baseline and D90 in the group which were naive at the point of challenge only (p <0.0001),
in contrast, no significant changes in ADMP titre were detected 90 days after rechallenge (Figure 5-3
A). There was a significant decrease in ADMP titres at the point of rechallenge compared with D90 of
the naive challenge (D90 naive vs DO rechallenge p = 0.0054, median interval between challenges

was 17 months), indicating waning of phagocytosis promoting antibodies.

There were no differences in titres upon rechallenge relating to the outcome from the initial
challenge (Figure 5-3 B & C). To determine if ADMP antibodies induced by prior exposure were
protective upon rechallenge, titres at the point of rechallenge were compared, while there were
generally higher ADMP titres in those who developed acute paratyphoid fever after rechallenge, the
difference did not reach statistical significance (p 0.1007, Figure 5-3 D). There was no significant
association between ADMP titre at DO and development of paratyphoid fever after re-exposure

when assessed by odds ratio(Odds ratio 1.015, p 0.1713).
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Figure 5-3 Comparison of ADMP titres after homologous rechallenge with S. Paratyphi

ADMP titres at baseline (DO) and 90 days after oral challenge (D90) with S. Paratyphi A NVGH308 strain. (A) Results plotted by challenge iteration. (B)
Timeline of ADMP titres in the rechallenge group only, plotted based on initial challenge outcome. (C) Time line of SBA titres plotted based on challenge
outcome of both challenges. PD; paratyphoid diagnosed, nPD; not paratyphoid diagnosed. Time point from the first challenge are denoted as DO_1 and
D90_1, time points from the second challenge are denoted as DO_2 and D90_2.
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Between time point comparisons analysed using Wilcoxon matched—-pairs signed rank test, between group comparisons analysed by Mann-Whitney U test.
Bars represent median and 95% confidence interval. On panel A all groups were compared, p-values are presented only from comparisons that reached
statistical significance. No formal comparisons were performed on panel B or C, due to the low numbers of participants in each group these data are for

descriptive purposes only.
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5.3.2.Changes in monocyte phagocytosis in participants in an oral S. Paratyphi

A vaccine and challenge study

ADMP titres were measured at baseline (D-42) and 42 days later (DO) in 27 healthy volunteers
enrolled in an oral vaccine study. Participants in this study received 2 doses of live attenuated oral S.
Paratyphi A vaccine, CVD1902, or sodium bicarbonate placebo alternative, two weeks apart. As this
study is ongoing at the point of writing so only a subset of individuals have been analysed, and
includes vaccine and placebo participants. ADMP titres 42 days after oral vaccine/placebo were
significantly higher compared with baseline, and titres were comparable to those induced by oral
challenge with wild type S. Paratyphi (Figure 5-4 A & B). This increase is only significant in the group
who do not develop paratyphoid fever after they receive oral challenge (Figure 5-4 C & D). Despite
this, there was no significant association between protection from paratyphoid fever and baseline

ADMP titres when calculating the odd’s ratio(Odds ratio 0.9992, p 0.8038)
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Figure 5-4 Comparison of ADMP titres after oral S. Paratyphi vaccine (VASP study)
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ADMP titres at baseline (D-42) and 42 days after vaccination with either an oral S. Paratyphi A vaccine (CVD1902) or placebo (sodium bicarbonate) at the
point of challenge with S. Paratyphi A NVGH308 strain (DO0). (A) all results plotted together, ADMP titres in VASP participants compared with challenge
participants from the P1/PATCH studies. (B) ADMP titres in VASP vaccinated/placebo participants separated based on challenge outcome. (C) Fold change in
ADMP titre from DO to D90 split by diagnosis outcome after challenge. PD; paratyphoid diagnosed, nPD; not paratyphoid diagnosed. Between time point
comparisons analysed using Wilcoxon matched-pairs signed rank test, between group comparisons analysed by Mann-Whitney. Bars represent median

and 95% confidence interval. For panels B and C comparisons were performed between all time points and groups, only those that reach statistical
significance are presented on the graph.
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5.3.3. Changes in monocyte phagocytosis in participants in a typhoid —

paratyphoid bivalent conjugate vaccine study

ADMP titres against S. Paratyphi A NVGH308 were quantified at baseline and 29 days after receiving
either Typbar TCV vaccine or Sii-PTCV, bivalent S. Typhi - Paratyphi A conjugate vaccine, in
volunteers enrolled in a phase | clinical trial. ADMP titres were significantly elevated above baseline
levels in individuals who received Sii-PTCV (p <0.0001), while titres remained comparable with
baseline levels 29 days post Typbar-TCV vaccine (p 0.1757, Figure 5-5 A). There were significantly
elevated titres 29 days post Sii-PTCV compared with 90 days post challenge in the P1/PATCH CHIM
studies (p <0.0001). Baseline ADMP titres were also significantly elevated in Indian residents
enrolled in the SIIPL Phase | study compared with UK residents enrolled in the P1/PATCH CHIM
studies (p <0.0001). Fold change (FC) increase in ADMP titres 29 days after Sii-PTCV were
significantly higher than after Typbar-TCV and 90 days after challenge (Figure 5-5 B, p <0.0001), FC
post challenge were also significantly higher compared with post Typbar-TCV (p 0.0094). Spearman’s
rank correlation coefficient assessment showed a strong, positive correlation between ADMP titres
and anti-LPS IgG IgG titres in the SIIPL study population using data collected from both DO and D29

(Figure 5-5 C).
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Figure 5-5 Comparison of ADMP titres in S. Paratyphi A challenged individuals or vaccine recipients

ADMP titres against S. Paratyphi A challenge strain, NVGH308 measured in individuals who received either Sii-PTCV, Typbar-TCV, or were challenged in the
controlled human infection studies (P1/PATCH). (A) ADMP titres measured at baseline, DO, and 29 days after vaccine, or DO and 90 days post challenge
(P1/PATCH). (B) Fold change ADMP from baseline measured at D29 in vaccinees and D90 in challenge study participants. (C) Correlations between ADMP
titre and anti-LPS IgG in Sii-PTCV recipients assessed using data collected at DO and D29. Between time point comparisons analysed using Wilcoxon
matched-pairs signed rank test between group comparisons analysed by Mann-Whitney U test. Correlations assessed using a spearman’s rank correlation
coefficient assessment. Bars represent median and 95% confidence interval. For panel A comparisons were performed between all time points and groups,
only those that reached statistical significance are presented.
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5.4. Discussion

In this chapter, | have described the application of a standardised ADMP assay to samples collected
in 4 S. Paratyphi A clinical trials with the aim of investigating changes in monocyte phagocytosis after
vaccination and experimental challenge. These analyses represent the first time ADMP responses
have been characterised in a paratyphoid human challenge model, and in human volunteers after

receiving an oral S. Paratyphi vaccine or typhoid-paratyphoid bivalent conjugate vaccine.

5.4.1. ADMP responses to experimental S. Paratyphi A challenge in a CHIM

ADMP was quantified pre and post S. Paratyphi A challenge in healthy adults enrolled in 2 CHIM
studies. Experimental challenge with S. Paratyphi A lead to significant increases in ADMP titres,
measured after 90 days (p <0.0001). ADMP titres rose significantly irrespective of challenge
diagnosis outcome, although the magnitude of the response was greater in individuals who
developed paratyphoid fever after challenge (as defined by: bacteraemia and/or fever >38°C for 212
hours, nPD; p 0.0128, PD; p <0.0001). This indicates that exposure to S. Paratyphi A in a challenge
setting is enough to stimulate the changes in the phagocytic capacity of antibodies, in contrast with
binding antibodies measured by Gibani et al and bactericidal antibodies (chapter 4), which only show

significant changes after challenge in individuals who developed acute paratyphoid fever 34,

Differences in these observations could be attributable to multiple biological and methodological
reasons. Historically, measurement of S. Paratyphi specific binding antibodies is primarily through
IgG and IgA specific to the O antigen, or flagella (02, Ha respectively), however the ADMP assay uses
whole bacteria. Therefore, the ADMP might be a more sensitive technique because it can detect
changes in functional antibodies targeted against multiple polysaccharide and protein antigens,
which are not detected in single antigen specific tests. It could also be the case that the threshold for
detection of ADMP antibodies is lower than bactericidal antibodies due to other biophysical
properties such as antibody affinity and avidity. Observations from antibody quantification and SBA

studies have lead us to believe that exposure alone is not a potent stimulus of the humoral immune
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system, however the findings described here support the theory that a single exposure, or

subclinical infection is enough to stimulate functional changes in the immune system.

Another theory is that induction of SBA and ADMP occur at different stages of infection. Perhaps
ADMP is induced at the intestinal epithelium level, and therefore exposure alone is enough to
stimulate ADMP. Whereas SBA could be induced during the blood stage phase of the infection and

therefore systemic infection and is a prerequisite for stimulating SBA.

These discrepancies could also be explained by the limitations of clinical diagnosis within the model.
While blood culture is a widely used diagnostic technique, even in experimental settings it is thought
the sensitivity may only reach 80%, within the challenge model there are a small number of
individuals that could have undetectable infection 1%. It is also recognised that some individuals
would meet the diagnostic criteria if the challenge follow-up was not stopped at day 14 by the
commencement of antibiotics. ADMP changes in the group who did not meet the diagnostic
threshold appear to be primarily driven by a small number of individuals (n=4), who could potentially

belong to either of these two groups with undetectable or early infection.

ADMP titres in in challenged individuals significantly correlated with LPS IgG titres, and weakly
correlated with LPS specific IgA titres (IgG; p <0.0001, r 0.6822, IgA; p 0.0010, r 0.2903). Both IgG and
IgA are capable of enhancing phagocytosis through binding FcyRI-lll and FcaRI expressed on the
surface of monocytes (expression on THP-1 cells shown in section 2.3.1, Figure 2-2B). While the
antigen specificity of serum IgA is known to reflect that of secretory IgA, produced by stimulation of
intestinal B cells, the function of serum IgA is not fully understood and IgA mediated activity exists
on a spectrum between anti- (IgA1) and pro-inflammatory (IgA2) depending on the monomer
involved!®4199:200 \Which could explain why there is a significant but weak correlation between

phagocytic activity and IgA titre.

Challenge with low or high dose S. Paratyphi A was associated with a significant increase in titre after

90 days (low dose; p 0.0155, high dose; p <0.0001). A more significant increase in recipients of the
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higher dose indicates a positive relationship between exposure dose and induction of phagocytic
antibodies. Further supporting this, changes in ADMP titre in the low dose group were dependent on
diagnosis outcome. In the low dose group, ADMP titre at D90 compared with baseline titres were
only significant in individuals who met the diagnosis threshold (PD; p 0.0156, nPD; p 0.8438).
Whereas in the high dose group, ADMP titres were significant in individuals irrespective of diagnosis
outcome (PD; p 0.0003, nPD; p 0.0419). Indicating that at low doses, without breakthrough infection
there is little to no stimulation of phagocytic antibodies. How accurately this reflects the kinetics of
functional immunity in natural infection is unknown due to difficulties in estimating exposure dose
because of limitations in environmental sampling sensitivity. However, it is likely that natural
exposure dose has a range of CFUs and these observations suggest a dose dependent stimulation of

the immune response.

Homologous rechallenge was not associated with any significant changes in phagocytic activity.
There were no associations between ADMP and paratyphoid fever development at the point of
rechallenge. By the point of rechallenge ADMP titres had returned to baseline levels (Figure 5-3 A-
D). This indicates that while homologous rechallenge was associated with a reduced risk of
developing acute paratyphoid fever, there were no measurable correlations in ADMP associated
with this outcome. This somewhat contradicts the observation described above that a single

exposure event can induce functional changes.

Prior challenge with S. Paratyphi A mimics the role of an oral paratyphoid vaccine. A desirable
outcome of vaccination is long lasting protection, currently we don’t know which antibody
properties correlate with protection from paratyphoid, if any, but long lasting functional responses
would be a promising indicator of lasting immunity. However, at challenge doses of up to 5 x 10* CFU
ADMP at 17 months (rechallenge D0O) are comparable with baseline titres prior to first challenge. The

duration of responses induced by oral vaccine, which have much higher doses, is unknown.
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5.4.2. ADMP responses to oral S. Paratyphi A vaccine, CVD1902, and challenge

ADMP SBA titres were measured in 27 volunteers enrolled in the VASP trial where participants
received either two doses of an oral live attenuated S. Paratyphi A vaccine CVD1902, or sodium
bicarbonate placebo. The primary endpoint of the study was not complete at the time of writing this
thesis and data were analysed while still blinded. Significant increases in ADMP titre were measured
42 days post vaccine (p 0.0059), even with the inclusion of the placebo recipients. Changes in ADMP
titres were only significant in those who did not subsequently develop acute disease post challenge
(PD; p 0.5186, nPD; p 0.0004). Interestingly, titres at the point of challenge were generally higher in
individuals that did not develop acute paratyphoid fever compared with those who did (GMT; nPD;
295.9 phagocytic units, PD; 97.95 Phagocytic units, p 0.0667). Although this did not reach statistical
significance, possibly due to the inclusion of placebo recipients, it does indicate a potential role for
ADMP in protection from infection. It will be exciting to see if the significance of this comparison

changes with the addition of more study samples, and study vaccine status unblinding.

Titres measured 42 days after vaccine were comparable to those measured 90 days after challenge
(D90 post challenge median; 135.6 phagocytic units, DO post vaccine median; 141.2, p 0.8886)
despite the 5 log difference in vaccine dose (2 x 10° CFU) compared with challenge (1-5 x 10* CFU).
This is an important comparison since we know that phagocytic antibodies induced by oral challenge
do not remain elevated beyond 17 months, and did not associate with protection upon S. Paratyphi
A rechallenge. This observation is important since the desired outcome from vaccination would be
long-term protection against paratyphoid fever. Furthermore this observation somewhat contradicts
the dose dependant response theory, or at least suggests that there is perhaps an upper limit to how

much ADMP can be stimulated through exposure to whole bacteria.

Antibody enhancement of monocyte phagocytsis could provide protection at the intestinal
epithelium destroying bacteria before they can leave the gut compartment or it could be acting at a

later stage in the infection lifecycle, killing bacteria in the blood, preventing establishment of
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systemic infection. In a study investigating cross-reactive humoral responses to Ty21a, S. Paratyphi A
specific antibody secreting cells measured 7 days after vaccination were predominantly IgA and IgM
and expressed gut homing marker a4B72°L. In another study, cytotoxic activity of donor derived
peripheral blood monocytes towards S. Paratyphi A measured 15 days after Ty21a was strongly
associated with IgA, but not IgG, indicating strong response at the intestinal level 22, While it’s
believed that THP-1 function correlates with activity of human derived macrophages and monocytes,
gut resident macrophages are unique compared with other tissue resident macrophages and are
known to be hyporesponsive as a mechanism to build tolerance to the microbiome, and prevent

chronic gut inflammation 164200.203,

The inclusion of placebo participants (prior to unblinding) dampens the statistical power of this
analysis and therefore the significance of these comparisons is likely an underestimate. While this
interim analysis provides exciting insight into a potential mechanism of protection of oral
paratyphoid vaccines, these results should be interpreted with caution until the data can be

analysed in an unblinded way.

5.4.3. ADMP responses to a novel S. Typhi — Paratyphi bivalent conjugate

vaccine

ADMP titres were quantified in 60 volunteers enrolled in a phase | study evaluating the safety and
immunogenicity of an S. Typhi — Paratyphi A conjugate vaccine. A single dose of bivalent vaccine
elicited a significant increase in monocyte phagocytosis (DO — D29; p <0.0001). When compared with
samples collected from the challenge studies, the bivalent vaccine was a more potent ADMP
stimulus (D29 post vaccine vs D90 post challenge; p <0.0001, FC from baseline vaccine vs challenge;
p <0.0001). This indicates that vaccine induced LPS antibodies are functional against S. Paratyphi A
bacteria, although since this was a phase | study no correlations with disease incidence or severity

could be performed. Future studies of this vaccine will assess the relationship between ADMP and
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protection from infection, given the magnitude of response elicited by Sii-PTCV, this will be an

exciting analysis.

Baseline titres measured in the Indian population as part of the bivalent vaccine trial were
significantly higher than those measured in UK residents (p <0.0001). Both studies recruited healthy
adults, this observation likely reflects boosting of functional antibodies by exposure in individuals
living in an enteric fever endemic area, compared with the baseline functional activity in naive
individuals. This further supports the theory that multiple exposures can induce functional antibody

responses which in turn, may play a role in the age related incidence decline ***.

Both populations show a range of titres at baseline. Variations in baseline activity could be
attributable to the presence of antibodies from prior exposure, the presence of cross reactive

antibodies, or non-specific monocyte activation via PAMPs 2%,

5.5. Conclusion

The data presented in this chapter describe the first evaluation of monocyte phagocytosis in
experimental paratyphoid infection and in response to two unique S. Paratyphi A vaccinations. The
observations reported here show that oral challenge, oral vaccine and parental vaccine induce
significant increases in phagocytic antibodies. Promisingly, post immunisation ADMP titres measured
in the oral vaccine study were generally higher in individuals who were protected from developing
disease after S. Paratyphi challenge. It will be interesting to continue the analysis after the VASP
study has been completed. Furthermore, a single dose of intramuscular bivalent vaccine induced
high levels of ADMP, future efficacy studies are planned for the bivalent vaccine utilising the
challenge model, it will be interesting to assess the relationship between ADMP and disease

outcome.
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Chapter 6. Changes in antibody dependant
neutrophil phagocytosis after S. Paratyphi A

exposure or vaccination

6.1. Introduction

Neutrophils are an abundant white blood cell with a critical role in the clearance of bacterial
pathogens. They can be non-specifically activated via binding of pathogen associated molecular
pattern (PAMPs) to pattern recognition receptors (PRRs, e.g. LPS to TLR4), or they can respond to
specific antigens via antibody binding to FcRs. Neutrophils have a plethora of downstream functions
to help clearance of bacteria and manage infection, including phagocytosis, production of reactive

oxygen species, and the release of potent proteases, and neutrophil extracellular traps 2%°.

Similar to monocyte phagocytosis, FcR engagement with the Fc fraction of an antibody activates
intracellular processes causing actin rearrangement and uptake of the opsonised pathogen. Within
the neutrophil, Salmonella reside in the SCV, the process of phagocytosis triggers production of
reactive oxygen species (ROS) such as, hydrogen peroxide and superoxide radicals. Further
bactericidal activity is elicited by SCV fusion with cytoplasmic granules containing proteases, thus

bacteria are destroyed by a concerted effort between ROS and proteolytic and degradative enzymes

206

Expression of a polysaccharide capsule is a well-known virulence mechanism for evading neutrophil
mediated killing, expression of the capsule masks binding to other surface molecules and prevents
bacterial recognition by PAMP — PRR binding, complement binding, opsonisation, and subsequent
phagocytosis 2%. Vi expression by S. Typhi, and expression of very long chain LPS by S. Paratyphi A

prevents antibody and complement binding to the bacterial surface and promotes survival for
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prolonged periods of time in the presence of human serum and within neutrophils °2¢2, The lack of
neutrophil recruitment and infiltration in the gut in both S. Typhi and S. Paratyphi infection shows
that preventing neutrophil activation is an important virulence step in systemic Salmonella infection.
Despite this potent virulence mechanism, antibodies against Vi are capable of mediating protection
against S. Typhi, as evidence by the moderate protection afforded by T- cell independent Vi CPS
subunit vaccines *82%7_ Vaccine induced Vi antibodies are capable of enhancing uptake and ROS
production by neutrophils, which correlates with vaccine mediated protection in a human challenge

model 140,208

Antibody dependant neutrophil mediated protection is an important part of the immune response
to other encapsulated bacteria. Pneumococcal antibodies induced by conjugate vaccines protect the
host by opsonising bacteria and enhancing neutrophil phagocytosis, while the protective threshold
differs by specific serotype, opsonophagocytosis data are used to support approval of new
pneumococcal vaccines 1429, polyfunctional antibody response induced by meningococcal
conjugate vaccine has shown to be important in preventing meningococcal disease against

serogroups A, C W and Y, although the regulatory correlate is SBA 2°,

The role of S. Paratyphi A specific neutrophil phagocytosis and it’s relevant contribution to

protection from paratyphoid fever has not yet been evaluated.

The aims of this chapter are:

1. Does neutrophil phagocytosis activity against S. Paratyphi A change in response to S.
Paratyphi A challenge and homologous rechallenge? Does baseline ADNP activity at either
challenge correlate with protection from paratyphoid infection?

2. Does live attenuated oral S. Paratyphi A vaccine (CVD1902) induce changes in ADNP? Is there
a correlation between CVD1902 vaccine induced ADNP titres and diagnostic outcome in an
S. Paratyphi CHIM?

3. Does novel S. Typhi — Paratyphi A bivalent conjugate vaccine induce changes in ADNP?
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6.2. Methods

The samples included in this analysis are detailed in section 2.1, Table 2-1. Samples were included
from the P1 and PATCH oral challenge studies, the VASP oral vaccine and challenge study, and the

phase 1 S. Typhi — Paratyphi bivalent study.

The methods for the ADNP assay are described in detail in section 2.7.

ADNP titres are correlated with data obtained from other assays, the methods for measuring each

immune marker are noted in chapter 2.8 (binding antibodies quantified by ELISA).

6.3. Results

6.3.1.Changes in neutrophil phagocytosis in participant in an S. Paratyphi A

challenge model

To evaluate the impact of oral challenge on neutrophil phagocytosis, phagocytic uptake of S.
Paratyphi was measured in healthy volunteers at baseline (D0) and 90 days post challenge
(D90) in 62 individuals enrolled in the P1 and PATCH paratyphoid CHIM studies. Samples were
selected based on availability, all available samples where participants had consented were
included in the analysis. Ninety days after challenge, there was a significant increase in
phagocytosis titres (Figure 6-1A, p <0.0001). Significant increase in ADNP titres after challenge
was independent of challenge outcome (Figure 6-1 B, nPD; <0.0001, PD; <0.0001, Odds ratio
1.000, p 0.5756). When comparing fold change data (baseline to D90) there was a significantly
greater FC in ADNP titres in individuals who developed acute paratyphoid fever after challenge
(Figure 6-1 C, p 0.0249). Furthermore, both symptom severity score and the number of positive
blood culture days positively correlated with (D90) ADNP titre, suggesting that individuals that
experienced more severe disease were more likely to develop a neutrophil activating
serological response (Figure 6-1 F&G). There were significant correlations between ADNP and

LPS specific IgG and IgA, suggesting that both isotypes can contribute to ADNP (Figure 6-1
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D&E). There was no significant difference in DO ADNP titres in those who developed infection

and those who did not (Figure 6-1 B, Odds ratio 0.994, p 0.4304).
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Figure 6-1 ADNP titres against S. Paratyphi A in a human challenge model

ADNP titres at baseline (D0) and 90 days (D90) after challenge with S. Paratyphi NVGH308 strain. (A) All participants grouped together. (B) split by diagnosis
outcome. (C) Fold change in ADNP titre from DO to D90 split by diagnosis outcome after challenge. (D - G) Correlation between ADNP titre and LPS specific
IgG, (D) and IgA titres (E), cumulative symptom score (F), number of days of bacteraemia (G). Correlation assessed using non-parametric spearman’s rank
correlation coefficient, tabulated underneath each graph. PD; paratyphoid diagnosed, nPD; not paratyphoid diagnosed.
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Lines represent median and 95% confidence intervals. Between time point comparisons analysed using Wilcoxon matched-pairs signed rank test, between
group comparisons analysed by Mann-Whitney. For panel B comparisons were performed between all time points and groups, only those that reached
statistical significance are presented.
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6.3.1.1. Changesin ADNP in an S. Paratyphi A challenge dose finding

study

The effect of the S. Paratyphi A oral challenge exposure dose on ADNP titres was assessed by
comparing titres between recipients of the low dose (500-1000 CFU) and the high dose (1-5 x103
CFU). ADNP titres were significantly elevated 90 days after challenge in both dose groups (Figure 6-2
A low dose; p 0.0186, high dose; p<0.0001). Although there were no significant differences in the

titres between dose groups at D90.

When assessed by challenge outcome, ADNP titres were significantly elevated 90 days after

challenge irrespective of challenge outcome in the high dose group. However, the observed increase
was only significant in individuals who developed acute paratyphoid in the low dose group similar to
the dose response seen for the ADMP in chapter 5 (Figure 6-2 B. Low dose; nPD p 0.0155, PD 0.0312

p high dose; nPD p 0.0094, PD p 0.0010).
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Figure 6-2 Comparison of ADNP titres in individuals challenged with S. Paratyphi at two different doses.

ADNP titres at baseline (DO) and 90 days after oral challenge (D90) with S. Paratyphi A NVGH308 strain, split by dose received (A) or dose and diagnosis
outcome (B). High dose; 1-5 x 103 CFU, low dose; 500-1000 CFU. PD; paratyphoid diagnosed, nPD; not paratyphoid diagnosed. Between timepoint
comparisons analysed using Wilcoxon matched-pairs signed rank test, between group comparisons analysed by Mann-Whitney. Comparisons were
performed between all time points and groups, only those that reached statistical significance are presented.
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6.3.1.2. Effect of prior exposure to S. Paratyphi A and homologous
rechallenge

To investigate the effect of prior exposure on ADNP titres, titres at DO and D90 were compared
between 45 naive and 12 rechallenged volunteers enrolled in the P1 and PATCH S. Paratyphi A CHIM
studies. Samples were selected based on availability; all available samples where participants had
consented were included in the analysis. ADNP titres were significantly elevated at D90 compared
with baseline in those who were naive at the point of challenge only (Figure 6-3 A, p <0.0001), in
contrast, no significant changes in ADNP titre were detected 90 days after rechallenge (Figure 6-3 A).
ADNP titres had significantly waned by the point of rechallenge compared with D90 of the naive
challenge (median interval between challenges was 17 months D90 naive vs DO rechallenge p
<0.0001). There were no differences in titres upon rechallenge relating to the outcome from the
initial challenge (Figure 6-3 B & C). To determine if ADNP pre-existing antibodies had a protective
effect when rechallenged, titres at the point of rechallenge were compared. While there were
generally higher ADNP titres in those who developed acute paratyphoid fever after rechallenge, the

difference did not reach statistical significance (Figure 6-3 D, p 0.6667, Odds ratio 1.002, p 0.4119).
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Figure 6-3 Comparison of ADNP titres after homologous rechallenge with S. Paratyphi.

ADNP titres at baseline (D0O) and 90 days after oral challenge (D90) with S. Paratyphi A NVGH308 strain. (A) Results plotted by challenge iteration. (B)
Timeline of ADMP titres in the rechallenge group only, plotted based on initial challenge outcome. (C) ADNP titres in the rechallenge group only plotted
based on challenge outcome of both challenges. PD; paratyphoid diagnosed, nPD; not paratyphoid diagnosed. Time point from the first challenge are
denoted as DO_1 and D90_1, time points from the second challenge are denoted as DO_2 and D90_2. Between time point comparisons analysed using
Wilcoxon matched—-pairs signed rank test, between group comparisons analysed by Mann-Whitney. Bars represent median and 95% confidence interval.
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On panel A all groups were compared, p-values are presented only from comparisons that reached statistical significance. No formal comparisons were
performed on panel B or C, due to the low numbers of participants in each group these data are for descriptive purposes only.
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6.3.2. Changes in neutrophil phagocytosis in participants in an oral S.

Paratyphi A vaccine and challenge study

ADNP titres where measured at baseline (D-42) and 42 days later (DO) in 27 healthy volunteers
enrolled in an oral vaccine study. Participants received either 2 doses of live attenuated oral S.
Paratyphi A vaccine, CVD1902, or two doses of sodium bicarbonate placebo alternative, with a two
week interval. As this study is ongoing at the point of writing so only a subset of individuals have
been analysed, and includes vaccine and placebo participants. There was no significant increase in
ADNP titre between D-42 and DO when everyone is grouped together (Figure 6-4 A, p 0.1511).
Changes in ADNP titre after live oral vaccine were compared with those observed after oral
challenge, significant changes induced after oral challenge were not mirrored by live oral vaccine,
however the post-vaccine titres were not significantly different to those measured post challenge
(Figure 6-4 B, p 0.2073). To determine the impact of ADNP titre on challenge outcome, ADNP data
were analysed based group by diagnosis outcome. There was no significant increase in ADNP post
vaccine/placebo compared with baseline in those who developed acute paratyphoid fever. There
was a significant increase in post-vaccine/placebo titre in individuals who were protected from
disease (Figure 6-4 C, p 0.0479, Odd’s ratio 0.9989, p 0.5028), however, there was no significant
difference in ADNP activity at the point of challenge when comparing between the diagnosis groups
(p 0.1017). Fold change from baseline to pre-challenge was generally higher in participants who did
not develop paratyphoid fever, the comparison did not meet statistical significance (Figure 6-4 D, p

0.1063).
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Figure 6-4 Comparison of ADNP titres after oral S. Paratyphi vaccine (VASP study)

ADNP titres at baseline (D-42) and 42 days after vaccination with either an oral S. Paratyphi A vaccine (CYD1902) or placebo (sodium bicarbonate) at the
point of challenge with S. Paratyphi A NVGH308 strain (DO0). (A) all results plotted together, comparison of ADNP titres in vaccinated (VASP) participants
with challenge participants (P1/PATCH). (B) ADNP titres in combined blinded VASP participants separated based on challenge outcome. (C) Fold change in
ADNP titre from DO to D90 split by diagnosis outcome after challenge. PD; paratyphoid diagnosed, nPD; not paratyphoid diagnosed. Bars represent median
and 95% confidence interval. On panels A and B all groups were compared, p-values are presented only from the baseline to post-vaccine or post-challenge
or from comparisons that reached statistical significance.
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6.3.3.Changes in neutrophil phagocytosis in participants in a typhoid —

paratyphoid bivalent conjugate vaccine study

ADNP titres against S. Paratyphi A, NVGH308 strain were quantified at baseline and 29 days after
receiving either Typbar-TCV vaccine or Sii-PTCV, bivalent S. Typhi - Paratyphi A conjugate vaccine, in
participants enrolled in a phase | clinical trial. ADNP titres were significantly elevated above baseline
levels in individuals who received Sii-PTCV (Figure 6-5 A, p 0.0040), while titres remained
comparable with baseline levels 29 days post Typbar-TCV vaccine (Figure 6-5 A, p 0.3816). ADNP
titres were significantly elevated titres 29 days post Sii-PTCV compared with 90 days post challenge
in a CHIM study (Figure 6-5 A, p 0.0010). Baseline ADNP titres were also significantly elevated in
Indian residents enrolled in the SIIPL Phase | study compared with UK residents enrolled in the
P1/PATCH CHIM studies (Figure 6-5 A, p 0.0421). Fold change (FC) increases in ADNP titres 29 days
after Sii-PTCV and 90 days after challenge were significantly higher than after Typbar-TCV (Figure 6-5
B, Sii-PTCV; p 0.0263, P1/PATCH; p 0.0261). Spearman’s rank correlation coefficient assessment
showed a strong, positive correlation between ADNP titres and anti-LPS IgG titres in the SIIPL study

population using data collected from both DO and D29 (Figure 6-5 C).
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ADNP titres against S. Paratyphi A challenge strain, NVGH308 measured in individuals who received either Sii-PTCV, Typbar-TCV, or were challenged in the
controlled human infection studies (P1/PATCH). (A) ADNP titres measured at baseline, DO, and 29 days after vaccine, or DO and 90 days post challenge
(P1/PATCH). (B) Fold change ADNP from baseline measured at D29 in vaccinees and D90 in challenge study participants. (C) Correlations between ADNP
titre and anti-LPS IgG in Sii-PTCV assessed with DO and D29 combined data. Between timepoint comparisons analysed using Wilcoxon matched-pairs signed
rank test between group comparisons analysed by Mann-Whitney U test. Correlations assessed using a spearman’s rank correlation coefficient assessment.
Bars represent median and 95% confidence interval. On panels A and B all groups were compared, p-values are presented only from comparisons that
reached statistical significance
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6.4. Discussion

6.4.1.ADNP responses to experimental S. Paratyphi A challenge in a CHIM

Experimental challenge with S. Paratyphi A leads to significant increases in ADNP titres, measured
after 90 days (p <0.0001). This significant increase was observed irrespective the development of
clinical disease post challenge, although the magnitude of the response was greater in individuals
who developed paratyphoid fever after challenge (as defined by: bacteraemia and/or fever >38°C for
>12 hours, FC D0-D90, nPD Vs PD; p 0.0249). This indicates that exposure to S. Paratyphi Ain a
challenge setting is enough to stimulate the changes in the phagocytic capacity of antibodies, similar
to ADMP responses but in contrast to observations of binding antibodies and bactericidal antibodies
(chapter 4), where changes post challenge are only significant in the group who developed acute

paratyphoid fever 134,

The lack of neutrophil infiltration in the gut in enteric fever coupled with the observation of equal
opsonophagocytosis stimulation irrespective of disease status, suggests there is not a huge role for
neutrophils or ADNP in mitigating disease at the early, acute phase of infection in paratyphoid naive
adults. This is supported by the fact that prechallenge, DO ADNP titres do not correlate with
symptom severity (data not shown: r 0.3493, p 0.0741). Conversely, opsonophagocytosis measured
in human volunteers in a Shigella challenge model showed that higher titres at the point of challenge

correlated with reduced disease index 7821,

ADNP titres in challenged individuals significantly correlated with LPS IgG titres, and weakly
correlated with LPS specific IgA titres (IgG; p <0.0001, r 0.4181, IgA; p 0.0244, r 0.2062). Both IgG and
IgA enhance phagocytosis through binding Fc receptors expressed on the surface of neutrophils

(expression on dHL-60 cells shown in section 2.3.2, Figure 2-3B).

ADNP titres increased significantly when participants were challenged with either low or high dose
of S. Paratyphi A, however in individuals who did not develop clinical disease after low dose
exposure, differences in pre and post-challenge titres were not statistically significant (p 0.4375).
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This suggests that the ADNP response is influenced by exposure dose and is somewhat dependant
on breakthrough infection. Low dose exposure that does not result in systemic infection, does not
stimulate changes in ADNP (i.e. bacteria just pass through the digestive system), whereas exposure
to a high enough dose even in the absence of acute disease, can stimulate ADNP. Moreover,
individuals with a higher symptom severity score have higher ADNP titres at D90 (r 0.4238, p
0.0246). Likewise, in a human challenge model of shigellosis, O antigen specific ADNP titres collected
28 days post challenge correlated with disease severity 17°. Collectively these data suggest that a
stronger infection drives functional immunity, although how this impacts exposure driven immunity

in endemic setting is not well understood.

In slight contradiction to the above observation of a single exposure being enough to stimulate
ADNP titres, homologous rechallenge with S. Paratyphi A was not associated with any boosting of
ADNP titres (p 0.0625). Hyporesponsiveness (immune tolerance) is a characteristic of repeated
exposure to T cell independent, polysaccharide antigens 22, Expression of LPS on the bacterial
surface masks availability of other antigens and therefore the lack of immune boosting might be
exposure leads to a T cell independent response against the dominant surface polysaccharide 2.
There was significant waning of phagocytic antibodies after 17 months, at the point of rechallenge (p
<0.0001), and higher rechallenge baseline titres did not protect against development of paratyphoid
fever (Odds ratio 0.9994, p 0.4304). This is reminiscent of responses to repeated Shigella exposure
which suggested that O antigen specific functional immunity is limited and short lived #3. These
findings also raise the possibility that the reduced risk of infection after rechallenge may not be due
to an adaptive immune response but could be mediated by other factors such as epigenetic changes

or effector T cell mediated responses.
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6.4.2.ADNP responses to an oral S. Paratyphi A vaccine, CVD1902, and S.

Paratyphi A challenge

ADNP SBA titres were measured in 27 volunteers enrolled in the VASP trial where participants
received either two doses of an oral live attenuated S. Paratyphi A vaccine CVD1902, or sodium
bicarbonate placebo. The primary endpoint of the study was not complete at the time of writing this
thesis and data were analysed while still blinded. There were no significant changes in ADNP titre
measured post vaccine when everyone was grouped together (p 0.1511). However, when broken
down into those who did develop disease, and those who did not, there was a significant increase in
ADNP titres in the group who were subsequently protected from clinical infection after challenge
(PD; p >0.9999, nPD; p 0.0479). Interestingly, there was no significant difference in the titres at the
point of challenge between the two groups (PD DO vs nPD DO; p 0.1017), and a higher ADNP titre at
the point of challenge did not protect against paratyphoid fever (Odds ratio 1.002, p 0.4119). When
CVD1902 was administered to human volunteers in a phase 1 trial, there was a strong induction of
CD4+ and CD8+ effector and memory cells 2%, These findings suggest that neutrophil phagocytosis
might not be the direct mechanism associated with protection but could be a surrogate marker of

another mechanism, or perhaps it is indicative of generally protective, (poly)functional immunity.

Vaccine induced local mucosal immune responses may also play a role in mitigating development of
disease following exposure to S. Paratyphi. Oral Shigella vaccines WRSs2 or WRSs3 stimulate a
significant systemic ADNP functional response, despite Shigella Sonnei being a non-invasive enteric
pathogen. Further investigation of responses to WRSs2 + WRSs3 showed that fecal ADNP correlated
closely with systemic ADNP, and was surprisingly mediated primarily by IgG antibodies, with

synergistic efforts from IgA 2%°.

ADNP titres measured after two doses or CVD1902 or placebo were comparable with those
generated after challenge despite the much higher dose given for the vaccine (2x10%*° CFU for

vaccine, or 10% -10* CFU for challenge). Attenuation of the vaccine strain could reduce it’s ability to
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stimulate ADNP, or this could be a reflection of a technological or biological upper limit of detection,
whereby the presence of more bacteria does not stimulate greater functional response after a
certain CFU. This also aligns with the dose dependent response described when looking at high and

low dose challenge.

The inclusion of placebo participants reduces the statistical power of this analysis. While this interim
analysis provides exciting insight into a potential mechanism of protection of oral paratyphoid
vaccines, these results should be interpreted with caution until the data can be analysed in an

unblinded way.

6.4.3.ADNP responses to a novel S. Typhi — Paratyphi bivalent conjugate

vaccine

A single dose of bivalent vaccine elicited a significant increase in neutrophil phagocytosis (DO — D29;
p 0.0040). Responses to Sii-PTCV were higher than those made in response to oral S. Paratyphi A
challenge in the P1/PATCH studies (D29 post vaccine vs D90 post challenge; p 0.0010). This indicates
LPS conjugate vaccine can induce ADNP capable antibodies against S. Paratyphi bacteria, and is a

more potent stimulus compared with exposure to live, whole bacteria.

Assessment of opsonophagocytic activity after vaccination with Shigella GMMA vaccines showed
that the highest responses were induced when the GMMA blebs expressed O antigen. Although this
varied by strain; for S. Flexneri 3a neutrophil phagocytosis responses were showed less discrepancy
based on O antigen expression, this highlights the importance of the global antigenic stimulus and
how antigenic context can influence antibody effector function outcomes 226, A deep analysis of
antigen specific functional responses in a Shigella CHIM showed differential ADNP responses
depending on the antigen °. However, the use of different strains for the ADNP analysis suggests
that Sii-PTCV induces cross-reactive immune responses. The ADNP was optimised using the same

strain used for challenge; NVGH308 strain, whereas the ATCC9150 strain was the source of purified
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LPS used in the manufacture of the Sii-PTCV. These findings suggest that Sii-PTCV elicits functional

immunity towards multiple strains which supports it’s use for effective control of paratyphoid.

Baseline titres measured in the Indian population were significantly higher than those in UK
residents (p 0.0421). The presence of functional antibodies at baseline in the Indian residents
participating in this study is most likely due to stimulation through natural exposure or infection in

the environment.

Future analyses will investigate the relationship between ADNP and vaccine efficacy using a human

challenge model.

6.5. Conclusion

The data presented in this chapter describe the first evaluation of neutrophil phagocytosis in an
experimental paratyphoid infection model and in response to two S. Paratyphi A vaccine. The
observations reported here show that oral challenge and parental vaccine, and to a lesser extent
oral vaccine stimulate increases in phagocytic antibodies. Promisingly, post immunisation ADNP
titres measured in the oral vaccine study were generally higher in individuals who were protected
from developing disease after S. Paratyphi A challenge. Furthermore, a single dose of intramuscular
bivalent vaccine induced high levels of ADNP against S. Paratyphi A. Future efficacy studies are
planned for the bivalent vaccine utilising the challenge model, it will be interesting to assess the

relationship between ADNP and disease outcome.
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Chapter 7. Integrated analysis of immunological

correlates of protection

7.1. Introduction

Correlates of protection (CoP) stand as a critical pillar in the assessment and development of
vaccines, they are measurable immunological markers that are indicative of an individual's immunity

against a particular pathogen or disease.

Historically, identification of CoP has been through meticulous experimentation and observational
studies. However, the emergence of novel vaccine platforms, coupled with advancements in
immunological assays and technologies, has catalyzed the identification and validation of correlates
of protection. Experimental infection studies are valuable tools for determining CoPs and the
employment of the data driven platform termed ‘system serology’ can further assist in
deconvolution of the immune responses to vaccines or infection to help identify a protective

immune signature 2%,

Establishing an absolute correlate (a single immune function that correlates with total protection)
from infection is the ultimate goal, however due to the heterogeneous and redundant nature of the
immune system it is difficult to achieve this for most pathogens. Defining a relative CoP where the
protective threshold is less well defined and individuals may get infected above that threshold is also
a useful tool in vaccine development 131, CoPs fall in to multiple categories; they can be mechanistic,
surrogate, or co-correlates. Mechanistic correlates are markers of functional immune responses that
statistically correlate with protection, such as the defined relationship between a 1/8 SBA titre and
protection against Meningococcal serogroups A, C, W, Y disease 7. A surrogate correlate is a non-
mechanistic immune marker that statistically correlates with protection but does not define the

underlying protective mechanism, an example of a surrogate correlate is the use of an antibody titre
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of 0.35 mcg/mL to indicate protection from invasive pneumococcal after a conjugate vaccine **, Co-
correlates are when multiple immune mechanisms act synergistically to provide protection, for
example the link between Vi-TCV induced IgA (quantity and avidity) and IgG1 avidity in the

protection from infection in a human typhoid challenge model *°.

There is no known CoP against paratyphoid fever currently but identification of an immune correlate
would provide insights into the underlying protective immune response following vaccination or
natural infection would help predict vaccine efficacy, and inform us on vaccine strategies. In the
previous chapters of this thesis | have explored the opportunity for single mechanistic correlates of
protection in paratyphoid fever. System serology is a type of analysis that connects data on antibody
biophysical and functional properties to help identify which feature, or combinations of features
confers protection against infection. This approach has helped elucidate the importance of HIV
envelope targeting ADCC (antibody dependant cellular cytotoxicity) and multifunctional IgG3
antibodies in mediating protection after RV144 HIV vaccine, compared with previous expectations
that vaccine mediated immunity to HIV was primarily attributable to antibody mediated
neutralisation ¥, Application of systems serology has also helped our understanding of the
mechanisms underpinning Vi vaccine driven immunity to typhoid fever. In a CHIM study measuring
the vaccine efficacy of a Vi polysaccharide (Vi-PS) and a Vi conjugate vaccine (Vi-TCV) Jin et al
described synergistic polyclonal antibody responses that were protective against typhoid fever. They
described distinct immune signatures resulting from each vaccine. Vi-PS induced generalised
polyclonal response with protection from infection being associated with increases in IgA, I1gM, all
subclasses of IgG, and a polyfunctional serological response. Whereas protective immune signatures
following Vi-TCV were more distinct and associated with IgA quantity and avidity, 1gG1 avidity, and

) 139,141.

ADNP (antibody dependent neutrophil phagocytosis

Application of systems serology can help our understanding of natural and vaccine mediated

correlates of protection in paratyphoid fever. Furthermore, identification of protective immune
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features will help us investigate vaccine efficacy and possibly inform us on effective vaccine

implementation strategy.
The aims of this chapter are to answer the following questions:

1. Are there any baseline immunological features that can protect from paratyphoid fever in an
S. Paratyphi A naive population?

2. Does oral S. Paratyphi A challenge induce a specific immune signature?

3. Are there any protective immune signatures or co-correlates that can protect from
paratyphoid fever in a homologous rechallenge model, or after oral paratyphoid vaccine?

4. Does novel S. Typhi — Paratyphi A bivalent conjugate vaccine induce a specificimmune

signature?

7.2. Methods

The samples included in this analysis are detailed in section 2.1, Table 2-1. Samples were included
from the P1 and PATCH oral challenge studies, the VASP oral vaccine and challenge study, and the

phase 1 S. Typhi — Paratyphi A bivalent conjugate vaccine study.

The detailed methods for the individual assays and statistical analysis are described in Chapter 2

(2.10).

7.3. Results

7.3.1.Baseline clustering of immune responses in the naive S. Paratyphi A
challenged participants

L-SBA, ADMP, ADNP, and LPS specific binding antibodies were measured at baseline in 45
paratyphoid naive individuals who received oral challenge with S. Paratyphi A. In chapters 4-6 | have
provided evidence to suggest that no single immune parameter (L-SBA, ADMP, ADNP) correlated
with protection from paratyphoid fever. Multivariate analysis approaches can be used to find

patterns in the data that are sometimes not obvious when analysing single variables. To determine if

185



there is an immune signature or number of co-correlates that can protect against paratyphoid
infection | performed a principal component analysis (PCA) to assess the clustering of baseline
immune markers in the context of diagnosis outcome after challenge. Figure 7-1 A shows that
baseline immune status cannot distinguish between those who go on to develop paratyphoid fever
after challenge and those who do not, as demonstrated by the significant overlap of the PD and nPD
clusters. The primary contributor to PC1 was LPS specific IgG, and the primary contributor to PC2
was L-SBA. Clustering analysis of the same data depicted by a heat map (Figure 7-1 B) shows that
there is little to no clustering based on diagnosis. Correlation between baseline antibody functions
and ELISA titres were assessed by Spearman’s rank correlation coefficient. There is a significant
positive correlation between ADMP, ADNP, anti-LPS IgG and IgA, but not L-SBA. However, L-SBA

showed a significant, but weak negative correlation with ADNP (Figure 7-2).
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Figure 7-1 Baseline immune markers in paratyphoid naive participants challenged with S. Paratyphi A

(A) Principal component analysis (PCA) biplot of baseline immune parameters in paratyphoid naive, UK based individuals measured immediately prior to S.
Paratyphi A challenge (P1 and PATCH studies) individual PCA scores plotted and colours by diagnosis; PD; paratyphoid diagnosed, nPD; not paratyphoid
diagnosed. Black arrows represent the correlation between the assay and the principal component. Elipses represent 95% confident intervals (B) Heat map
and dendrograms shows hierarchical clustering of immune parameters measured at baseline P1 and PATCH participants.

187

ERELR R LR

S S
0T
oo

333333

3
o
o



gG
gA

o b= o - =
(m] | |
Y B B SR
2 5 5 3 5
A < < 8 8
1.0
LSBA_DO 0.02 -0.26 014
0.5
ADMP_DO
ADNP_DO L 10

DO_LPS_IgG

DO_LPS_IgA

Figure 7-2 Correlation matrix of baseline immune markers in paratyphoid naive, S. Paratyphi A
challenged participants

Heat map showing the Spearman’s correlation coefficient between pairs of antibody functions and
ELISA titres measured at baseline immediately prior to S. Paratyphi A challenge in participants
enrolled in the P1 and PATCH studies. Stars represent associated p values; *p < 0.05; **p <0.01;
***%p <0.001; ****p <0.0001.

7.3.2. Multivariate S. Paratyphi A exposure induced immune response
clustering

As described in chapters 4-6, exposure to S. Paratyphi A in the challenge model induces significant
increases in L-SBA, ADMP, and ADNP. Increases in ADMP and ADNP, ninety days after challenge,
where significant in both those who developed acute paratyphoid fever and those who did not,
while increases in L-SBA titres were only significant in those who developed disease. To determine if
the development of disease elicited different immune signatures | performed a clustering analysis.
There is significant overlap in between the group that developed paratyphoid fever and those who

did not (Figure 7-3 A). Hierarchical clustering of immune responses at D90 as presented by heat

188



map shows that the cluster of individuals with the highest responses belong to the group who
developed clinical infection, suggesting that infection drives multifaceted immune response.
Correlations between pairs of immune parameters were assessed using a Spearman’s rank
correlation coefficient (Figure 7-4). There is a significant correlation between all parameters
measured, apart from L-SBA and ADNP and LPS specific IgA suggesting that exposure to S. Paratyphi
A induces polyfunctional immunity. The lack of correlation between L-SBA and IgA is expected as IgA

is not a complement fixing isotype.
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Figure 7-3 Post-challenge immune responses in P1 and PATCH participants exposed to S. Paratyphi A

(A) Principal component analysis (PCA) biplot of immune responses against S. Paratyphi A measured P1 and PATCH study enrolled individuals 90 days after
challenge. Individual PCA scores plotted and coloured by diagnosis; PD; paratyphoid diagnosed, nPD; not paratyphoid diagnosed. Black arrows represent
the correlation between the assays and the principal component. (B) Heat map and dendrograms shows hierarchical clustering of immune responses
measured 90 days after S. Paratyphi A challenge P1 and PATCH participants.
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Figure 7-4 Correlation matrix of post-challenge immune responses in S. Paratpyhi A challenged
participants

Heat map showing the Spearman’s correlation coefficient between pairs of antibody functions and
ELISA titres measured 90 days after S. Paratyphi A challenge in participants enrolled in the P1 and
PATCH studies. Stars represent associated p values; *p < 0.05; **p < 0.01; ***p < 0.001; ****p <
0.0001.

7.3.3. Integrated analysis of baseline immune features prior to S. Paratyphi A

homologous rechallenge

L-SBA, ADMP, ADNP, and binding antibodies were measured in 12 individuals enrolled in the PATCH
study who were orally challenged with S. Paratyphi A twice over the course of 17 months. In
chapters 4-6 | demonstrated that no single immune marker correlated with protection from
paratyphoid infection upon rechallenge. To identify any immune signatures or co-correlates that
could associate with protection | employed a principle component analysis and hierarchical
clustering on the data collected at baseline, immediately prior to S. Paratyphi A rechallenge. The PCA

showed significant overlap in the features in the group that developed paratyphoid fever and those
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that don'’t, suggesting that these immune markers are not able to distinguish between those who
developed disease and those that don’t (Figure 7-5 A). The main contributor to PC1 is ADNP and the
main variable contributing to PC2 is LPS specific IgG. Results from the hierarchical clustering (Figure
7-5 B) show that those with the highest assays scores form a cluster at the top of the heat map
mostly belong to the group who don’t develop fever, but overall there is no distinct clustering
pattern separating those who went on to develop enteric fever and those who did not. There are
limited correlations between the immune features measured at the rechallenge baseline (Figure
7-6). An observation that is likely influenced by the low number of participants and that the assay

titres return to baseline levels between the 17 month interval period.
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Figure 7-5 Baseline immune markers in participants immediately prior to homologous rechallenge with S. Paratyphi A

(A) Principal component analysis (PCA) biplot of baseline immune features in P1 and PATCH participants measured immediately prior to S. Paratyphi A
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rechallenge. Individual PCA scores plotted and coloured by diagnosis; PD; paratyphoid diagnosed, nPD; not paratyphoid diagnosed. Black arrows represent

the correlation between the assay and the principal component. (B) Heat map and dendrograms show hierarchical clustering of immune parameters

measured at baseline in PATCH rechallenged participants.
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Figure 7-6 Correlation matrix of baseline immune responses prior to S. Paratpyhi A rechallenge

Heat map showing the Spearman’s correlation coefficient between pairs of antibody functions and
ELISA titres measured immediately prior S. Paratyphi A rechallenge in participants enrolled in the
PATCH study. Stars represent associated p values; *p < 0.05

7.3.4. Integrated analysis of immune responses induced by two doses of oral

vaccine, CVD1902

L-SBA, ADMP and ADNP were measured in 27 individuals at baseline and 42 days after two doses
two weeks apart of either oral vaccine CVD1902 or sodium bicarbonate placebo. As described
previously in chapter 4-6, ADMP and ADNP are elevated at the post vaccine timepoint in individuals
who do not develop paratyphoid fever once challenged. However, L-SBA titres were no different in
those who developed paratyphoid fever compared with those who do not. | used PCA and
hierarchical clustering analysis to explore the possibility of vaccine induced protective immune
signatures and to investigate co-correlation of immune markers. There is significant overlap between

the PD and nPD groups (Figure 7-6 A), however this analysis combines data from those who received
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the candidate vaccine and those who received the placebo as | am blinded to the individual vaccine
status at the time of writing this thesis. The hierarchical clustering reveals that those with the
highest titres from all three assays seem to be subsequently protected from infection (Figure 7-6 B).
However, this is just a trend as overall there is still cluster overlap between those who develop
disease and those who do not. Due to the blinded nature of this data, | am unable to attribute these
findings to the vaccine. Correlations between the different assays were assessed (Figure 7-8), and
demonstrate that post-vaccine/placebo ADNP and ADMP strongly correlate, but neither assay
correlated with L-SBA titres. Suggesting that there might be a common underlying antibody feature
that facilitates phagocytosis, but does not facilitate L-SBA, for example these antibodies could

primarily belong to the IgA isotype.
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Figure 7-7 Post-vaccine or placebo immune markers in VASP participants immediately prior to challenge with S. Paratyphi A

(A) Principal component analysis (PCA) biplot of baseline immune features in VASP participants measured 28 days after receiving two doses of oral vaccine,
CVD1902 or placebo, and immediately prior to S. Paratyphi A challenge. Individual PCA scores plotted and coloured by diagnosis; PD; paratyphoid
diagnosed, nPD; not paratyphoid diagnosed. Black arrows represent the correlation between the assay and the principal component. (B) Heat map and
dendrograms show hierarchical clustering of immune parameters measured at the post-vaccine / pre-challenge time point in VASP participants.
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Figure 7-8 Correlation matrix of post-vaccine or placebo immune markers prior to S. Paratyphi A
challenge

Heat map showing the Spearman’s correlation coefficient between pairs of antibody functions and
ELISA titres measured immediately prior S. Paratyphi A rechallenge in participants enrolled in the
PATCH study. Stars represent associated p values; ****p < 0.0001

7.3.5. Correlation of immune responses induced by bivalent vaccine, Sii-PTCV

In the phase 1 study conducted by SIIPLTD 30 individuals received the novel typhoid-paratyphoid
bivalent conjugate vaccine (Sii-PTCV). Twenty nine days after Sii-PTCV there is a significant increase
in SBA, ADMP, ADNP, and LPS specific IgG as discussed in chapters 4-6. A heat map of hierarchical
clustering by individual shows that those who have the highest ADMP, ADNP, and LPS specific IgG
form a distinct cluster while those who have the highest SBA titres form a separate cluster
suggesting that these function are mediated by distinct antibody populations (Figure 7-9 A). When
performing a correlation analysis between pairs of the measured immune responses, there was a
significant positive correlation between each pair, apart from ADNP and SBA (Figure 7-9 B).
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Figure 7-9 Clustering and correlation of immune responses 29 days after receiving Sii-PTCV

(A) Heat map and dendrograms show hierarchical clustering of immune responses in individuals 29 days after receiving a single dose of Sii-PTCV. (B) Heat
map showing the Spearman’s correlation coefficient between pairs of antibody functions and ELISA titres measured 29 days after receiving Sii-PTCV. Stars
represent associated p values; *p <0.05; **p < 0.01; ***p <0.001; ****p < 0.0001.
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7.4. Discussion

In this chapter, | have integrated antibody functional and binding data to determine any protective
immune signatures in a series of paratyphoid challenge trials, and | have described the described the
pattern of responses in participants who received a new typhoid — paratyphoid bivalent conjugate

vaccine.

The attack rates in the paratyphoid challenge model are between 40 — 60% 32, This observation
suggests that there is some level of pre-existing immunity to paratyphoid even in a UK population
that is paratyphoid naive (exclusion criteria for the P1 and PATCH studies excluded anyone that has
lived in or been a resident in an enteric fever endemic area for > 6 months). Pre-existing immunity to
S. Paratyphi A infection in the UK population likely comes from a combination of factors, such as
physical barriers to infection, non-specific innate immune clearance, and cross protective immunity
derived from historical exposure to homolog antigens. None of the single humoral features
measured were able to distinguish between those who would go on to develop paratyphoid fever
after challenge and those who remained well throughout the challenge period. While attempting to
identify immunological CoPs in a paratyphoid naive, UK population is statistically difficult due to low
levels pre-existing immunity. Enteric fever is mainly a problem in immunologicaly naive children, and
therefore perhaps the CHIM study population provides an adequate model of natural infection

compared with adults from endemic areas.

PCA analysis and hierarchical clustering revealed divergent immune signatures characterised by
either L-SBA, ADMP, and LPS specific IgG and IgA or ADNP, ADMP, and LPS specific IgG and IgA.
While neither of these signatures cluster with protection on the heat map, it shows that some
functions co-correlate with each other more than other functions. L-SBA and ADNP show the lowest
correlation whereas LPS specific IgG and IgA show the highest degree of correlation. There are a
myriad of factors that can drive divergent functional responses. One factor could be the binding

density required for each function. Activation of Clq, and therefore the complement cascade, as
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measured by the SBA requires close binding of at least 2 IgG molecules on the bacterial cell surface,
although for other isotypes it differs, e.g. for IgM only a single bound molecule is required because
of it’s pentameric form ®°. For opsonisation the Fc receptor density also impacts phagocytosis in a
dose dependant fashion although the minimum binding density has not been so well defined
compared with those relating to C1q activation 22, This finding could also be due to other underlying
antibody biophysical properties that have not been measured yet, such as glycosylation of the Fc
region. For example, galactosylation of IgG positively impacts C1q binding and therefore
complement cascade activity, whereas sialyation of IgG enhances binding to DC-SIGN on
macrophages resulting in upregulation of the inhibitory FcyRIIb and a reduction in inflammation?®,
Divergent signatures based on the L-SBA response could also be attributable to technical variation in
the assays. The L-SBA contains complement, but the ADNP and ADMP do not. The addition of
complement to the SBA but not the other assays provides an extra variable that could be adding to

the differences observed.

Interestingly, this same divergent signature was not present at baseline in rechallenge participants,
indicating that a single exposure episode can shape the immune response to S. Paratyphi A. In
countries where paratyphoid is endemic a single exposure event or multiple exposures to S.
Paratyphi A could reshape the immune responses and contribute to acquired immunity and the

observation of increase age associated decline in paratyphoid incidence.

Ninetey days post challenge the functional and quantitative immune responses were highest in
those who developed paratyphoid fever during the 14 days post-challenge follow-up period. Similar
to observations made in a shigellosis model where SBA and OPKA titres were higher in those who
had experienced more severe disease although Shigella antigen specific IgG were highest in those
with mild disease 178. On an individual level, increases in anti-LPS IgG, IgA, L-SBA post challenge were
only significant in individuals who developed paratyphoid disease whereas increases in ADMP and

ADNP were significant regardless of post-challenge infection status. These results suggest potential
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differential routes for priming of different immune functions, but also suggest that systemic

infection can override this and produce a broad stimulation of a multifunctional response.

Oral vaccine, CVD1902, elicits a multifunctional immune response. Hierarchical clustering showed a
cluster of 4 individuals with the highest scores in all three functional assays were protected from
infection. The non-exclusive clustering of PD and nPD individuals in the remaining clusters indicates
that the vaccine may not provide protection in everyone. It may also indicate that protection in
some individuals cannot be explained purely by humoral responses. Oral vaccines are stimulators of
humoral and cellular immunity. CVD 1902 has previously been shown to elicit S. Paratyphi A specific
CD8+ and CD4+ T effector and memory cell responses after just a single dose . Individuals who
remain healthy in the challenge model despite moderate to low humoral immune responses may be
protected by another immune mechanism e.g T cell mediated clearance or by a physical barrier such

as stomach acid.

Furthermore, these findings are confounded by the inclusion of placebo recipients in the analysis, a
more accurate analysis can be performed by including more participants and unblinding of the

vaccine status.

Bivalent enteric fever conjugate vaccine stimulates significant increases S. Paratyphi A humoral
immunity. Analysis of the relationship between immune responses elicited by the bivalent shows
two key observations. Firstly, that all the immune features measured correlate to some degree.
Secondly, hierarchical cluster shows patterns of some immune features. Individuals with the highest
antibody quantity, ADMP, and ADNP scores seem to group together while those with the highest
SBA activity form a distinct cluster. This clustering pattern is similar to those observed at baseline in
participants enrolled in the P1/PATCH studies. A possible explanation for this observation in bivalent
conjugate vaccine recipients is that distinct antibody properties influence each feature. Clustering of
high antibody quantity with ADNP and ADMP but not SBA suggests that antibody quantity might be a

more important driver of phagocytosis compared with SBA. The presence of complement may
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partially account for this difference. Bacterial opsonisation and binding of phagocyte Fc receptors is
heavily reliant on the presence and properties of antibodies whereas SBA is a complement mediated
process, which can be activated as long as there is enough antibody e.g. 2 IgG molecule bound to the
bacteria surface. A limitation of some immunoassays is the prozone effect, a feature which is
particularly well documented for SBA assays. The prozone effect occurs when antibody levels are so
high that the increased binding density actually blocks binding and activation of downstream
complement proteins, resulting in a false low reading 2%°. The assay QC criteria have been designed
to account for this on an individual sample level by repeating samples at a higher dilution if they
initially show evidence of the prozone effect. However, in the single correlation between SBA and
anti LPS IgG titres there is a plateau in SBA activity at high IgG levels signifying that at high antibody
concentrations, the antibody quantity no longer influences the SBA titre (Figure 4-9 C). However,
this is not the case for the single correlations between anti-LPS IgG and ADMP (Figure 5-5 C), or
ADNP (Figure 6-5 C). Other immunoglobin features, such as isotype and binding avidity/affinity are
known to influence antibody effector function. For example, IgM is an excellent activator of the
classical complement cascade due to it’s pentameric structure, whereas IgG1 is a more potent
opsonin and activator phagocytosis 1¢°. Individual variation in immune response to vaccination is
complex, and in this particular case the influence of natural priming due to environmental exposure
is unknown. These observations imply that there could be considerable person to person variability
in the mechanism of action of S. Paratyphi A conjugate vaccines, the influence of this on being able
to identify a single correlate or protective immune signature after bivalent conjugate vaccine is
unknown. Future analysis of the bivalent conjugate vaccine in the CHIM studies may highlight
protective roles for specific humoral immune features at different stages of infection similarly those
observed in the typhoid CHIM study. Evidence suggests that Vi vaccine induced IgA protects against
establishing infection but Vi specific IgG reduces disease severity 4. While the ultimate goal of
vaccination is to prevent infection, when thinking of effective vaccination strategies reduced disease

severity is an important factor to consider. Reduced disease severity can positively influence a
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vaccine campaign by reducing forward transmission (i.e. by reducing probability of shedding),
reducing the impact of enteric fever on a person’s quality of life, and by reducing the economic cost

of enteric fever at an individual or population level.

Direct comparisons of data collected between groups is not possible in some cases due to the use of
different methodologies (e.g. use of L-SBA or colony counting SBA) and lack of an international

standard.

7.4.1.Conclusion

In this chapter, | have applied integrative analysis techniques to identify immune signatures in
paratyphoid vaccine and challenge trials. | have described the clustering of immune responses in
each dataset. While no protective immune signatures have been discovered, the data described
showed some key findings. | have demonstrated the presence of distinct clusters of humoral
immune parameters in paratyphoid naive population that can be changed by a single S. Paratyphi A
exposure event. | have shown that Sii-PTCV stimulates broad activation of humoral immunity, which
can be clustered based on the induction of high SBA responses or high anti-LPS I1gG, ADMP, or ADNP.
Future studies of the SIIPLTD bivalent vaccine in a paratyphoid experimental challenge model will

help determine the role of these divergent immune responses in protection from infection.

Furthermore, this analysis serves as a blueprint for future studies investigating natural and vaccine

mediated correlates of protection in paratyphoid fever.
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Chapter 8. Discussion

8.1. Summary of findings

8.1.1.Development of standardised laboratory assays

In this thesis, | provide data to demonstrate the steps taken to develop standardised laboratory
assays to measure multiple antibody effector functions against S. Typhi and S. Paratyphi A. | have
developed and adapted two SBA assays; a luminescence based protocol from GlaxoSmithKline (GSK),
and a colony counting protocol from Serum Institute India Private LTD (SIIPL). | have also developed
novel techniques to measure monocyte and neutrophil phagocytosis using a green fluorescent

protein expressing S. Paratyphi A.

Standardisation of laboratory assays allows comparison of outcomes between independently
collected samples (i.e. to compare responses to different vaccines or populations or to compare
samples collected at different times). Each of the protocols have been developed using either a
commercially available international reference standard (S. Typhi L-SBA) or an internal standard (S.
Paratyphi A SBA protocols). | have demonstrated that the assays exhibit robust reproducibility with
comparable measurements across different days. There is good resolution between “negative” and

“positive” samples, meaning they can measure a wide range of sample titres.

Application of these protocols to various sample subsets provide insights into immunological
changes during enteric fever, and they also highlight which features help protect an individual from

infection and identify important targets for vaccine design.

One particular aim of developing these protocols is to help identify potential natural or vaccine
mediated serological correlates of protection against paratyphoid fever. Correlates of protection
(CoPs) are measurable immune markers that correlate with protection. For many pathogens,
conventional measurement of binding antibodies via ELISA does not provide a definitive protective

threshold, above which individuals are protected from disease #4. Antibody Fc effector functions as
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mechanistic correlates have proven to be important in many diseases (e.g. streptococcus), and
furthermore demonstration of functional responses is often a prerequisite for vaccine licensure 2%,
Development and approval of vaccines against paratyphoid is a global priority and development of
assays to determine potential protective functional correlates is imperative. The protocols that |
have developed provide the beginnings of a cohort of assays which can be utilised, along with other
antibody related data such as antibody quantification, avidity or glycosylation measurement, and

used to identify serological correlates of protection.

Furthermore, the protocols described here also provide evidence for a “proof of concept” and could

be a template for other bacteria (e.g. against different S. Paratyphi strains or bacterial species)

8.1.2. Changes in bactericidal antibodies after Vi vaccination and S. Typhi

challenge

This is the first study to measure and compare bactericidal antibodies in response to Vi vaccination
in a human challenge model. Vaccination with either Vi plain polysaccharide or Vi conjugate vaccine
induces a significant increase in SBA, although higher titres at the point of challenge do not associate
with protection. While other studies have described a role for SBA in protecting from infection from
other encapsulated bacteria (N. meningitidis serogroups A, C, W, Y), and in mitigating symptom
severity in an oral typhoid vaccine challenge study %297, N. meningitides pathogenesis includes a
definite blood borne phase in which the majority of bacteria are extracellular and so high levels of
serum bactericidal antibodies pre-infection can protect against disease 2. In contrast, during the
systemic phase of infection typhoidal Salmonella bacteria can reside and replicate intracellularly
where they are protected from bactericidal antibodies and therefore bactericidal antibodies less
relevant to preventing infection but could work in mitigating disease severity during the later stages

of infection.

It is relatively unsurprising that there were no significant correlations between SBA and protection in

this model because in a multivariate study on the same cohort of Vi vaccinated and challenged
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individuals, 1gG1 and IgA significantly associated with protection whereas SBA more closely
correlated with IgG2 and IgM %168 |n contrast to oral typhoid vaccine induced SBA, no link was
found between Vi vaccine bactericidal antibodies and disease severity. While antibody depletion
assays demonstrated that the majority of the SBA seen in these samples was due to Vi specific
antibodies, Vi expression in vivo is highly regulated and the lack of Vi capsule on extracellular
bacteria could explain why bactericidal Vi antibodies do not appear to have an important role in
acute disease. Furthermore, the facultative intracellular nature of S. Typhi means the window for
complement deposition and opsonisation during these early stages is small, and therefore SBA might
not be an important factor for mitigating infection but might be beneficial at a later stage of
infection when bacteria are extracellular, i.e. SBA limits infection rather than prevents it. However,

this stage of infection is not captured by the challenge model.

Other antibody effector functions and biophysical properties in response to Vi vaccination have been
measured elsewhere 139141 Analysis of SBA provided here adds to this body of work and further
cements the observation that Vi vaccines induce a polyfunctional serological response which may

contribute to their measured efficacy.

8.1.3. Description of antibody effector functions in a paratyphoid challenge -

rechallenge model

This is the first study to characterise antibody effector functions in a paratyphoid human challenge
model. In the study, | show that oral challenge with S. Paratyphi A causes significant changes the

antibody effector function profile, characterised by increased L-SBA, ADMP and ADNP.

Both neutrophil and monocyte phagocytosis were significantly elevated regardless of the
development of paratyphoid fever. L-SBA titres were only significantly stimulated in the group who
had acute paratyphoid fever, similar to infection driven changes in binding antibody described
previously by Gibani et al***. These differences may indicate differential engagement of antibody

effector functions throughout the various phases of the infection life cycle. The location of the
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immune stimulus has marked impact on the outcome: antibody effector functions can differ
depending on many factors such as antibody isotype, subclass, Fc region glycosylation status, which
can all be influenced by the context of immune stimulation. In this model, we see that ADNP and
ADMP increase in all exposed participants, therefore development of S. Paratyphi A specific
phagocytosis enhancing antibodies might occur at the mucosal surface. Whereas stimulation of
bactericidal antibodies is dependent on systemic infection, and therefore stimulation of a
bactericidal antibodies might primarily occur at a later stage of the infection cycle once the infection
has spread to the reticuloendothelial and circulatory systems. While not an absolute requirement,
development of systemic infection does impact the ADNP and ADMP response. Higher fold change
titres and absolute D90 titres were measured in those who developed paratyphoid fever, as well as

noting a positive correlation between symptom severity and D90 phagocytic titres.

Stimulation of all functional parameters occurred regardless of exposure dose, this is an interesting
observation since natural exposure is likely to happen with a wide range of doses. Salmonella are
difficult to culture from the environment and therefore the environmental burden is hard to

ascertain, but these data suggest that immune stimulation can occur at a different doses.

The challenge-rechallenge study was set up to investigate the effect of prior exposure on recurring
exposure. In endemic settings, the incidence of enteric fever decreases with age and it’s
hypothesised that this is due to recurring natural exposure boosting immunity to infection 222, In a
study assessing risk factors associated with enteric fever, a reported previous episode of enteric
fever is significantly associated with a reduced risk of getting enteric fever again 3°. In this study,
rechallenged participants had a non-significant reduced risk of developing paratyphoid after their
second challenge. However, there was significant waning of all measured serological activities after
17 months (median interval), and none of the immune features measured at baseline correlated
with protection from paratyphoid fever after rechallenge. Interestingly, rechallenge did not induce

any significant boosting. Challenge-rechallenge studies of other enteric bacteria demonstrate that a
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single exposure can associate with high levels of protection on reexposure, for example a single
exposure to Vibrio Cholerae was associated with 100% protection from reinfection 223, However, the
interval between challenges in these studies were shorter, at 4-12 months. Prolonged interval
between challenges and waning of immune responses in the paratyphoid model hinders our ability
to determine infection derived correlates of protection. Furthermore, this paratyphoid rechallenge
study investigated the protective effects of a single re-exposure event, however kinetics of exposure
in endemic settings may differ considerably. There are a myriad of risk factors associated with
paratyphoid, such as consumption of contaminated food prepared at home or purchased from street
vendors, and therefore is it easy to see the exposure frequency, and therefore immunological

boosting might occur more frequently in endemic settings than can be modelled in a challenge study

30

Baseline titres at the point of challenge or rechallenge did not associate with protection from
infection for any of the effector functions measured. The fact that no single function correlated with
protection might be indicative of significant redundancy in the immune response against S. Paratyphi
A. It could also signify that protective immunity is mediated by an immune feature not measured
here. Lack of significant correlations could also be because these associations have been analysed in
UK residents, where baseline immunological activity is likely due to low affinity, cross-reactive
antibodies, and therefore is not indicative of a mature and effective humoral response. Although
correlates of protection have been identified in naive, non-immunised populations before. For
example, the identification of Haemophilus influenzae type b (Hib) correlate of protection of an
antibody concentration > 0.15ug/mL, and the observation of naturally acquired SBA titres >1/8
protecting from meningococcal serogroup A, C, W, Y disease. However, unlike this attempt to
identify CoPs against paratyphoid in a UK population, these associations are primarily observed
when the pathogen is in circulation within the population and therefore where some exposure

driven, immune stimulation occurs 2147,
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8.1.4. Description of antibody effector functions after live attenuated oral S.

Paratyphi A vaccine (CVD1902)

In this first-of its kind study, | investigated functional humoral responses to the live attenuated oral
S. Paratyphi A vaccine; CVD1902. Due to the ongoing clinical trial the samples were analysed whilst
still blinded and therefore some of the participants included in the analysis have not received the
oral vaccine, but instead have received a sodium bicarbonate placebo. Despite this, there were
significant increases in L-SBA and ADMP post-vaccine/placebo. Interestingly, post-vaccine/placebo
increases in ADMP and ADNP were observed in those who subsequently did not develop
paratyphoid after exposure in the challenge model, suggesting that phagocytic enhancing antibodies

contribute to mitigating systemic paratyphoid infection.

Oral vaccines are an effective intervention for preventing infection from enteric (Vibrio cholerae) and
non-enteric (polio virus) pathogens alike and have shown to be potent inducers of humoral
immunity. They are a particularly attractive option for enteric pathogens due to stimulation local
mucosal immunity 22%, Assessment of immunological responses after oral vaccines against other
enteric pathogens has helped identify potential correlates of protection. For example, a human
challenge model for cholera showed that increased vibriocidal antibodies following oral cholera
vaccine (CVD-103HgR) associated with protection from mild to severe disease %°. Oral Shigella
vaccines generate significant increases in SBA and opsonophagocitic antibodies, which have

separately been shown to correlate with reduced symptom severity in a shigellosis challenge model

178,215

Studies have shown that live attenuated oral typhoid vaccine, Ty21a, elicits cross-reactive, functional
immune responses against S. Paratyphi A, however most field studies suggest that Ty21a does not
appear to confer significant cross protection to S. Paratyphi A infection 126143197 The early, interim

analysis of functional immunogenicity in the VASP trial warrants further study.
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Oral vaccines offer some potential advantages over single antigen parenteral vaccines, as they
contain multiple antigenic stimuli including T dependant and independent antigens, they can induce
local mucosal immunity, long lived immunological memory, and can be self adjuvanting ?2°. However,
across multiple pathogens there is an observation of impaired efficacy of oral vaccines in developing
countries compared with efficacy rates measured in high-income countries. The reasons for this are
unknown but many causes have been theorised, such as the impact of malnutrition, influence of the

microbiota, enteropathy 2%

. While an inverse pattern is observed for oral typhoid vaccine, Ty21a,
which has an estimated protective efficacy of 71% after 1 year in Chile but only 35% in a UK CHIM
study ®*137, Vaccine efficacy and immunogenicity studies for oral paratyphoid vaccines should be

carried out in developing countries where paratyphoid is endemic to illustrate an accurate efficacy in

the populations that need the vaccine most.

8.1.5.Description of antibody effector functions after S. Typhi - Paratyphi A

bivalent conjugate vaccine (Sii-PTCV)

In this unique study, | assessed functional serological responses to S. Paratyphi A after novel S. Typhi
— Paratyphi A bivalent conjugate vaccine. Sii-PTCV induces significant increase in functional
antibodies as measured by L-SBA, ADMP, and ADNP. In lieu of a known correlate of protection, the
WHO recommends licensure of new vaccines be based on demonstrating induction of functional
antibodies, supported by evidence of significant specific binding antibody 228, As there is currently no
licensed vaccine for S. Paratyphi A, these results in addition to those reported by Kulkarni et al from
the same study, which show significant induction of binding antibodies against both typhoidal
serovars, make this a promising discovery and support the use of this vaccine for use against enteric

fever %9,

Conjugate vaccines are highly efficacious against infection with other Gram-negative bacteria, and
they are responsible for the “virtual elimination” of bacterial meningitis caused by Hib,

meningococcus bacteria 22°. They offer a significant advantage over polysaccharide vaccines, which
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do not engage T cell help and therefore have limited efficacy in infants who lack mature marginal
zone B cells. They are also potent stimulators of immunological memory and can provide longer lived

protection compared with conventional polysaccharide vaccines 2.

A number of studies have investigated the relationship between conjugate vaccines and functional
mechanisms of protection. The relationship between SBA and protection from meningococcal
disease has long been established, SBA is often referred to as the “gold standard” correlate for
measuring vaccine effectiveness, and is always required to support licensure of new meningococcal
vaccines 23, Despite some established absolute correlates of protection, singular absolute correlates
for some pathogens are less easy to define and relative correlates are used to describe the
relationship between an immune response and certain level of protection, for example the
hemagglutination-inhibition antibody titer of 1/40 demarking a 50-70% protection from influenza

infection 232.

Vi conjugate vaccines (Vi-TCV) provide significant protection from typhoid fever, extensive studies of
serological responses after Vi-TCV could not find an absolute correlate of protection. Instead the
studies showed that Vi-TCV mediated protection was multifactorial and was associated with both
higher fold change in IgA and higher Vi 1gG1 avidity **°. S. Typhi specific immunology is more
extensively studied compared with S. Paratyphi A, but due to the similarity between the bacteria it
often serves as a blueprint for understanding of S. Paratyphi A immunology. These findings suggest
that further studies into paratyphoid conjugate vaccine mediated correlates should include analysis

of antibody biophysical properties as well as effector functions.

The observation of higher baseline functional immunity in Indian residents compared with UK
residents further supports the theory that natural exposure boosts immunity. Interestingly, a range
of titres for each effector function were observed in both populations indicating intrinsic

heterogeneity.
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There was no challenge aspect to this phase 1 trial and thus no direct correlations with protection
from infection could be performed. These findings show that Sii-PTCV is immunogenic against S.

Paratyphi A, and antibody effector functions are worthy of investigating in the upcoming Sii-PTCV

CHIM study.
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*High concordance of titres between different strains
and techniques (L-SBA and counting SBA)

Figure 8-1 Summary of findings

Description of analysis performed and a brief summary of findings
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8.2. Limitations

Two undeniable limitations of the data presented here have already been mentioned. Analysis of a
subset of VASP study samples while still being blinded restricts the ability to make meaningful
interpretations from this data. Some interesting changes in S. Paratyphi A specific immune responses
have been observed in response to VASP vaccine/placebo but until the study has been unblinded
interpretation of these findings within the context of the challenge study has been done with the

assumption that these changes are driven CVD1902 rather than placebo.

No assessments of protective correlates can be made from the Sii-PTCV study due the fact that this
is a phase 1 safety and immunogenicity trial. Therefore the immunogenicity findings reported here
are purely descriptive, we rely on future studies to define any humoral responses that correlate with

protection.

8.2.1. Limitations of the controlled human challenge model

The enteric fever controlled human challenge models aim to mimic natural infection. While the
controlled aspect of the trials provides advantages compared with natural infection kinetics, e.g.
known dose and timing of exposure, there are some disadvantages to the challenge model. The

most relevant ones are described below:

8.2.1.1. Sampling limitations

The challenge model has been developed with a priority on participant welfare. In the early stages of
infection immune activity is primarily in the gut. It would be unethical to sample the gut associated
lymphoid tissue in the immediate follow-up after exposure to Salmonella as the biopsy procedure to
obtain the sample damages the intestine, and thus we are limited to interpreting intestinal
immunological responses by using systemic samples as a proxy. Although sometimes saliva and stool

can be used, these techniques have their own disadvantages and can be difficult to standardise.
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Some of the sample sizes presented in this thesis are small (PATCH naive; n= 15 rechallenged
participants; n= 12), especially when making comparisons within groups based on the clinical
diagnosis outcome. The sample sizes were selected with the primary endpoint in mind to detect
clinically meaningful differences while minimising the number of participants required to go through
challenge. Small numbers for the naive challenge group have been somewhat mitigated by grouping

P1 and PATCH naive challenged groups where appropriate.

All challenged participants were followed up for 14 days after exposure and were given a two week
course of antibiotics upon meeting the diagnosis criteria (bacteraemia and/or fever >38°C for >12
hours). Any participants who did not meet the predefined composite diagnostic criteria commenced
antibiotics on day 14 post-challenge. Longitudinal post-challenge samples were collected at
predefined time points (28, 90, 180, and 365 days after exposure). Samples from day 28 post
challenge could not be used in the functional assays with live bacteria because antibiotics present in
the serum would kill the bacteria. While we do not know the peak time point for assessing immune
responses to experimental challenge, the D90 time point was used. No investigations were
performed to determine if this was the optimal time point to measure antibody effector functions

post-challenge but this this something that could be performed on future studies.

8.2.1.2. Limitations of the CHIM study population

The challenge model has been set up in a UK population, pre-existing immunity in a non-endemic
setting is likely lower than that seen in populations where typhoidal Sa/lmonella serovars are in
circulation. Meaning we are underpowered to find statistically meaningful natural correlates of
protection in this naive population. The transfer of the CHIM to endemic regions could curtail this

and provide valuable samples for assessing immunological correlates to natural infection.

The CHIM participant population age is 18-55 years, how well this replicates natural infection in

children, where the highest burden of enteric fever lies is not known.
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8.2.1.3. Diagnostic criteria limitations

Use of microbiological data as a diagnostic for enteric fever is more stringent than diagnostic criteria
employed in endemic settings, where blood culture samples for diagnostic purposes would only be
taken from individuals who had already developed febrile symptoms. The majority (80%) of the
individuals who were diagnosed with acute paratyphoid fever in the PATCH study were diagnosed
based on positive blood culture without fever. The impact of these different diagnostic criteria on
the findings reported here is unknown, due to low numbers of symptom based diagnoses no
statistical analysis can be reliably performed. This further illustrates the value of samples from

endemic regions for investigating natural correlates of protection.

8.2.2. Laboratory assay limitations

While every effort has been made to develop standardised assays that are biologically
representative, there are some inherent limitations that should be acknowledged when interpreting

these data.

Use of a limited number of bacterial strains for this analysis may not be representative of other
strains that are in circulation. While NVGH308 is a wild type strain isolated from a paratyphoid fever
patient in Nepal, and S. Paratyphi A demonstrates limited genomic variation 233, A successful vaccine
would need to be immunogenic against multiple S. Paratyphi A strains, including those that are
antimicrobial resistant. Immunogenicity data generated with a panel of currently circulating strains

could further support the regulatory approval of the first paratyphoid vaccines.

Cells lines were used in lieu of donor cells or participant matched cells. The THP-1 and HL60 cell lines
are well characterised and studies have shown that phagocytic uptake by THP-1 and differentiated
HL60s are representative of that seen by monocytes and neutrophils respectively °>%4 However, no

other cell lines were investigated in the context of this thesis.
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8.3. Future work

The projects presented in this thesis lay the groundwork for some future research exploring
immunity to enteric fever and advancing our understanding of immunological correlates of

protection.

8.3.1.Assessment of vaccine efficacy and immunological CoPs in the

paratyphoid CHIM

As described throughout this thesis one major limitation of investigating vaccine induced CoPs after
CVD 1902 is that the VASP study was ongoing at the time of writing. Future work measuring
functional immunity of additional samples and unblinding of the vaccine status of the participants
will allow for a comprehensive assessment of CVD1902 driven immunity. Additional correlations
between immunological features and clinical outcomes beyond the binary diagnosis status (e.g.

shedding, disease severity etc) would also help our understanding of oral vaccine induced immunity.

Future studies of bivalent Sii-PTCV will include a CHIM study assessing the immunogenicity and
efficacy of this novel vaccine. | have used samples from the phase | trial to demonstrate
immunogenicity, samples collected in the phase Il CHIM trial can be used to investigate Sii-PTCV
induced immunological CoPs. Characterisation of protective immune responses in the unique,
controlled setting of the paratyphoid challenge model will further our understanding of vaccine
mediated protection against enteric fever. Simultaneously to the CHIM study, a phase Ill trial in
Indian residents will assess the safety and immunogenicity of the Sii-PTCV vaccine. Comparison of
immune responses in UK CHIM participants and Indian participants will allow direct a head to head
evaluation of vaccine responses in paratyphoid naive individuals compared with individuals who

reside in a paratyphoid endemic region.
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8.3.2.Development of assays to assess other immunological features

Data presented in this thesis is on a limited number of immunological features. Assays to measure
other Fc mediated functions and properties (e.g. antibody dependant NK cell activation, ADNK, or
glycosylation) or T cell mediated immunity have not been assessed in these datasets yet. Evaluation
of ADNK activation after Vi-TCV revealed a diverse role for this cell type in experimental typhoid
infection, cytotoxic activity of NK cells (measured by CD107a degranulation) is associated with
protection but proinflammatory activity (measured by MIP-1p release) is associated with typhoid
infection. Furthermore, few studies have investigated T cell immunity in paratyphoid infection.
Samples collected in the clinical trials described throughout this thesis offer a valuable opportunity

to study T cell immunity in the context of paratyphoid vaccine and infection.

Additionally, the immunoassays described in this thesis are based on serum antibody activity. While
serum antibodies are thought to be a good representative of humoral immunity, future analysis
evaluating immune responses in the salvia and stool may provide a valuable insight into local

mucosal immunity.

Development and application of such a wide variety of assays would complement the data

presented in this thesis and help identify any vaccine induced protective immune signatures.

8.4. Conclusions

The primary aim of this thesis was to fill knowledge gaps in our understanding of immune
mechanisms in the context of enteric fever infection and vaccination, with an overarching aim to
obtain information on potential correlates of protection. While | have not been able to define any
correlates of protection, development and application of standardised assays has improved our
understanding of enteric fever immunity. The findings presented in this thesis contribute to the
growing data on enteric fever vaccines, and form one of the first comprehensive studies on antibody

effector functions against S. Paratyphi A.
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Currently there are no licensed vaccines against paratyphoid fever although many candidate
vaccines are in development and are at various stages of testing. Demonstration of vaccine induced
functional immunity is a fundamental part of vaccine approval and regulation. It is hoped that the
data generated in this thesis on vaccine induced functional immunity will support the approval of the
novel S. Typhi — Paratyphi A conjugate vaccine (Sii-PTCV). In addition, it is hoped that the assays
developed throughout this project will be used to improve our understanding infection-induced
immunity, to help assess future paratyphoid vaccine immunogenicity, and to help identify potential

correlates of protection.

The widespread use of cost effective, efficacious vaccines against both typhoid and paratyphoid are
just one factor in a multiple factorial strategy to reduce the burden of enteric fever incidence. For
successful elimination of enteric fever, further advances are in the treatment of disease including
development of sensitive and specific diagnostics, as well as implementation of effective

intervention through improved water and sanitation hygiene are needed.

With the noted increase in paratyphoid fever incidence, increased rates of antimicrobial resistance,
and the exponential threat of climate change to public health, the time for effective intervention is

now.
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