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Abstract

Coronavirus disease 2019 (COVID-19) caused by the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) caused a world-wide pandemic in March 2020. Since first
identified, over 30 different variants have been identified, with dominant strains causing waves
of infection mirrored in hospital admissions and mortality. Rapid collaborative research into
understanding the host-virus interactions and to develop treatment strategies led to

repurposing of several therapeutics to improve patient outcomes.

The innate immune system is the first-line cellular defence against pathogens, and responsible
for the initiation, maintenance and recruitment and resolution of inflammation. Disruption to
any point of this process can lead to an inadequate response, either with insufficient
recruitment of cells or prolonged inflammation. Neutrophils are involved with all these

processes and represent the largest leucocyte subpopulation.

This thesis aimed to investigate the role of neutrophils in COVID-19 infection, to determine
how their function was altered in disease and how this correlated with clinical outcomes. By
investigating the effect of inhibitory molecules and therapeutics, we investigated the potential
pathways that may be disrupted leading to altered neutrophil function. Viral evolution and the
changes to the clinical phenotype are important to note as this may affect therapeutic efficacy,
and this thesis compared neutrophil effector functions between alpha, delta and omicron

variant COVID-19 patients.

Neutrophil effector functions such as phagocytosis, migration and neutrophil extracellular trap
formation were examined, in addition to surface marker expression. All experiments were
adapted for investigator safety with a novel infectious disease, and these were validated to
demonstrate equivalency. Clinical data and outcome measures (e.g. length of hospital stay,
long- and short-term mortality) from recruited patients and age-matched controls were

collected to correlate to any changes in neutrophil effector functions.

Compared to age matched controls and community acquired pneumonia patients, neutrophils

isolated from alpha variant patients demonstrated decreased phagocytosis, with reduced
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nuclear/ mitochondrial reactive oxygen species generation, increased migration, increased
neutrophil extracellular trap formation (NETosis) and altered surface marker expression. This
constellation of changes could suggest pseudopod dysfunction related to phosphoinositide 3-
kinase (PI13K) signalling, but inhibition of PI3K did not restore function in COVID-19 neutrophils.
Similarly, there was no improvement with the use of treatments affecting neutrophil elastase,

which may account for increased migration.

Neutrophils isolated from patients with omicron COVID-19 demonstrated decreased migration
and NETosis compared to alpha variant COVID-19. Surface marker expression was unique
to omicron compared to alpha variant neutrophils and there was a decrease in circulating

vascular endothelial growth factor and myeloperoxidase with increased interleukin-6.

The neutrophil dysfunction seen in alpha variant patients did not persist to omicron variant
patients which correlates to the less severe clinical phenotype observed. This data presented
in this thesis supports the hypothesis that neutrophil dysfunction COVID-19 contributes to the
clinical symptoms observed. The treatments and pathway inhibitors investigated here did not
restore neutrophil function, suggesting a mechanism separate to PI3K signalling and neutrophil
elastase activity. The differences in function and clinical data seen between SARS-CoV-2
strains suggests further investigation into currently recommended COVID-19 treatments is

required to determine their efficacy with the evolving disease.



For my family



Acknowledgements

I am incredibly grateful to everyone for the advice, laboratory help and emotional support that
you have given me throughout my PhD. | am also grateful to the Birmingham Health Partners
for providing me with a starter fellowship to allow to me to start this doctorate. There are so
many people without whom | would not have been able to complete this thesis and | would like
to highlight a few people.

Firstly to Dhruv — for the endless support and faith in me as a clinical academic. You not only
supervised this PhD but have been a clinical mentor and someone who always made time for
me despite your hectic schedule. | feel lucky and honoured to be your first of what will be
many PhD students. Aaron — thank you for being the voice of reason of all laboratory work
when | was stuck or needed advice. Your open office door might make it difficult for you to get
work done, but | can’t count the number of times I've been relieved you were there for me to
ask you something. David — thank you for appointing me as an ACF all those years ago, and
always being in my corner. Your support clinically and academically has always been
unfaltering, and it has always been appreciated.

To Kylie — | couldn’t have done this without your help. I'll always remember the months we
spent locked doing experiments in the COVID lab and your no nonsense get on with it
approach. Jon —thank you for all your help, advice and expertise with the experiments needed
for this project. You’ve helped so much with reviewing manuscripts and are always so efficient
with everything!

To the respiratory group — my friends — | can’t begin to name everyone who is currently in the
group or has been in the past. You have all contributed to me remaining sane and being able
to complete this thesis. We’ve enjoyed celebrating the highs and being there for each other in
the tough times as well; it's been an honour to be there through it all. Thank you to my friends
who have encouraged me throughout my academic journey and supported me and my family.

To Mum and Dad, thank you for supporting me my entire life and giving me the education and
tools to be able to get me this far. Thank you to my brother for always setting the bar high and
inspiring me to be my best self.

Finally, thank you to my wife, Emma. You are the smartest, most caring person | know, and |
am so lucky to walk side by side through life with you. You have always been my rock, my
better half and the voice of common sense in my head. Throughout this PhD you have looked
after me and our two children and kept me on track. | honestly couldn’t have done this without
you.



COVID-19 Declaration

This project was born from the COVID-19 pandemic, in a scientific environment which was
rapidly evolving. The adjustments to scientific experimentation are described and validated in
this thesis. Literature and similar studies conducted at the same time are discussed in the
relevant chapter discussion sections and the general discussion as opposed to being reviewed
in the introduction of this thesis.



Table of Contents

1

Contents
CHAPTER L .ottt ettt e e e e e e bbbt e et e e e e e e s bbbt n e e e e e eeeaaanns 21
1.1 Background/ Lay SUMIMAIY.........ccuuiiiiiiiiiiiiiiiiiiiiieiieee ettt 22
1.2 The respiratory immuNeE SYSIEM .......coiiiiiiiiiiiiiiiiiiieieee ettt 23
I T =T U1 0] o] 1SR 25
1.3.1  OVErviewW Of FUNCHION .......uuuiiiiiiiiiiiiiiiiiiiiibi e eeeaeeeeeennenes 25
1.3.2 NEULrOPNIIS IN AISEASE .....evvieiiiiiiiiiiiiieieiie et nenneeenennnee 33
L4 COVIDA19 ettt e e e e e e e bbb et e e e e e e e e e e e e e e e ana 37
1.4.1 = o] o 1=T 0 ]T0] (oo V2SS 37
1.4.2  Viral pathology and natural NiStOry.................eeeeiiimmiiiiiiiiieeees 37
1.4.3 EVOIULION ...ttt 39
IR 50 S O [ o To= 1 I oXo] 0 K70 (=T = (o] o 42
1.4.5 Evolving therapies and VACCINES.........c..ovuiiiiiiii i 48
14,6 VACCINES ...ttt 49
1.5  Neutrophils in COVID-19 ....ouuuiiii e 50
15.1 Patient POPUIALIONS ........i i e e e e e e aaeee 51
152 Effector fuNCtion alteration .................ueeeieiiiiiiiiiiiiiiiii e 52
1.6 SUIMIMAIY ..ottt e e e e et e e e e e e et e e e s e e e e e e e e e e eenrrnn e e eeaeas 58
CHAPTER 2 .ttt ettt e e e e e ettt e e e e e e e e sttt b e e e e e e e e aaanns 60
2.1 HYPOINESIS .ottt e e e e e e aaaaaaaae 61
P2 A | 1 1 TP PP PR OOPPPPPRPPRR 61
2.3 Scope Of thesis and reSEAICH ..............uuuiiiiiiiiiiiiiiiiii i 62
(08 o 1 e Il o e PP 63
0 I /- (] 4 =1 64
3.2 MBENOUS. .. 66
3.2.1  SUBJECE SEIBCHION ..o 66
3.2.2  SAMPIE PrOCESSING ... ceiiiiiiiiiiee e e e e e et e e e e e e e e a e e e e e e e e e e arraa s 70
3.2.3  CelliSOlation .....ccceeiieieieeee e 71
3.2.4  Functional @XPeriMENTS........ccouiiiiiiiiii e 75
B2 D B S A e et aa e e e e 82
3.2.6  Surface marker pPhenOtYPING .......ccoiiiiiiiiiii e 85
3.2.7  WeStern BIOtNG........coooiiiiii 88
3.2.8  Phosphoinositide-3-kinase (PI3K).........ccouiiiiiiiii 89
3.2.9 Effect of selected pharmacological agents on neutrophil function................... 90
3.2.10 CIlinical SCOMNMNG SYSLEIMS ....uuuuiiii e eeeeeiiiiiaae e e e e e et e e e e e e eeeeennnns 90
3.2.11  Statistical @nalYSIS ......ccooviiiiiiiii 94
3.2.12  PoOWer CalCUIALIONS......cciieeeiiiiee e 96



G J2 A I I \V/ = 1 o (o Yo I T g 11 7= 1[0 4 T 96

A CHAPTER 4 e 99
s R 01 1o o 1F o 1o o 100
4.2 FIXAUON .ot 101

4.2.1 PRAgOCYIOSIS ...ttt aaaaaaee 102
4.2.2  TranSWell MIGratiON...........uuuuuuueueeiiiiiiiiiiiiiiiebieeee bbb nnennnnnnne 114
e B N I 1 116
4.3  PI3Kinhibitor Viability ...........oueoiiii 118
I B 1= ) e T 1= 1 =T o 1= T 118
44.1 PREAGOCYIOSIS ...ttt 120
4.4.2  TransWell MIgration........cccoceciiiieiiiiiiii e 120
N N1 I 1 121
4.5  Carbon dioxXide INCUDALION ..........coeiiiiiiiiiiis e e e e 123
45.1 Phagocytosis and viability ... 123
452  Transwell MIgration........cccoooeriiieiiiiie e e e 125
R T N1 I 1 126
4.6  Bacterial flUOrESCENCE. .......uuieiei i e e e e e e 127
A 1T od U 111 (o] o [P PPPPPPPPPPR 129
4.8  Summary of adaptationS ..........ccoouiiiiiiiiiiiiiiii 131

T O o N I 132
L0t R [ 11 o o 1 Tox 1 o] o P 133
5.2 AIMS Of Chapter 5. e e e 134
5.3  Clinical PhENOLYPE ... 134

5.3.1 Patient demMOgraphiCS ...... ... ueiiiiiiiiiiiiiii e 134
5.3.2  Biochemical COIrelationS ............cuuviviiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeee e 136
5.3.3  Severity SCoring COITelationS ...........uiiiiiiiiiiiiicce e 138
L I 1= o1 U 11 [ 1 145
5.4.1 DEMOGIAPIICS ...ttt 145
5.4.2  Time from symptom onset to presentation .............ccovevvvviiieieeeeeeceevriieee e, 146
54.3 (00} o o] [ 1= (o ] o ISP 147

LT O N I o 148

L 200 R [ 11 o o (U Tox o] o P 149
G0 0 A = 101 Q0] 1 o1 (o o PP 149
6.1.2  Effect of selected pharmacological agents on neutrophil function ................. 150

6.2  AIMS Of ChaPLer B ... 154

6.3  Neutrophil effector FUNCLIONS ........cooi i e 155
6.3.1 o 1= o o T3 Y/ (0 1 £ P 155
6.3.2 NEULTOPNIl MIGIALION. ... ..uuiiiiiiiiiiiiiiii bbb neeenee 157



6.3.3  NETOSIS ittt 158

6.3.4  Circulating inflammatory mediators..............cvviiiiiiiiiiii 161
6.3.5  Surface marker PhenOtYPE........oceviiieeiice e 162
6.3.6 DAy 3-5 fOllOW-UPD...cce e 163
6.4  Relationship of clinical phenotype to funCtioN.................uuviiiiiiiiiiiiiiiiiiiees 169
6.4.1 ClINICAl OULCOMES ....eiii et e e e e e ettt e e e e e e aeeeenees 169
B.4.2  AC SCOIE ...ttt ettt e et a e e e e aaaa s 172
6.4.3  Circulating inflammatory mediators.............cccvviiiiiiiiiii 174
B.4.4  ARDS .. e e e e e a e e e e e e 175
R I o 1 G o] o1 oo o TR 176
6.5.1  CIinical PheNOtYPE .....cccoeeeeeeie e e 176
6.5.2 Neutrophil effeCtor FUNCLIONS ...........uuuiiiiiiiiiiiiiiiii e 178
6.6  Effects of selected pharmacological agents on neutrophil function ...................... 180
G A B 1= o1 11 o] o 183
6.7.1 Cellular OULCOMES ... . e e et e e e e e e e e e atr e aa e e e e eeeeennnes 183
6.7.2  PIBKINNIDIION. ...ttt 188
6.7.3  Effect of selected pharmacological agents..........cccceeiiiiiiiiiiiiiiiii e, 190
6.7.4  LIMITAtIONS ..ccooiiiiieie e 191
L T o T od U1 [ o SR 193
CHAPTER 7 ettt ettt e e e ettt e e e e e e e ettt b e e e e e e e e e aanns 194
74 T 1 011 0T [T 1o o 195
7.2 AIMS Of Chapter 7 ...t e e e et e e e e e e eaaees 196
7.3  Additional patient FECTUIMENT ..........uuueieiiiiiiiieiiiiiiiieeeieeeeebbebeeeee bbb eeeeeeeeeaeeeee 197
7.4 CliNICAI PRENOTYPE ..ttt ssenennnes 198
7.4.1 Patient demographiCs........ocoiiiiiiiie e 198
7.4.2 Biochemical COITelationsS...........ouuuueiiiie e 200
7.5 FUNCUONAI @SSAYS ... tttttttiiiiiiiiiiiiitiittteeteeeebeeebbeeeeeebee bbbt ssenennnes 204
75.1 PRAgOCYIOSIS ... .o e 204
7.5.2  Transwell Migration............cceei i e 206
7.5.3 ] 01T U RTRPPPIN 207
7.5.4  Circulating inflammatory mediators.............cooveeiiiiiiiiie e 208
7.5.5  Surface marker pPReNOLYPE......cooo i 210
7.6  Relationship of clinical phenotype to fUNCLION..............uuiuiiiiiiiiiiiiiiiiiiiiiiiiees 212
7.6.1 CliNICAl OULCOMES ...vuiiii e e et e e e e e et a e e e e e e e eanane 212
T.6.2 AC . 217
7.6.3  VacCCINAliON STATUS .....ceiiiiiiiiiie e e e et e e e e e eeaeenn s 219
7.7 Omicron comparison t0 AMC and CAP ........uuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiieee e 221
4= T B 11~ o] 1 L= (o ] ISP 227
7.8.1 CliNICAl OUICOMES ... e e e e e e eeaeees 227



7.8.2 (00| [5]F= T 0 101 (o] 1 1 =TT 227

7.8.3  Compared to AMC and CAP ........ooiiiiiiiiiiiiiiieeeieeeeeeeeeeeeeeee e 229
AR S R S N 0 11 = U1 T PP PPPPPPPPP 232
7.8.5  CONCIUSION....ciiiiiiiiiiiiiiiiiiiiete ettt 232

S O o 1 o Il = S U PPPPPPRP 234
8.1 OVErall fINAINGS ..o 235

S 00 0 A O 1 (o> | PP PPPPPPPPP 236
8.1.2 Neutrophil effector fUNCLIONS .........cccoeiiiii e 237
8.1.3  Surface marker EXPreSSiON ...........euviiiiiiiiiiiiiiiiiiiieiieeeeeeeee e 238
8.14 Mechanisms and treatMeENTS .......coooe i e e e e e e eeeeees 239

8.2  What does this study contribute to the field?.........cccccooeeiii i, 239
8.3 Clinical IMPICALIONS ......ceeeeeeeeeeeee e 240
8.4  StUY SrENGLNS... oo 240
TR T ] (8 1 VA 110 11 = L4 1 TP 241
8.6 FULUIE IrECHIONS ..o 243

S T A O o ] o 1] 0] o 1 P 245

9 REFERENCES .....ooiii ittt ettt e e e e e e e sttt e e e e e e e e s snsbanaeaaaaeeaaann 246

10



Papers published from the work in this thesis:

= 'Dysrequlated neutrophil phenotype and function in hospitalised non-ICU COVID-19
pneumonia’, KBR Belchamber, OS Thein, J Hazeldine, FS Grudzinska, AA Faniyi, MJ
Hughes, AE Jasper, LE Crowley, KP Yip, ST Lugg, E Sapey, D Parekh, David R Thickett, A
Scott; 2022; Cells; PMID: 36139476 (joint 1st author)

11



Conference presentations from the work in this thesis:

'Dysfunctional neutrophil response in COVID-19 infection vary by subtype', 2023, OS Thein,
KBR Belchamber, J Hazeldine, FS Grudzinska, AA Faniyi, MJ Hughes, AE Jasper, LE
Crowley, KP Yip, ST Lugg, E Sapey, D Parekh, DR Thickett, A Scott

Association of Physicians of Great Britain and Ireland Annual Conference, Liverpool, Poster
Presentation (Presenter)

'Dysfunctional neutrophil response in COVID-19 infection vary by subtype', 2023, OS Thein,
KBR Belchamber, J Hazeldine, FS Grudzinska, AA Faniyi, MJ Hughes, AE Jasper, LE
Crowley, KP Yip, ST Lugg, E Sapey, D Parekh, DR Thickett, A Scott

Royal College of Physicians Medicine 2023, London, Poster Presentation (Presenter)

'Prolonged neutrophil dysfunction and phenotype in elderly hospitalised community acquired
pneumonia patients’', AA Faniyi, FS Grudzinska, OS Thein, KBR Belchamber, A Scott, D
Parekh, E Sapey, DR Thickett

British Thoracic Society Winter Meeting 2022, London, Oral Presentation S95

'‘Dysfunctional neutrophil response in COVID-19 infection vary by subtype’, 2022, OS Thein,
KBR Belchamber, J Hazeldine, FS Grudzinska, AA Faniyi, MJ Hughes, AE Jasper, LE
Crowley, KP Yip, ST Lugg, E Sapey, D Parekh, DR Thickett, A Scott

British Thoracic Society Winter Meeting 2022, London, Oral Presentation S94 (Presenter)

'Neutrophils in elderly hospitalised community acquired pneumonia older patients are
immature and migrate inaccurately’, 2022, AA Faniyi, FS Grudzinska, OS Thein, KBR
Belchamber, A Scott, D Parekh, E Sapey, DR Thickett

European Respiratory Society Congress 2022, Barcelona, Oral Presentation 4411
(Presenter)

COVID-19 neutrophils show elevated migration and NETosis, which is reduced by PI3K
inhibition', 2022, KBR Belchamber, OS Thein, J Hazeldine, FS Grudzinska, AA Faniyi, MJ
Hughes, AE Jasper, LE Crowley, KP Yip, ST Lugg, E Sapey, D Parekh, DR Thickett, A Scott
European Respiratory Society Congress 2022, Barcelona, Oral Presentation 3778
(Presenter)

'Elevated NETosis and migration but impaired anti-microbial responses in COVID-19
neutrophils', 2021, OS Thein, KBR Belchamber, J Hazeldine, FS Grudzinska, MJ Hughes,
AE Jasper, LE Crowley, KP Yip, ST Lugg, E Sapey, D Parekh, David R Thickett, A Scott
British Association for Lung Research 2021 Virtual Conference, Virtual, Oral Presentation -
PGR Competition

12



List of Figures

Figure 1.1 Types of neutrophil granules.. ... 29
Figure 1.2 Neutrophil extracellular trap formation (NETOSIS). .....cooovviieiiieiiieeeeeeeeeeeeeeeeeeen 30
Figure 1.3 Neutrophil fUNCLIONS. ........ouiiiii e 32
Figure 1.4 Neutrophil contributions to viral clearance and pathology.............ccccoevvvviieennenn.. 36
Figure 1.5 Phylogenetic tree showing the diversification and relationship of the COVID-19
variants to both each other and the wild-type virus as of December 2023..................... 39
Figure 1.6 Graphical description of the SARS CoV-2 virion, with attachment to ACE2
LSl 0] (] PP 41
Figure 1.7 Summary of changes to neutrophil function in COVID-19 infection..................... 58
Figure 3.1 Neutrophil isolation process, after Percoll® centrifugation................cooeeeeeeeeenn. 72
Figure 3.2 Neutrophil effector function experiment flow cytometry gating strategy. ............. 78
Figure 3.3 Diagrammatic representation of Transwell migration experiment........................ 79
Figure 3.4 Gating strategy for neutrophil surface receptor expression by flow cytometry. ... 86
Figure 3.5 Approach used for statistical analysis for single comparisons in this thesis......... 95
Figure 4.1 Table detailing the introduction of various novel therapies for COVID-19 during
the pandemic until the end of patient recruitment (December 2022). .........ccccccvvvveeeee. 101
Figure 4.2 Isolated neutrophil phagocytosis of labelled S. pneumonia, demonstrated as %
PRAGOCYIOSIS ..o 103
Figure 4.3 Isolated neutrophil phagocytosis of labelled S. pneumonia, demonstrated as
median fluorescent iNtensity (MFI) ......oouuiii i eaeens 105
Figure 4.4 Isolated neutrophil cytoplasmic reactive oxygen species (CROS) production
expressed as median fluorescent intensity (MFI) ..........ooiiiiiiiiiiic e, 107

Figure 4.5 Isolated neutrophil cytoplasmic reactive oxygen species (CROS) production after
S. pneumoniae phagocytosis expressed as fold change in median fluorescent intensity
(ML) e 109

Figure 4.6 Isolated neutrophil nuclear/ mitochondrial reactive oxygen species (n/fmROS)
production expressed as median fluorescent intensity (MFI) ..., 111

Figure 4.7 Isolated neutrophil nuclear/ mitochondrial reactive oxygen species (n/fmROS)
production expressed as fold change in median fluorescent intensity (MFI)................ 112

Figure 4.8 Percentage of labelled S. aureus phagocytosed by isolated neutrophils at 30
minutes comparing ice and 4% (v/v) PFA as method of termination of phagocytosis .. 114

Figure 4.9 Comparison of neutrophil migration through a transwell membrane between fixed

and unfixed SAMPIES. .......cooiiiiiii 115
Figure 4.10 Neutrophil extracellular trap production after stimulation with PMA or vehicle
CONIOL (VC) e 117

Figure 4.11 Viability of neutrophils after 30 minutes incubation with pan PI3K inhibitor..... 118
Figure 4.12 Percentage of neutrophil phagocytosis of labelled S. pneumoniae after

dexamethasone treatMent. ..........oooviiiiiiiii 120
Figure 4.13 Comparison of neutrophil migration through a transwell pore between samples

treated with dexamethasone and IL-8 (Dexamethasone) and IL-8 only (IL-8). ............ 121
Figure 4.14 Neutrophil extracellular trap formation after PMA stimulation, compared between

cells treated with dexamethasone and untreated. ............cccccevvviiiiiiiiii 122
Figure 4.15 Comparison of neutrophil incubation in 5% controlled CO; (5% CO,) and

atmospheric CO; (Atm CO,) throughout the experiment ............ccciiiiii e, 124
Figure 4.16 Comparison of neutrophil migration at atmospheric CO, (Atm CO;) and 5%

(ofo] gl o] | [=To M O{@ N (5 I @ TSR 125

Figure 4.17 Fluorescence (in reference units (RFU)) recorded of neutrophil extracellular trap
production after PMA stimulation in atmospheric CO; (Atm CO) and 5% controlled CO»

(5% CO2) ENVIFONIMENTS ... 126
Figure 4.18 Comparison over time of bacterial fluorescence of phagocytosed S.
PIEUIMONIBE. ..ot e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e aaae s 128


https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429088
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429088
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429091
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429093
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429096
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429096
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429097
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429097
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429098
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429098
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429099
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429099
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429099
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429100
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429100
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429101
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429101
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429103
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429103
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429104
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429104
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429106
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429106
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429107
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429107
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429108
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429108
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429109
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429109
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429110
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429110
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429111
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429111
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429111
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429112
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429112

Figure 6.1 Phagocytosis assays carried out on neutrophils from AMC, COVID-19 and CAP
[ F= T Tod] 0= T £ PO 156
Figure 6.2 Neutrophil migration through a transwell membrane towards CXCL8, compared
between age matched controls (AMC), COVID-19 patients and community acquired

pneumonia (CAP) PALIENLS.. .....coiiieeice e e e e 157
Figure 6.3 NETosis in COVID-19 after stimulation with PMA. ... 159
Figure 6.4 Western blot detection of CitH3 in plasma samples from COVID-19 patients and

age matched CONtrolS (AMC). ...ooiiiiiiiiiiiiiiiie ettt 160
Figure 6.5 Circulating inflammatory markers in COVID-19 as measured by serum ELISA,

................................................................................................................................... 161
Figure 6.6 Serial changes in clinical phenotype for COVID-19 patients followed up at day 3-

5 after FECTUIMENT......iiiiiiiiiiiiiiiiiieeeee ettt 164
Figure 6.7 Neutrophil phagocytosis compared between baseline (Day 1) and follow-up (Day

3-5) of labelled S. PNEUMONIBE .........uuiiiiiiiiiiiii e 165
Figure 6.8 Neutrophil transwell migration and NETosis from COVID-19 patients compared

between baseline (Day 1) and follow-up (Day 3-5).......ccccuuviiiiiiiiiiiiiiiiiiiiiiiiiiieeeeee 166
Figure 6.9 Measured circulating inflammatory mediator expression from lithium-heparin

serum taken at Day 1 compared to Day 3-5 after COVID-19 admission...................... 167
Figure 6.10 Neutrophil effector functions in COVID-19 patients when stratified by in-hospital

[0V ET=T 0 o] 1 = 11 PR 170
Figure 6.11 Circulating inflammatory mediators compared in COVID-19 patients who

survived and died during hospital admiSSION .............uuuuiiiiiiiiiiiiiiiiie 171
Figure 6.12 Neutrophil effector functions in COVID-19 patients when mortality is stratified

USING the 4C SCOTE. ...ccoiiiiiieie e 173
Figure 6.13 Circulating inflammatory mediators in COVID-19 patients stratified by disease

S oA T YA o)A LYol o | - R 174
Figure 6.14 Circulating inflammatory mediators in COVID-19 patients stratified by the

presence of ARDS defined by SpO2/FiO2 CONVEISION .........ceeiieeeiiiiiiiiiiiee e, 175
Figure 6.15 Isolated neutrophil phagocytosis from COVID-19 patients of S. pneumoniae (SP)

o (=T g 1O o110 =SS 178
Figure 6.16 Neutrophil transwell migration towards CXCL8 chemoattractant after 90 minutes

from COVID-19 patientS CXCLS ... 179
Figure 6.17 COVID-19 neutrophils NET release measured in response to PMA stimulation.

................................................................................................................................... 180
Figure 6.18 Neutrophil phagocytosis of S. pneumoniae (SP) after 30 minutes. ................. 181
Figure 6.19 Viability of isolated neutrophils after 30 minutes incubation with treatments prior

to 30 minutes phagocytosis of labelled S. pneumoniae. ..........cccceeeeeeiiiiiiiiiieni e, 181
Figure 6.20 Effect of treatments on neutrophil migration and NETosis on COVID-19 samples

.................................................................................................................................. 182
Flgure 6.21 Summary of changes to cellular function. ............ccccee i, 184
Figure 7.1 Isolated neutrophil phagocytosis of labelled S. pneumonia after 30 minutes

compared between COVID-19 VAriantS...........oiiii i 205
Figure 7.2 Neutrophil migration through a transwell membrane compared between variants

................................................................................................................................... 206
Figure 7.3 NETosis and circulating cfDNA compared between COVID-19 variants............ 207
Figure 7.4 Circulating inflammatory mediators, measured by serum ELISA, compared

between COVID-19 VArANTS ........couuuiiiiii e et e e et e e e e e e eaneenas 209

Figure 7.5 Neutrophil effector functions when stratified by length of stay, split between below
median (<6 days) and above median (26 days) hospital admission for COVID-19

patients with different variant infection. ... 213
Figure 7.6 Differences in neutrophil effector functions from different COVID-19 variant
infections when stratified by time from symptom onset to presentation. ...................... 215

14


https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429113
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429113
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429115
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429116
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429116
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429117
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429117
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429122
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429122
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429123
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429123
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429124
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429124
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429125
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429125
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429126
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429126
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429127
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429127
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429129
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429129
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429130
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429132
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429132
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429134
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429134
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429135
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429135
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429136
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429137
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429137
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429138
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429138
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429138
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429139
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429139

Figure 7.7 Differences in circulating inflammatory mediators from different COVID-19 variant
infections when stratified by time from symptom onset ...........ccccooveeiiiiiiiiiiiie e, 216

Figure 7.8 Differences in neutrophil effector functions from different COVID-19 variant
infections when stratified by 4C in-hospital mortality risk, split 4C score <9 and 29.....218

Figure 7.9 Neutrophil phagocytosis of labelled S. pneumoniae and reactive oxygen species

(ROS) generation compared between omicron COVID-19, AMC and CAP................. 223
Figure 7.10 Neutrophil transwell migration, NETosis after PMA stimulation and serum cfDNA
comparison between omicron COVID-19, AMC and CAP ........ccooviiiiiiiiieeeeen, 224
Figure 7.11 Summary of changes to cellular function. ..., 230

15


https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429140
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429140
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429141
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429141
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429142
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429142
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429143
https://d.docs.live.net/7d5455d7d7dcd1d0/ACF/PhD/Write%20up/Corrections/Thesis%20OS%20THEIN%20Corrections%20clean%202.docx#_Toc168429143

List of Tables

Table 1.1 Table showing the predominant dates for major strains beyond the wild-type virus.

..................................................................................................................................... 40
Table 1.2 Berlin criteria for acute respiratory distress syndrome (ARDS)............ccoeeeeeeeeeenn. 42
Table 1.3 WHO clinical SEVEritY SCaAl. ......cccco oo 46
Table 1.4 4C mortality score with interpretation of in-hospital mortality...................ccooeee. 47

Table 3.1 Inclusion and exclusion criteria for recruitment of admitted COVID-19 patients....67
Table 3.2 Table of prioritisation of isolated neutrophil experiments and number of cells

(1= 0 |1 1110 [P 74
Table 3.3 Lower and upper limits of detection pre-dilution of samples as per manufacturer
datasheets for ELISA KItS USEA. .......uuuuuuuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiasieinsesseesennneseneeseessnennennnee 83

Table 3.4 Antibodies used for surface receptor expression detection by flow cytometry. .....87
Table 3.5 Final concentrations of PI3K inhibitors used in the functional neutrophil

Loy o T= 1101 1T PP PPPPPPPPPPPPPPP 89
Table 3.6 Final concentrations of treatments applied in the functional neutrophil experiments.
..................................................................................................................................... 90
Table 3.7 National Early Warning Score2 (NEWS2) scoring criteria and appropriate response
..................................................................................................................................... 92
Table 3.8 quick Sequential Organ Failure Assessment (QSOFA).........cccceeeeiieeeiiieiiiciee e, 93
Table 3.9 CURB-65 score with parameters and related 30-day mortality risk ...................... 93
Table 3.10 4C score with scoring criteria and breakdown to in-hospital mortality risk groups
AN PEICENTAGE TISK.. «eeviiiiiiiiiiiiiiiiiii ittt et et e e ee e 94
Table 5.1 Recruited patient and AMC demographiCs.........cooooeeeeeiieieeeeeeeeeeeeeeeeen 135
Table 5.2 Recruited COVID-19 and CAP patient biochemical results ...................cooeeeee. 137
Table 5.3 Disease severity scores calculated based on clinical observations and blood tests
(o o] aTCT o g I=To [0 0T £ (o] o T 139
Table 5.4 Table showing demographics and comorbidity data when COVID-19 and CAP
patients are stratified by 4C score <9 and 29. ..............ooviiiiii e, 140
Table 5.5 Table showing biochemical clinical measures and severity scores when COVID-19
and CAP patients are stratified by 4C score <9 and 29. ...........ooevviiiiiiiieviieeiicieee e, 140
Table 5.6 COVID-19 and CAP patient clinical outcome data, with follow up outcomes at 28
days, 3, 6, and 9 months after discharge.. ...........cccccuuiiiiiiiiiiiiii 141
Table 5.7 Recruited COVID-19 and CAP patients split by in-hospital mortality with
AEMOGrapRCS. ... 142
Table 5.8 Recruited COVID-19 and CAP patients split by in-hospital mortality with
biochemical clinical measures and SEVErity SCOIES. ..........veeeiieeeeiiiiiiiicee e eee e, 142

Table 5.9 Table showing demographics and comorbidities of COVID-19 and CAP patients
split by presentation <7 or 27 days (median time from symptom onset to presentation).

................................................................................................................................... 144
Table 5.10 Table showing biochemical clinical measures and severity scoring of COVID-19
and CAP patients split by presentation <7 or 27 days ........c.coevveeiiiiiiine e 144
Table 6.1 Percentage of cells expressing and MFI of isolated neutrophil cell surface markers
as measured DY floOW CYIOMEIIY ... .o e 162
Table 6.2 Median fluorescent intensity (MFI) of isolated neutrophil cell surface markers as
measured by flow cytometry compared between D1 and D3-5...........cccceeviiieeviviiiinnnnnn. 168
Table 6.3 Table of patients recruited for investigation of PI3K inhibition and inhibitor
experimentation collected at the time of enrolment. .............ccccoevviiiiii e, 177
Table 7.1 Demographics from recruited patients for alpha, delta and omicron COVID-19
variants, collected at time Of ENIOIMENT. .....ouiinii e aeen 199
Table 7.2 Biochemical data from recruited patients, collected at time of enrolment for alpha,
delta and omicron COVID-19 PAti€NES. ......ceuuumiiieeeei i 201



Table 7.3 Clinical data from recruited patients, collected at time of enrolment for alpha, delta

and omicron COVID-19 Pati€NLS. .....uuuiiii e e e e 202
Table 7.4 COVID-19 patient clinical outcome data for alpha, delta and omicron COVID-19

[0S 1]=] ] £ USRS 203
Table 7.5 Fold change of omicron COVID-19 surface receptor expression compared to alpha

COVID-10. i 211
Table 7.6 Table showing demographics of vaccinated vs unvaccinated patients. .............. 219
Table 7.7 Table showing biochemical and severity scoring data for vaccinated and

unvaccinated COVID-19 PAIENLS. ......ccoeeeeeeee e 220
Table 7.8 Demographic data for omicron, AMC and CAP with significance shown. ........... 221
Table 7.9 Biochemical data for omicron and CAP patients with significance shown........... 222

Table 7.10 Disease severity scoring and length of stay for omicron and CAP patients. ..... 222

Table 7.11 Circulating inflammatory mediators in omicron COVID-19, AMC and CAP as
MEASUIEd DY ELISA. .. 225

Table 7.12 Fold change of omicron COVID-19 surface receptor expression compared to
AMC of percentage of cells expressing and MFI of isolated neutrophil cell surface
=T =] =SSP 226

17



List of abbreviations

ACE2 Angiotensin converting enzyme 2
AMC Age matched controls

ANOVA Analysis of Variance

ARDS Acute respiratory distress syndrome
BAFF B-cell activating factor

BAME Black, Asian and minority ethnic

BHI Brain Heart Infusion

BMI Body mass index

BSA Bovine serum albumin

CAP Community acquired pneumonia
CD62-L L-selectin

CDC US Centre for Disease Control
cfDNA Cell free DNA

CFS Clinical frailty score

CitH3 Citrullinated histone 3 protein

CO; Carbon dioxide

CoA Certificate of Analysis

COPD Chronic obstructive pulmonary disease
COVID-19 Coronavirus disease 2019

cROS Cytoplasmic reactive oxygen species
CRP C-reactive protein

CXCL CXC-chemokine ligand

CXCR CXC-chemokine receptor

CXR Chest radiograph

DAD Diffuse alveolar damage

DAMP Danger-associated molecular pattern
DMSO Dimethylsulfoxide

DNA Deoxyribonucleic acid

DPP-1 Dipeptidyl peptidase 1

EDTA Ethylenediaminetetraacetic acid
ELISA Enzyme linked immunosorbent assay
fls Filter/sterilised

FACS Fluorescence activated cell-sorting
FcR Fc receptors

FGF-23 Fibroblast growth factor-23

fMLP N-formylmethionine-leucyl-phenylalanine
GCP Good Clinical Practice

GCS Glasgow Coma Score

G-CSF Granulocyte-colony stimulating factor
GDPR General Data Protection Regulation
Gfi-1 Growth factor independent transcription repressor
GFP-SA Green fluorescent protein- Staphylococcus aureus
GM-CSF Granulocyte macrophage- colony stimulating factor
GTP Guanosine-5’-triphosphate

HIV Human immunodeficiency virus

HS Troponin | High sensitivity troponin |

HSE Health and Safety Executive

HSV Herpes simplex virus

ICU Intensive care unit

IL- Interleukin-

IMV Invasive mechanical ventilation

IQOR Interquartile range

18




v Intravenous

LFA1 Lymphocyte function-associated antigen 1
LFTs Lateral flow tests

LoS Length of stay

LPS Lipopolysaccharide

MAPK p38 mitogen-activated protein kinase
MERS-CoV Middle East respiratory syndrome coronavirus
MFI Median fluorescence intensity

MMP Metallomatrix proteinases

MPO Myeloperoxidase

n/m ROS Nuclear/ mitochondrial reactive oxygen species
NADPH Nicotinamide adenine dinucleotide phosphate
NE Neutrophil elastase

NET Neutrophil extracellular trap

NETosis Neutrophil extracellular trap formation
NEWS2 National Early Warning Score 2

NF-kB Nuclear factor kB

NICE National Institute for Health and Care Excellence
NIR Near infra-red

NLR Neutrophil to lymphocyte ratio

NP Nasopharyngeal

NSP Neutrophil serine proteases

ONS UK Office of National Statistics

PAD4 Peptidylarginene deiminase 4

PAMP Pathogen-associated molecular pattern
PBMC Peripheral blood mononuclear cells

PBS Phosphate buffered saline

PCA Principle component analysis

PCR Polymerase chain reaction

PFA Paraformaldehyde

PI3K Phosphoinositide-3-kinase

PIP3 Phosphoinositol 3,4,5-triphosphate

PMA Phorbol 12-myristate 13-acetate

PO Per oral

PR3 Proteinase 3

PRR Pattern recognition receptors

QEHB Queen Elizabeth Hospital Birmingham
qSOFA Quick Sepsis related Organ Failure Assessment Score
REC Research ethics committee

RNA Ribonucleic acid

ROS Reactive oxygen species

RPMI medium Roswell Park Memorial Institute medium

RSV Respiratory syncytial virus

RT-PCR Reverse transcriptase polymerase chain reaction
S. pneumoniae Streptococcus pneumoniae

SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2
SDF-1 Stromal cell-derived factor-1

SEM Standard error of the mean

SIRS Systemic inflammatory response syndrome
SIv Simian immunodeficiency virus

STNFR1 Soluble tumour necrosis factor receptor 1
TBS Tris buffered saline

TLR Toll like receptors

TNF Tumour necrosis factor

uTC Untreated control

19




viv

Volume per volume concentration

VEGF Vascular endothelial growth factor
wiv Weight per volume concentration
WCC White cell count

WHO World Health Organisation

a 1AT Alpha-1 antitrypsin

a2M Alpha-2 macroglobulin

20




CHAPTER 1
INTRODUCTION
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1.1 Background/Lay Summary

Coronavirus disease 2019 (COVID-19) caused by infection with the virus severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) has shaped all areas of daily life since it
was declared a world-wide pandemic by the World Health Organisation in March 2020.
Treatments to help people were quickly investigated at the same time as research into how
the virus affected cells. This was a necessary approach, but for most diseases, treatments
are based on how the disease affects cells. Therefore, the cell research is done well before

any treatments are trialled.

Neutrophils are the most common white blood cell in the blood. They help with inflammation
after an injury or infection, recruiting other white blood cells to the correct location. If they do
not work properly, this can cause more severe infections. COVID-19 can cause too much
inflammation and build-up of fluid in the lung. This is unlike other viral infections. We wanted
to investigate if the virus was affecting the way neutrophils function and adding to the disease.
If so, determining the affected parts of the cell might lead to more treatments, and explain why

some treatments did not work in the way we expected.

Viruses are very simple organisms and can mutate quickly to form new strains. This can mean
treatments that originally worked may not work as well with new strains. The SARS-CoV-2
virus has evolved since the first time it was discovered, and people with COVID-19 display
very different symptoms in subsequent strains compared to 2020. We wanted to see if there

was a difference in the way neutrophils function between strains.
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1.2 Therespiratory immune system

The mammalian respiratory system is a closed end mucosal interface with the external
environment. Despite defences such as nasal hair follicles and the epiglottis, the system is
exposed to several antigens, particles, pollutants and microbes on a regular basis through

inhalation. Some defence is required to prevent damage and infection (Nicod, 2005).

Defence mechanisms range from macro- to microscopic. Macroscopic defences start at the
nasal mucosa, where hair follicles trap larger debris and particulate matter in conjunction with
secreted nasal mucous. Abundant mucosal associated lymphoid tissue lines the mucosa, with
high concentrations of antigen presenting cells to mount appropriate immune responses. The
epiglottis serves to prevent inhalation of food matter into the lungs, and when ineffective can
lead to aspiration of food into the lungs, precipitating infection. Beyond the epiglottis, the muco-
ciliary escalator of the conducting airways acts to further trap particulate matter in mucous
secreted by goblet cells of the pseudostratified epithelium (Kuek and Lee, 2020). Part of this
epithelium are ciliated epithelial cells, which beat in a co-ordinated fashion to move the mucous
towards the epiglottis where it is swallowed and destroyed in hydrochloric acid produced by

the stomach.

Microscopically, immune cells within the non-conducting portion of the respiratory system (e.g.
alveoli) present the mainstay of antigen defence. Resident alveolar macrophages (“dust cells”)
act as antigen presenting cells and contribute to pathogen clearance (Belchamber et al., 2020).
Pathogen recognition through damage-associated molecular pattern (DAMP) and pathogen-
associated molecular pattern (PAMP) receptors lead to release of pro-inflammatory cytokines,
leading to vascular endothelial wall changes necessary for the targeted recruitment of
circulating immune cells such as peripheral blood mononuclear cells and neutrophils.
Neutrophils contribute to immune cell recruitment through release of proteases from
intracellular azurophilic granules, like neutrophil elastase (NE), proteinase 3 (PR3) and
metallomatrix proteinases (MMPS). These enzymes act on substrates such as elastin (Janoff

and Scherer, 1968) and collagen (Kafienah et al., 1998). Breakdown of these proteins allows
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for increased and rapid translocation of immune cells to the site of tissue injury. In order to

contain the immune mediated host tissue damage to the areas of injury, anti-proteinases such

as alpha-1 antitrypsin (a 1AT) and a 2-macroglobulin (a 2M) inhibit proteinase activity.

Resolution of inflammation after clearance of acute injury/ infection is important to prevent
ongoing damage leading to chronic disease. Apoptotic leukocytes including neutrophils must
be cleared by macrophages in a process known as efferocytosis. This phagocytic process
prevents the release of internal cellular compounds which can be toxic and cause a local pro-
inflammatory process in the tissue (Allard et al., 2018). Two distinct phases of inflammatory
resolution have been described. The first involves release of anti-inflammatory cytokines
(interleukin (IL)-4, IL-10) and reduction of nuclear factor kB (NF-kB). Both IL-4 and IL-10 have
been shown to inhibit the cyclooxygenase-2 expression in neutrophils, a key component of
prostanoid synthesis in neutrophils (Niiro et al., 1997). This is followed by a resolution phase,
where further leucocyte recruitment is inhibited (Levy and Serhan, 2014) and release of pro-
resolving mediators (lipoxins, resolvins, protectins and maresins). These actively clear
inflammatory exudates to allow for restoration of normal tissue architecture (Bannenberg and

Serhan, 2010).

The role that neutrophils play in both initiation and resolution of inflammation is a fine balance

between host tissue damage and cessation of these processes. Disruption of the homeostatic

balance can lead to diseases, such as bronchiectasis, asthma, a 1AT deficiency, cystic

fibrosis, pneumonia and sepsis (Jasper et al., 2019, Patel et al., 2018, Crisford et al., 2021,
Bedi et al., 2018, Houston et al., 2013). Many chronic lung conditions are characterised by
pulmonary neutrophilia (Jasper et al., 2019). Dysfunction of neutrophil function can progress
disease and the severity of disease correlates to the degree of dysfunction (Sapey et al., 2011,
Thompson et al.,, 1989). Although neutrophils are involved with the disease process,
progression and severity, it is difficult to determine if dysfunctional neutrophils are the cause

or result of the underlying disease process.
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1.3 Neutrophils
1.3.1 Overview of function

1.3.1.1 Production, release and activation

Neutrophils are the most abundant circulating white blood cell, derived from the common
myeloid progenitor cell. Terminal differentiation to mature neutrophils occurs before release
from the bone marrow, reliant on the expression of specific growth factors such as Growth
factor independent transcription repressor (Gfi-1) (Hock et al., 2003, Karsunky et al., 2002).
Circulating neutrophils, which are terminally differentiated but inactive have an average
lifespan between 5 and 135 hours (Tak et al., 2013, Pillay et al., 2010). Circulating levels of
neutrophils are balanced between a population within the vascular system and a bone marrow
population that can be mobilised when required. Neutrophils are derived from long-term
haematopoietic progenitors which mature to granulocyte-macrophage progenitors. Further
differentiation occurs to immature neutrophils before mature neutrophils are formed, ready for
release into the circulation. During this process, neutrophil nuclei develop a characteristic
multi-lobular shape (‘banding’). It is thought that this morphology allows for rapid migration
and neutrophil extracellular trap production (Manley et al., 2018). Membrane expression of
CXC-chemokine receptor (CXCR)2 induced by CXC-chemokine ligand (CXCL)1 and CXCL2
on bone marrow cells, leads to the release of neutrophils to the circulation (Eash et al., 2010,
Christopher et al., 2009). Expression of CXCR4 induced by CXCL12 acts to retain neutrophils
in the bone marrow (Eash et al., 2010, Hernandez et al., 2003). Maturation of neutrophils
leads to decreased expression of CXCR4 and increased expression of CXCR2 (Suratt et al.,
2004). This leads to their release. As neutrophils approach senescence, the converse
expression of surface receptors occurs, with CXCR4 increasing and CXCR2 decreasing,

leading to these cells being removed from the circulation.

Macrophages and other antigen presenting cells aid recruitment and mobilisation of
neutrophils into the circulation through the production of IL-23, and subsequent IL-17 release

from activated T-helper 17 cells (Ley et al., 2006, Schwarzenberger et al., 2000). IL-17 leads
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to the release of Granulocyte colony stimulating factor (G-CSF), in turn increasing CXCR1 and
CXCL12 expression in the bone marrow (Eash et al., 2010). This skews surface expression
of CXCR2/4 towards CXCR2, leading to neutrophil release. Conversely, at inflammation
resolution macrophage efferocytosis causes reduces IL-23 release and thus downstream
granulocyte-colony stimulating factor (G-CSF) signalling, reducing neutrophil release from the

bone marrow to circulation.

As part of the innate immune system, neutrophils are recruited to sites of injury or infection
rapidly after insult (Dancey et al., 1976). They have several effector functions including
phagocytosis and production and release of neutrophilic extracellular traps (NET)osis
(Kolaczkowska and Kubes, 2013). Pro-inflammatory states such as autoimmune conditions,

malignancy and infections can cause a neutrophilia.

Activation of circulating neutrophils is required for cells to become functional immune cells,
which leads to a shift in state. There are three states described; quiescent, primed and
activated (Sapey and Stockley, 2014). Circulating neutrophils in health exist in the quiescent
phase, with low adherence, low response to antigen signalling and suppressed transcription.

This prevents host-mediated tissue damage (Miralda et al., 2017, Sheppard et al., 2005).

Priming occurs after interaction with pro-inflammatory cytokines, activated endothelial cells or
antigens from infection (e.g. lipopolysaccharide (LPS)). Activated endothelial cells lead to
priming through altered surface receptor expression, as an indication of where infection or
injury has occurred. Surface adhesion molecules such as P-selectin, intracellular adhesion
molecule (ICAM) are upregulated in response to the accumulation of bacterial molecules such
as LPS (Borregaard, 2010, Phillipson and Kubes, 2011). Neutrophils express P-selectin
glycoprotein ligand-1 (PSGL-1) which along with the subsequent activation of intracellular
kinases (e.g. p38 mitogen-activated protein kinase (MAPK)) interacts and tethers the
neutrophil to the vessel wall (Kansas, 1996, Yago et al., 2010, Ley et al., 2007). Cell rolling
across the luminal surface occurs as sheer stress from blood flow leads to sequential
detachment and reattachment of selectin-mediated bonds (Pospieszalska and Ley, 2009,

Yago et al., 2010). Firm attachment is induced though the interaction of B2-integrin interaction
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and lymphocyte function-associated antigen 1 (LFA1) with the endothelial cell surface, leading

to the cessation of rolling (Phillipson et al., 2006, Ley et al., 2007, Mdcsai et al., 2015).

1.3.1.2 Migration

Neutrophils are required to migrate through the vascular endothelium to sites of injury.
Following firm adhesion, Ras signalling leads to guanosine-5’-triphophate (GTP) activation
(Phillipson et al., 2006). This induces actin polymerisation to form a lamellipodium, extending
along the endothelial wall (Goldfinger et al., 2003). Myosin filament contraction at the opposite
end leads to a propulsive movement to the site of transmigration (Van Keymeulen et al., 2006).
At this point, neutrophils migrate between endothelial cells (Woodfin et al., 2009). Progression
through the vessel basement membrane is aided by the release of azurophilic granules
containing serine proteases such as NE, leading to enzymatic breakdown of the basement

membrane matrix (Borregaard, 2010).

Migration to the site of infection beyond the basement membrane is along a chemotactic
gradient to chemokines secreted by the initial response to injury (e.g. CXCL-8, IL-17) or
bacterial components (LPS) (Wang, 2009). As per migration along the endothelial wall, the
combination of actin polymerisation and myosin filament contraction moves the neutrophil

along the chemotactic concentration gradient (Wang, 2009, Ley et al., 2007).

1.3.1.3 Phagocytosis

Engulfment of foreign particles into an intracellular phagosome is part of the bactericidal
functions of the neutrophil. Pattern recognition receptors (PRRs) such as Toll like receptors
(TLRs) respond to foreign bacterial material or opsonic receptors such as Fc receptors (FCRs)
which recognise host-derived molecules, causing downstream signalling to initiate the
phagocytosis process (Kobayashi et al., 2018, Uribe-Querol and Rosales, 2020). Localised
pseudopod formation consequently occurs at the site of the particle, extending until there is

complete engulfment (Uribe-Querol and Rosales, 2020). Internally, fusion of azurophilic
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granules with the phagosome occurs, leading to the release of immune active molecules into
the phagosome lumen. These include myeloperoxidase (MPO) and lactoferrin (Kobayashi et
al.,, 2018, Hager et al.,, 2010). Further antimicrobial activity through the formation of
hypochlorous acid, through the generation of hydrogen peroxide (H.0;) and subsequently
reaction with chloride (CI) ions (Uribe-Querol and Rosales, 2020, Babior, 2004). The creation
of a physiologically highly acidic environment (pH around 6.0) leads to the destruction of the
bacteria, as well as creating the optimal environment for MPO activity (Segal et al., 1981,

Jankowski et al., 2002).

Neutrophils contain an array of granules as part of the antimicrobial response. These can be
subdivided into azurophilic (primary), specific (secondary) and gelatinase (tertiary). The
contents of these granules are shown in Figure 1.1. Azurophilic granules are mobilised once
the neutrophil is activated, leading to fusion with the phagosome and creation of the
phagolysosome, as discussed above. Specific granules are required for adhesion and
migration (Jasper et al., 2019). Activation of azurophilic granules only occur in response to
infection of injury as inappropriate activation and content release can lead to host-tissue
damage and unregulated inflammation e.g. septic shock (Lacy, 2006). There is some
evidence that CD54 (ICAM-1) is involved with supporting reactive oxygen species (ROS)
generation, with murine knockout models demonstrating impaired zymosan particle

phagocytosis (Woodfin et al., 2016)
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Azurophilic

Lysozyme
Neutrophil elastase
Myeloperoxidase
Cathepsin G/ D
Proteinase 3
Alpha-1 antitrypsin

Defensins
Lysozyme
Collagenase

Lactoferrin
B.-microglobulin
NADPH oxidase
Matrix Metalloproteinase (MMP)-9
Cathelicidin

Gelatinase

Gelatinase
Lysozyme
B2-microglobulin
MMP-25/9
Acetyltransferase
Arginase |
Leukolysin

Figure 1.1 Types of neutrophil granules. Granules can be classified into azurophilic, specific,
and gelatinase. Listed matrix proteins are contained within the granules. They are released
to fuse with the phagosome to form the phagolysosome, or to the cell surface membrane for
release to extracellularly. Release is dependent on situation and activation. Adapted from
(Jasper et al., 2019, Vols et al., 2017).

1.3.1.4 NETosis

As an extreme response to severe infection, neutrophils are able to release deoxyribonucleic
acid (DNA) as a web-like structure. This consists of a histone-DNA backbone with attached
enzymes and antimicrobial proteins, known as NETs (Figure 1.2) (Brinkmann et al., 2004).
NETosis is the process in which NETs are generated, and ultimately leads to neutrophil cellular

death. This cell death pathway is separate to apoptosis or necrotic processes.
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Cathepsin G

Peptidoglycan- binding
proteins

Figure 1.2 Neutrophil extracellular trap formation (NETosis). NETs are released to trap
bacteria and pathogenic components to reduce spread. Constituent components, including
several antimicrobial peptides of NETs are shown (Delgado-Rizo et al., 2017). NETosis
represents a non-apoptotic and non-necrotic mode of neutrophil death, adapted from (Jasper
et al., 2019)

The web-like structure of the NETs immobilises bacteria to prevent further spread (Brinkmann
2004). ROS generation can cause NE translocation to the nucleus, leading to chromatin
decondensation (Papayannopoulos et al., 2010). ROS presence then causes the breakdown
of the nuclear membrane, releasing the decondensed chromatin into the cytoplasm prior to
extrusion to the extracellular environment (Delgado-Rizo et al., 2017). Total cell lysis follows.
Whilst NETs function to prevent progression of infection in the host, excessive formation is
associated with host damage processes. The extracellular exposure to DNA can lead to auto-
antibody formation and consequent autoimmune conditions such as systemic lupus
erythematosus and rheumatoid arthritis (Papayannopoulos et al., 2010). NETs have been
implicated in the formation of immunothromboses in the vasculature and formation of
microemboli (Whyte et al., 2020, Zhang et al., 2020b, Middleton et al., 2020). In lung related
inflammatory conditions and infections, blockage of pulmonary capillaries can cause

ventilation-perfusion mismatch. This leads to systemic hypoxia and can be potentially fatal.
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1.3.1.5 Phenotypes

Neutrophils can be characterised or ‘phenotyped’ by a pattern of surface receptor expression.
This phenotype is determined by unique state and function of that cell and can be indicative of

the prevailing position of the neutrophil population in terms of activation and cell death.

In inflammation, there is evidence of hon-segmented (immature) banded nucleus neutrophils
being released from the bone marrow (Seebach et al., 1997). These immature neutrophils
have lower surface expression of CD10 compared to neutrophils with a multi-lobular nucleus
(Orr et al., 2005, Marini et al., 2017), with higher levels of CD10, CD11b and CD15 expression
observed on activated neutrophils (Orr et al., 2005, van Lochem et al., 2004, Ssemaganda et
al., 2014). Immature neutrophils released from the bone marrow have high levels of CD62L
with low CXCR4 expression (Drew et al., 2018). As neutrophils age, the surface expression
of CXCR4 increases with the stromal cell-derived factor-1 (SDF-1) receptor. This leads to
migration to tissues with high SDF-1 expression where apoptosis then occurs (Martin et al.,

2003).

Patients with systemic inflammatory response syndrome (SIRS) have demonstrated an
increased population of CD11c*CD64* neutrophils compare to age matched controls. This
persisted in patients with a diagnosis of sepsis (Patel et al., 2018). Other studies have
suggested that there is upregulation of CD11b and downregulation of CD62L, commonly
associated with cell activation as both these (CD11b as surface integrin and CD62L as L-
selectin endothelial carbohydrate receptor) are involved with neutrophil firm adhesion (Lin et
al., 1993, Rosenbloom et al., 1999, Muller Kobold et al., 2000, Chishti et al., 2004). Surface
expression of CD66b is also a marker of neutrophil endothelial adhesion and activation

(Opasawatchai et al., 2019)
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These dominant phenotypes observed in sepsis, senescence and immaturity are indicative of
disease states, and differ from the surface expression of these molecules on healthy circulating

neutrophils.
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Figure 1.3 Neutrophil functions. 1) Capture: Active patrolling of systemic circulation allows for
detection of host- and pathogen- associated pro-inflammatory signals through interaction with
endothelial cells. 2) Rolling: On recognition of pro-inflammatory signals, neutrophils become
tethered and roll along the endothelial wall in a selectin dependent manner. 3) Firm adhesion:
Activation of integrins leads to firm adhesion. 4) Endothelial junction migration: Neutrophils
undergo cytoskeletal rearrangement to allow for migration through endothelial cell junctions.
5) Migration: interstitial migration occurs due to the chemoattractants released from the site of
injury. Neutrophils migrate down a chemokine gradient towards site of injury 6) Cytokines:
cytokine release has a role in directing and recruitment of further immune cells and the
subsequent response. 7) Phagocytosis: Bacterial clearance occurs through neutrophil
phagocytosis — bacteria are trapped and submitted to antimicrobial peptides and reactive
oxygen species. 8) NETosis: Generation of neutrophil extracellular traps. Here decondensed
chromatin is released into the extracellular space, covered in antimicrobial peptides. 9)
Degranulation: protease release is required for migration through dense extracellular spaces.
10) Apoptosis and clearance: Neutrophil clearance is required for resolution of inflammation;
this occurs in a process known as macrophage efferocytosis. Incomplete clearance and
persisting inflammatory response can lead to unnecessary host-mediated tissue damage.
Figure adapted from (Grudzinska et al., 2020)
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1.3.1.6 Resolution

Activation must be controlled and limited to the site of infection/ injury. Once this has been
resolved, clearance of activated and dead cells must occur to prevent host tissue damage.
Clearance occurs through processes such as efferocytosis by tissue resident macrophages

and dendritic cells (Borregaard, 2010).

In vivo and in health, circulating neutrophils have a half-life of 6-8 hours, and a production rate
of 5x10%° to 10x10%° cells per day (Summers et al., 2010). Activation and translocation to sites
of infection can prolong their lifespan (Robinson et al., 1994). However, bactericidal processes
such as NETosis can lead to this being shortened (Lee et al., 1993). Non-activated neutrophils
undergo apoptosis at the end of their life and are cleared by haematopoietic organs e.g. spleen,

bone-marrow, liver (Sadik et al., 2011).

1.3.2 Neutrophils in disease

1.3.2.1 Bacterial infection

In community acquired pneumonia (CAP) neutrophils and macrophages demonstrate a
stereotyped response (as described in Figure 1.3) in response to chemotactic agents released
at the site of injury. Activated neutrophils in the lung parenchyma demonstrate increased
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activity and increased
proteolytic enzyme release. Together these are likely to be responsible for collateral damage
to the respiratory tissue. In addition to the role in clearance of bacteria, fungi, and yeast
infections there is evidence suggesting that neutrophils have an important role in viral
infections. Firstly, viral infections can impair the host immune response which can allow
additional opportunistic infection from bacteria and fungi through excessive activation and host
tissue damage. Similarly to classic pneumococcal infection, influenza A related inflammation
leads to increased concentrations of CXCL8 both locally and systemically. In turn, this initially

causes neutrophil recruitment and activation (Gotts et al., 2019, Shah and Wunderink, 2017,
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Aulakh, 2018). Higher levels of circulating CXCL8 correlate to increased disease severity
(Hayden et al., 1998). This increase in circulating neutrophils has been shown in mice and
human models post viral infection (Long et al., 2013). Neutrophils play a key role in the
resolution of inflammation (El Kebir and Filep, 2010). Depleting neutrophil populations in a
murine models leads to decreased recovery from severe influenza A infection (Tate et al.,

2011).

In COVID-19 disease changes to neutrophils have been reported including increased
neutrophil counts, neutrophil to lymphocyte ratio (NLR), MPO levels, and circulating NET
markers (Aschenbrenner et al., 2021, Schulte-Schrepping et al., 2020, Meizlish et al., 2021,

Vitte et al., 2020, Wilk et al., 2020).

1.3.2.2 Viral infection

As part of the innate immune system, neutrophils play a key role in the initial response to viral
infection. There is evidence of recruitment to the site of other viral infection in the fashion
described above, such as cutaneous varicella zoster, cerebrospinal fluid in viral meningitis and
after influenza and respiratory syncytial virus (RSV) infection (Shackelford and Feigin, 1973,
Ratcliffe et al., 1988, Perrone et al., 2008). The volume of neutrophil recruitment appears to
correlate to the severity of infection in influenza (Perrone et al.,, 2008, Tate et al., 2011).
Neutrophil depletion studies using anti-Gr-1 monoclonal antibodies in influenza A H3N2
challenge leads to increased disease severity (Tumpey et al., 2005). There is further evidence

of increased influenza replication and spread when neutrophils are depleted (Tate et al., 2009).

Prolongation of neutrophil lifespan demonstrates a degree of activation; delayed apoptosis has
been shown in RSV infection through phosphoinositide-3-kinase (PI3K) and NF-kB pathway
activation. Systemic cytokines such as tumour necrosis factor (TNF)-a and G-CSF can prolong

survival as well as act as chemoattractants (Basu et al., 2002).

It is thought that neutrophils have multiple roles in viral infections, from immune cell recruitment

to engulfment of viral particles as shown in Figure 1.4 (Amulic et al., 2012). Phagocytosis of
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herpes simplex virus (HSV) virions and infected fibroblasts by electron microscopy has been
observed (Van Strijp et al., 1989). Blockade of phagocytosis using Annexin V increased
mortality in a mouse model of influenza A infection (Watanabe et al., 2005). The components
of neutrophil granules such as defensins and cathelicidin (LL-37) are able to neutralise viral
infections through disruption of glycoproteins (Hazrati et al., 2006, Howell et al., 2004, Tripathi
et al., 2014, Currie et al., 2016). Unregulated release may cause host-tissue damage and
viral-associated lung injury, through both degranulation and pro-inflammatory cytokine release
(Okrent et al., 1990, Tjabringa et al., 2005). Neutrophil ROS production can lead to viral DNA
damage and infection with viruses such as influenza, RSV and rhinovirus have been shown to
increase ROS production (Peterhans, 1997). Viral antigens are strong triggers of the pattern
recognition receptors (PRRs) such as TLR3, TLR7 and TLR8. These TLRs are involved in the
recognition of foreign nucleic acids within endosomes, including single stranded RNA (TLR7)
and double stranded RNA (TLR3). In conjunction with a systemic increase in platelet
production and activation, this can trigger NETosis (Lisman, 2018). Excessive NETosis is
associated with increased inflammation leading to damage to tissue structure (Narasaraju et

al., 2011, Narayana Moorthy et al., 2013).
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Figure 1.4 Neutrophil contributions to viral clearance and pathology. 1. Virus internalisation
through phagocytosis and trapping in neutrophil extracellular traps (NETs). Neutrophils can
contribute to host protection through destruction via reactive oxygen species (ROS) and
enzyme release, but some viruses use neutrophils as a vessel for replication. 2. Attachment
to surface receptors can lead to transport to sites of replication as neutrophils migrate. 3.
Neutrophils interact with the adaptive immune system via chemokine signalling to activate host
responses. 4. Neutrophils are recruited to sites of infection or injury as part of the innate
immune system response. Adapted from (Naumenko et al., 2018).

The interaction between neutrophils and the adaptive immune system is also a key process in
response to viral infection. Neutrophils are able to migrate to peripheral lymph nodes and act
as antigen-presenting cells triggering a CD8+ T-cell response through the expression of major
histocompatibility complex class Il (MHC/ HLA-DR) (Yang et al., 2010, Beauvillain et al., 2011,
Hufford et al., 2012),. This process may represent a form of viral pathogenicity in certain
infections such as human immunodeficiency virus (HIV), where the combination of
phagocytosis and migration to lymphoid tissue allows for transportation to susceptible cells
(Schonrich and Raftery, 2016). This exploitative viral pathogenicity is less relevant in
respiratory infections, but viral particles have been found in the neutrophils in the spleen,

intestine and placenta (Pan et al., 2013).
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1.4 COVID-19

1.4.1 Epidemiology

Coronavirus disease 2019 (COVID-19) caused by the severe acute respiratory syndrome
coronavirus 2 (SARS-COV-2) was first reported in December 2019. The first case outside of
Wuhan, China was confirmed in Thailand on 14" January 2020. On 29" January 2020, two
people from the same family tested positive for COVID-19 in York, UK. On 11" March 2020,
the World Health Organisation declared a global pandemic. From then, global transport was

shut down to limit the spread and number of cases overwhelming healthcare systems.

1.4.2 Viral pathology and natural history

Coronaviruses from the family Coronaviridae commonly cause upper respiratory tract
infections in humans and animals. Three significant zoonotic Coronaviridae have transferred
from animal reservoirs to cause human disease; severe acute respiratory syndrome
coronavirus (SARS-CoV), Middle East respiratory syndrome coronavirus (MERS-CoV) and
SARS-CoV-2. Each of these can cause an acute respiratory distress syndrome (ARDS) and

acute pneumonitis.

SARS-CoV-2 is an enveloped virus of the beta Coronaviridae subgroup, containing positive-
sense, single stranded RNA coding for 29 proteins. The SARS-CoV-2 virus is transmitted via
respiratory droplets, with the majority of infected people presenting with mild symptoms or
being asymptomatic following a mean incubation period of 5-6 days (Van Doremalen et al.,
2020, Cevik et al., 2020). Asymptomatic individuals can still transmit the virus. Those patients

who develop severe symptoms can potentially develop respiratory failure and death.

Following viral entry, an innate immune response is triggered by activation of TLRs leading to
the formation of an inflammasome and the subsequent maturation of and release of IL-13 and
IL-18 (Park and Iwasaki, 2020). In addition, production of IL-6, IL-10, IL-17, myeloid
differentiation primary response 88 (MyD88) and TNFa are triggered through distinct TLR
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subsets (Manik and Singh, 2022). The activation of MyD88 leads to initiation of NF-kB and
thus production of interferons (IFN) (Hartenian et al., 2020). IFN signalling is an important
pathway of defence, eventually leading to the expression of MHC class |, facilitating CD8 T
cell cellular clearance. Antibody production through a CD4 T cells and B-cell mediated
response is important to prevent disease progression, and antibodies persist for around 6
months after vaccination and 12 months after infection (Kim et al., 2022, Qi et al., 2022, Sette
and Crotty, 2021). The surface spike glycoprotein of SARS-CoV-2 determines host-virion
interaction. It is formed of the S1 subunit, which binds to the angiotensin converting enzyme
2 (ACEZ2) receptor and the S2 subunit, involved in membrane fusion (Zhou et al., 2020). Once
binding has occurred, spike protein cleavage occurs, mediated by TMPRSS2, a
transmembrane serine protease. Cleavage triggers the S2 subunit to fuse host and viral cell
membranes, releasing positive sense viral ribonucleic acid (RNA) into the host cell (Barnes et
al., 2020). There is some evidence that host-viral fusion may occur through spike protein
cleavage mediated by surface cathepsins, but it is unlikely this is the primary mode of entry in

epithelial cells (Beumer et al., 2021, Lamers et al., 2021).

Viral protein replication occurs in modified endoplasmic reticulum from the positive sense
SARS-CoV-2 RNA (Ogando et al., 2020). Transcribed double stranded RNA intermediates
are shielded from cytoplasmic immune responses through PRRs by the modified endoplasmic
reticulum forming a bubble-like structure. The cytoplasmic PRR MDAS5 responds to long
strands of double stranded DNA, triggering an internal cascade leading to production of type |
and Il IFNs. Interferon signalling causes chemokine release through further extracellular
signalling cascades, leading to innate immune cell recruitment and inflammation. Cytokine
production causes a B- and T-cell response and further host-tissue damage through the
inflammatory response. Dissemination of the infection into the lower respiratory tract can
impair gaseous exchange and lead to respiratory failure. There is evidence of SARS-CoV-2
primarily infecting type 2 pneumocytes (Katsura et al., 2020, Salahudeen et al., 2020).

Damage to the lower respiratory tract prevents appropriate surfactant secretion and reduce
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the regenerative capability of the lung tissue as type 2 pneumocytes are the progenitors for

type 1 pneumocytes.

1.4.3 Evolution

Coronaviruses mutate frequently, and since the identification of the wild-type virus, there have
been several strains identified. Figure 1.5 shows the diversification from the wild-type virus as

a phylogenetic tree up to the time of writing this thesis.
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Figure 1.5 Phylogenetic tree showing the diversification and relationship of the COVID-19
variants to both each other and the wild-type virus as of December 2023. Variants of interest
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and related to infections in the United Kingdom include Alpha (B.1.1.7), Delta (B.1.617.2),
Omicron (B1.1.529 - BA.1, BA.2, BA.3) Source: (NextStrain, 2023)

As shown in Figure 1.5, there have been three waves of COVID-19 infection in the UK causing
an increase in either cases or deaths. There will have been more variants but have not
routinely been tested for in the UK since the reduction of severe cases and mortality. These
correspond to predominant strains of Alpha, Delta and Omicron COVID-19. The trend
demonstrates increased case numbers with a proportional reduction in deaths. This may be
explained for two different reasons: 1) availability and use of lateral flow tests (LFTs) by the
general public to record cases; 2) increased transmissibility with decreased severity of evolving
strains. The first reason is the main reason for the discrepancy seen in the alpha deaths vs
recorded cases as described above. Lateral flow testing (LFT) and routine hospital testing for
all patients was established and thus testing availability is unlikely to be a factor in the mortality

changes between Delta and Omicron variants.

The UK Office of National Statistics (ONS) reported a lower risk of death of 67% after Omicron
infection relative to Delta (Statistics, 2022). Table 1.1 shows the rates of cases to deaths
during each wave and the corresponding dominant strain, relevant to the timing of samples

collected for this body of work.

Date Predominant strain Cases Deaths Case: Death | ICU admission/
100000 cases

January Alpha (B.1.1.7) 700,000 12,300 56.01 0.96
2021

September  Delta (B.1617.2) 600,000 9,500 63.16
2021

April Omicron (B1.1.529) 1,500,000 4,095 355.30
2022

Table 1.1 Table showing the predominant dates for major strains beyond the wild-type virus.
Reported cases to the nearest 100,000 are shown with deaths, case to death ratio and the
number of intensive care unit (ICU) admissions. Cases reported for alpha infections are likely
to be inaccurate due to the limited availability of lateral flow tests to the general public.
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The US Centre for Disease Control (CDC) reported double the spread of Delta variant
compared with Alpha (CDC, 2021). In the UK, the risk of hospitalisation was double that of
Alpha variant infection with more rapid spread through schools (Torjesen, 2021). Rapid
transmission leads to increased replication and the likelihood of further mutations conferring

viral penetration.

RNA viruses are more susceptible to mutations due to the lack of genetic repair and

proofreading activity (Fitzsimmons et al., 2018, Duffy, 2018).

Mutations affecting the transmissibility and pathogenicity of the virus occur in the surface spike
protein. The two components of the spike protein S1 and S2 are involved with the binding and
internalisation of the virus respectively, as shown in Figure 1.6 (Huang et al., 2020). Mutations
in the spike protein are responsible for the increased transmissibility observed in the Delta
variant compared to Alpha. The L452R spike protein mutation (arginine- leucine substitution),

leads to increased binding affinity to ACE2 (Starr et al., 2021).

ACE2 TMPRSS2

Figure 1.6 Graphical description of the SARS CoV-2 virion, with attachment to ACE2
receptor. Following binding, cleavage of the S protein occurs at the S1/S2 interface. This is
facilitated by TMPRSS2. Cleavage activates the S2 domain for fusion with the cell
membrane. Lipid bilayers fuse and viral positive-sense, single-stranded RNA is deposited
into the cell. Viral replication leads to the production of double stranded RNA.
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1.4.4 Clinical considerations

Transfer of SARS-CoV-2 between humans is via aerosol spread, with a median incubation
time of four to five days before presentation with symptoms (Guan et al., 2020). Following
symptoms, severe illness related to hypoxia begins one week later, which can progress to
respiratory failure in patients that develop ARDS. ARDS is classically defined by the Berlin
Criteria, see Table 1.2. Characteristic pulmonary inflammation and vascular leak causes

hypoxia and stereotypical radiological changes.

Timing Within 1 week of known clinical insult or worsening
respiratory symptoms

Radiology Bilateral opacities — not fully explained by pleural effusions,
lung or lobar collapse or nodular changes

Origin of oedema Respiratory failure not fully explained by cardiac failure,
fluid overload

Oxygenation Mild 200mmHg < PaO,/FiO, < 300mmHg with PEEP/CPAP
=5cm H,0O

Moderate | 100mmHg < PaO.,/Fi0O, < 200mmHg with PEEP = 5cmH,0
Severe PaO,/FiO, £ 100mmHg with PEEP = 5c¢cmH,0

Table 1.2 Berlin criteria for acute respiratory distress syndrome (ARDS). Conversion of
PaO,/FiO; ratio to SpO2/FiO; ratio has been calculated for equivalency. 200mmHg PaO./FiO,
= 235mmHg SpO2/FiO,; 300mmHg PaO2/FiO, = 315mmHg SpO./FiO: (Rice et al., 2007).

1.4.4.1 Acute Respiratory Distress Syndrome (ARDS)

Histologically, patients with ARDS demonstrate a pattern of changes described as diffuse
alveolar damage (DAD) (Katzenstein et al., 1976). This term describes “endothelial and
alveolar lining cell injury which leads to fluid and cellular exudation and in some cases
progression to extensive interstitial fibrosis. Some patients progress to a further fibrosis of the
alveoli. Early post-mortem sampling of patients with COVID-19 demonstrated DAD (Carsana
et al., 2020, Menter et al., 2020). Hyaline membrane formation and fibrin thrombus formation

occurs here as there is disruption to the homeostasis of the coagulation cascade. Increased
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activation and prevention of fibrinolysis leads the formation of hyaline membranes, helping to
prevent the alveolus from further oedema, but consequently leading to impaired gaseous
exchange. Similarly, there is an increase in formation of fibrin thrombi; immunothrombotic
disease is a key feature of severe COVID-19 disease (Vorobjeva and Chernyak, 2020,

Hazeldine et al., 2014, Zuo et al., 2021).

It is not clear what triggers the disruption of the coagulation cascade. However, damage to
the endothelium leads to release of tissue factor to the extracellular space. This triggers both
the intrinsic and extrinsic coagulation pathway (Owens and Mackman, 2010, Kenawy et al.,
2015). NETs can directly activate factor Xll (Skendros et al., 2020b). It has been shown that
in severe COVID-19, neutrophils release NETs covered with tissue factor, a potent activator
of the clotting cascade (Skendros et al., 2020b). In addition, NET accumulation can lead to
platelet recruitment, which in turn can cause further NET release. This cascading process can
help establish clot formation in areas of tissue injury. Georg et al demonstrated that CD16+/+
T cells can increase endothelial damage in COVID 19 (Georg et al., 2022). This T cell
population released chemoattractants IL-8 and CCL2, furthering damage and clot formation
through recruitment of innate immune cells. The overall systemic inflammatory state of
patients with COVID-19 also contributes to immunothrombosis, with raised IL6 correlated with

poor outcomes (Del Valle et al., 2020, Galvan-Roman et al., 2021).

Release of proinflammatory cytokines such as IL-1, IL-6, IL-8, TNF-a lead to systemic
inflammation and subsequent production of downstream effector molecules. This includes C-
reactive protein, ferritin and d-dimer. Many of these molecules are routinely measured as part
of clinical practice and are markers of systemic inflammation, rather than being specific for
pulmonary disease. High admission serum IL-6, IL-8, and TNF-a were correlated to predict

patient survival (Del Valle et al., 2020).

ARDS has a mortality rate of up to 40% (Pham and Rubenfeld, 2017, Sigurdsson et al., 2013).
Infiltration of neutrophils into the lung parenchyma is classically seen in acute respiratory
distress syndrome. As with infective causes of inflammation, neutrophil activation leads to

release of cytokines, proteases, and NETs. Excess neutrophil enzyme activity and oxidative
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activity contributes to the damage to the respiratory tissues characterised in ARDS. As
expected, decreased neutrophil recruitment decreases the production of cytotoxic mediators,
compared to the increased tissue damage seen with increased neutrophil counts (Chen et al.,
2018a, Baudii et al., 2016). However, neutropenia in both human and animal studies has led
to poorer outcomes in ARDS (Yacoub et al.,, 2014, Mokart et al., 2012). This suggests
dysfunctional or inappropriately cleared neutrophils are responsible in disease propagation
and the requirement of an adequate neutrophil response to aid viral and inflammatory
resolution. Programmed death ligand-1 (PD-L1) may play a role in the neutrophil contribution
to lung injury in ARDS. In vivo and in vitro PD-L1 blockade reduced NET release and reduced

autophagy through PI3K signalling (Zhu et al., 2022).

Comparisons between COVID-19 patients with ARDS compared to those with non-infectious
ARDS demonstrated differences in the minute ventilation and higher ventilatory dead space
fraction observed in COVID-19. Additionally, COVID-19 ARDS patients were intubated for a
longer period. Microscopically, microthrombi were more prevalent in COVID-19 ARDS,
suggesting a significantly different enough disease to further investigate and treat this as a
separate clinical entity (Auriemma et al., 2020, Yatim et al., 2021, Bain et al., 2021, Sinha et
al., 2020). Systemic manifestations of COVID-19 disease include thromboembolic events,
arrhythmias, acute kidney injury, hepatic injury and shock. There is evidence of SARS-CoV-2
presence in extrapulmonary organs, but severe disease manifestations may be caused by
distant viral-host interactions rather than local effects of SARS-CoV-2 replication (Lindner et

al., 2020, Bhatnagar et al., 2021, Puelles et al., 2020).

From an early point in the global pandemic, correlating disease severity and outcomes (e.g.
mortality) to routine clinical measures was of paramount importance. The ability to determine
which patients may require increased levels of care and respiratory support would allow for
healthcare systems to triage and plan. Demographic distinctions such as age, obesity, and
gender (male) were established as higher risk of developing severe disease along with

comorbidities affecting all major organ systems.
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1.4.4.2 Scoring systems

Scoring systems used in COVID-19 can be broadly classed into one of two categories: 1) those
used to describe the severity of disease; 2) those used to predict mortality, progression or

outcome of patients with COVID-19.

The World Health Organisation (WHO) clinical progression scale was widely adopted to
classify disease severity, shown in Table 1.3. The 4C score was developed during the
pandemic to predict patient mortality based on history, admission observations and

biochemical measures (Table 1.4).
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Patient State Descriptor Score

Uninfected Uninfected; no viral RNA detected ]

Ambulatory mild disease Asymptomatic; viral RMA detected 1
Symptomatic; independent p
Symptomatic; assistance reguired 3

Hospitalised: moderate disease Hospitalised; no oxygen therapy® 4
Hospitalised; oxygen by mask or nasal 5
cannulae

Hospitalised: severe disease Hospitalised; oxyzen by NIV or high flow &
Intubation and mechanical ventilation, 7

p02/Fi02 >=150 or Sp02/Fi02 >=200

Mechanical ventilation pO2/Fi02 =150 or 8
Sp02/Fi02 =200 or vasopressor support
required

Mechanical ventilation pO2,/Fi02 <150 or g
Sp02/Fi02 =200 and vasopressor/
dialysis or ECMO support reguired

Dead Dead 10

Table 1.3 WHO clinical severity scale. * If hospitalised for oxygen only then patients are
recorded as for an ambulatory patient only. Adapted from WHO clinical severity scale
(WHO, 2020)



\Variable Points
Age (years) <50 0
50-59 2
60-69 4
70-79 6
=80 7
Sex at birth Female 0
Male 1 . In-hospital
Number of comorbidities 0 0 SR Risk mortality
1 1 0-3 Low 1.2-1.7%
: : 22 2 4-8 Intermediate| 9.1-9.9%
Respiratory rate (breaths/min <20 0 9-14 High 31.4-34.9%
20-29 1 , T ar o0
>30 > 215 Very high | 61.5-66.2%
Peripheral oxygen saturation on =92% 0
room air <92% 2
Glasgow Coma Scale 15 0
<15 2
Serum urea (mmol/L) >7 to <14 mmol/L 1
>14 mmol/L 2
C-reactive protein <50 mg/L 0
50-99 mg/L 1
= 100mg/L 2

Table 1.4 4C mortality score with interpretation of in-hospital mortality. Co-morbidities include
chronic cardiac disease, chronic respiratory disease (excluding asthma), chronic renal disease
(estimated glomerular filtration rate <30 mL/min), mild to severe liver disease, chronic
neurological conditions (including dementia), connective tissue disease, diabetes mellitus, HIV
or AIDS and malignancy (Gupta et al., 2021).

Clinical severity scores are used in a multitude of diseases to help stratify patient care. These
are validated over several patient cohorts to determine the highest sensitivity and specificity.
National Early Warning Score 2 (NEWSZ2) is routinely used to identify in-patients at risk of
deterioration. However, it is non-specific and is not able to identify those patients who are at
risk of deteriorating on admission. Similarly, evidence and testing of established scores of
respiratory disease e.g. CURB-65 in community acquired pneumonia (CAP) demonstrates
poor correlation with disease outcomes (Ahmed et al., 2022). These scores were also used in
the early days of the pandemic to predict the risk of deterioration, resource requirement and

outcomes.
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1.4.5 Evolving therapies and vaccines

Therapy for COVID-19 evolved with the understanding of the virus. Platform trials such as
RECOVERY and REMAP-CAP (Abani et al., 2021, Anthony Gordon, 2021), provided
healthcare professionals with the evidence base treat patients more effectively with COVID-
19. Since the beginning of the pandemic to current practice, there are several therapeutics
which have been shown to improve patient outcomes. These are approved by the National
Institute for Health and Care Excellence (NICE) for treating patients with COVID-19, dependent
on severity of disease. Treatments discussed as part of this thesis relate to those available at

the time of patient recruitment.

The first drugs with proven improvement in outcomes were corticosteroids. Patients on
dexamethasone with severe COVID-19 mechanically ventilated or on supplemental oxygen
showed lower 28-day mortality compared to those not treated with dexamethasone or
hydrocortisone in severe disease (Group, 2021, Anthony Gordon, 2021). There was no
significant difference between treated and untreated if patients were not requiring respiratory

support.

Remdesivir was investigated in its role as a broad-spectrum antiviral agent. Addition to
COVID-19 treatment initially showed a reduced recovery time in patients with mild to moderate
COVID-19 (Beigel et al., 2020). However, further trials demonstrated that there was little to
no effect on mortality, initiation of mechanical ventilation or length of admission (Zhang and

Mylonakis, 2021).

Anti-IL-6 agents Tocilizumab and Sarilumab which were previously used in rheumatological
disease have been approved for the treatment of COVID-19. Tocilizumab is licenced by NICE
in COVID-19 for the treatment of those patients on systemic corticosteroids or on supplemental
oxygen treatment. The REMAP-CAP trial demonstrated increased survival and the number of
organ support-free days in those on an IL-6 inhibitor compared to control in severe COVID-19

(Anthony Gordon, 2021, Abani et al.,, 2021). The RECOVERY trial demonstrated similar
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improvements in patient survival in patients with hypoxia and systemic inflammation (CRP =75
mg/L) (Abani et al., 2021). One randomised control trial (COVACTA) of Tocilizumab did not
demonstrate significant improvement in patient outcomes such as mortality or intubation rates
compared to placebo (Rosas et al.,, 2021). Sarilumab as a treatment for COVID-19 did not
show significant clinical benefit in terms of clinical course or mortality outcomes for those

patients not admitted to critical care (Lescure et al., 2021).

After the completion of this work there have been subsequent therapies which have also shown
benefit in patients with severe COVID-19 including baricitinib, an inhibitor of janus kinase
(JAK), an intracellular enzyme of tyrosine-protein kinase family, which modulates signals from
cytokines and growth factor receptors (Manoharan and Ying, 2022). Paxlovid (nirmatrelvir/
ritonavir) remains as part of recommendation for reducing hospital admission in COVID-19

patients with moderate to high risk of deterioration (Agarwal et al., 2020).

1.4.6 Vaccines

Vaccination as a treatment for COVID-19 was rapidly developed in response to the pandemic,
in an attempt to prevent transmission, protect vulnerable patients and reduce the likelihood of
further waves requiring national lockdown. However, rapid mutations in the viral proteins used
to generate antibody responses after vaccination have the potential to cause decreased
efficacy in vaccine protection. There is evidence of different vaccine efficacy against evolving
COVID-19 strains. A single dose of the BNT162b2 (Pfizer BioNTech) or ChAdOx1 nCoV-19
had similar efficacy against alpha (48.7%) and delta (30.7%) infection (Bernal et al., 2021).
Two doses of BNT162b2 conveyed 93.7% efficacy against alpha and 88% efficacy against
delta, whilst two doses of ChAdOx1 nCoV-19 conveyed 74.5% efficacy against alpha and 67%
efficacy against delta (Bernal et al., 2021). Similar results have been obtained from
international studies (Abu-Raddad et al., 2021). This suggests evolution and different

behaviours of the virus with the host-immune system.
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In terms of systemic infection and COVID-19, there is a subset of patients who do not mount
an effective antibody response. This would explain why viral titres of patients with
breakthrough infections are similar to those who have not been vaccinated (Argyropoulos et

al., 2020).

The innate immune system continues to play an important role in the body’s response to
infection after vaccination. A study depleting neutrophils during vaccination demonstrated that
even after a period of recovery, mice had lower survival rates after infection challenge (Tchalla
et al, 2020). B-cells challenged with replication-competent adenovirus-simian
immunodeficiency virus (SIV) recombinants showed improved responses in terms of antibody
generation and class switching when co-cultured with neutrophils from vaccinated rhesus
macaques compared to vaccine naive (Musich et al., 2018a). Post vaccination, neutrophils
are recruited to the vaccination site where there is increased B-cell activating factor (BAFF)
expression in these cells, leading to B-cell recruitment (Wang et al., 2022). Post vaccination,
the role of neutrophils in interfacing with the adaptive immune system has a clear shift, but
there is no evidence indicating innate neutrophil effector functions are altered by the

vaccination.

Uptake in COVID-19 vaccinations in the UK shows that a total of 110.87 million initial protocol
doses have been administered in the UK, with a further 40.37 million booster doses (total
151.25 million COVID-19 vaccinations administered as of 4" September 2022), this represents
50.76 million people completing the recommended COVID-19 vaccine protocol

(OurWorldInData, 2022).

1.5 Neutrophils in COVID-19

The role of neutrophils in COVID-19 inflammatory states began to be investigated from the
onset of the pandemic. Their role in acute lung injury including acute respiratory distress
syndrome and other respiratory inflammatory pathologies suggests that a dysfunctional
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neutrophil response may play a key role in both perpetuation and initial injury (Galani and
Andreakos, 2015, Grudzinska et al., 2020, Patel et al., 2018, Juss et al., 2016b). Initial focus
of research centred on the production of NETs and the role this may play in COVID-19. This
may be in part due to NET associated with immunothrombosis, with COVID-19 patients
demonstrating a higher rate of thrombotic events compared to non-COVID-19 hospitalised

patients (Hazeldine et al., 2014, Vorobjeva and Chernyak, 2020).

More clinically, the importance of neutrophils was established early in the pandemic, with an
elevated NLR identified as a marker for severe COVID-19 infection (Yang et al., 2020,
Kerboua, 2021, Citu et al., 2022). This is reflected in the current neutrophil studies published.
Masso-Silva et al. and Morrissey et al. demonstrated a higher NLR compared to controls and
Leppkes showed a higher NLR in more severe disease (Masso-Silva et al., 2021, Morrissey et
al., 2021, Leppkes et al., 2020). However, it is unclear if neutrophils are in themselves drivers
of disease progression or implicated due to their inappropriate clearance in COVID-19 is yet

to be discerned.

1.5.1 Patient populations

Itis important to consider the populations that were studied as part of understanding the clinical
phenotype of infected COVID-19 patients. Research initially was focussed on the most unwell
patients; those admitted to intensive care units. Whilst these patients had the highest clinical
risk of deterioration, the majority of hospitalisations secondary to COVID-19 consisted of
patients who were cared for on normal in-patient hospital wards (level 1 care). This was due
to either being deemed not suitable for advanced organ support or escalation to invasive
mechanical ventilation not being indicated clinically (on the grounds of co-morbidities, frailty
and futility). Indeed, even clinical treatments varied between treatment centres and countries,
meaning patients were admitted to ICUs with different clinical needs. Most studies combined

patients on invasive mechanical ventilation (IMV) although this did not correlate to admission
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to ICU. Middleton et al. reported 50% of patients on ICU requiring IMV whilst Zuo et al 32%
(Zuo et al., 2020, Middleton et al., 2020). Zuo et al. separated patients based on requirement
of IMV support as severe disease, whilst Busch et al. classified severe patients as requiring
supplemental oxygen deliver via face mask or IMV (Busch et al., 2020). There is not enough
data published in demographics tables of these studies to calculate a retrospective 4C score,

validated for in-hospital mortality secondary to COVID-19.

During the pandemic, the treatment landscape of COVID-19 was rapidly evolving, with new
drugs being tested in multi-national platform trials. Several of these drugs were repurposed
anti-inflammatory treatments e.g. Dexamethasone /Tocilizumab (Abani et al., 2021). These
affect systemic biomarkers of inflammation, of which many form key parts of inflammatory
signalling cascades e.g. IL-6. Some studies combined the results of patients given these novel
treatments with treatment naive (Masso-Silva et al., 2021, Zuo et al., 2020). Longitudinal follow
up in studies did not document if patients received novel treatments after initial recruitment,

which may have biased results.

Circulating levels of all degranulated granulocytes have been reported to be higher in COVID-
19 infection, as evidenced by CD63+ surface marker in neutrophils, eosinophils and basophil
populations (Borella et al., 2022). This was also seen in the ICU patients studied by Loyer et
al. which demonstrated higher levels of neutrophil granule derived proteins such as NE and

LTB4 (Loyer et al., 2022). Degranulation is a key effector function of neutrophils.

1.5.2 Effector function alteration

1.5.2.1 Phagocytosis

Phagocytic dysfunction can lead to impaired responses and more severe bacterial infections.
Bacterial infection following COVID-19 has been associated with increased severity of lung
disease and poorer outcomes (Feldman and Anderson, 2021, Buehler et al., 2021). Although
a cohort of severe ICU COVID-19 disease neutrophils were demonstrated to have increased
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phagocytosis to labelled bioparticles compared to controls and, the poor clinical outcomes
were thought to be due to increased neutrophil host-tissue damage rather than directed to
bacterial infection (Masso-Silva et al., 2021). In a pHrodo Staphylococcus model, a subset of
predominant neutrophils in severe COVID-19 patients had increased phagocytic capacity
compared to healthy controls (Morrissey et al., 2021). Investigation into bacterial proliferation
using a green fluorescent protein- Staphylococcus aureus (GFP-SA) model measuring lag time
to exponential growth demonstrated that neutrophils from COVID-19 were less efficient at
reducing the lag time compared to healthy controls (Nomani et al., 2021). This led to increased
bacterial growth with COVID-19 neutrophils. The increased phagocytic activity combined with
increased bacterial growth suggests these activated neutrophils are not reaching the site of

infection or are unable to function properly if migration is successful.

Decreased ROS production in COVID neutrophils was reported in a cohort of ICU patients
compared to healthy controls and CAP patients. Neutrophils primed with TNFa or TLR4
agonists were exposed to bacterial peptide N-formylmethionine-leucyl-phenylalanine (fMLP)
and there was significantly lower ROS production (Loyer et al., 2022). Decreased nuclear
mitochondrial ROS (n/mROS) production was reported in the non-ICU cohort of patients. This
has been predominantly associated with differentiation and migration, as opposed to
phagocytic capacity, classically related to cytoplasmic ROS. However, pre-COVID-19 work
has demonstrated that hypoxic states can lead to a decreased n/mROS production (Willson et
al., 2022). Masso-Silva et al. also demonstrated an increase in ROS compared to healthy
controls after Phorbol 12-myristate 13-acetate (PMA) stimulation (Masso-Silva et al., 2021).
This may reflect the method of oxygenation and relatively low state of hypoxia in comparison
to the previously described ward-based cohort, limited to conventional oxygen delivery

devices.

1.5.2.2 Migration
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Migration accuracy is important to limit host-tissue damage. Impaired migration can lead to
the presence of immune cells in non-diseased tissues and subsequent cellular activation. The
resulting damage from inflammation can then cause increased endothelial leak, more severe
illness and release of chemokines leading to further immune cell recruitment. Several
enzymes are involved in the migration process, including NE. Increased levels of NE,
neutrophil gelatinase and MMP9 were measured in COVID-19 patients compared to controls
(Metzemaekers et al., 2021, Aschenbrenner et al., 2021). Overall, there was excessive release
of activating and mobilising factors in cells isolated from COVID-19 patients. Elevated serine
protease activity in COVID-19 has been previously demonstrated, with associated changes in
dipeptidyl peptidase 1 (DPP-1), required for neutrophil serine protease activation
(Metzemaekers et al., 2021). Thus investigation of DPP-1 inhibition using brensocatib through
a randomised control trial was carried out showing there was no improvement in clinical status
at day 29 after administration (Keir et al., 2022). It is not clear if the lack of improvement was
due to minimal NE involvement in COVID-19, or if systemic dysfunction in COVID-19 was
responsible for the migration inaccuracy. Investigation of the ex vivo effect of brensocatib has
not been done to determine if it is effective at a cellular level. The randomised control trial
investigating DPP-1 inhibition using Brensocatib showed there was no improvement in clinical

status at day 29 after administration (Keir et al., 2022).

RNA sequencing in nine post-mortem patients showed upregulation of genes related to
leucocyte migration, although Wu et al. associated these changes with the inflammatory
response (Wu et al., 2020). In conjunction with increased migration compared to controls,
increased gene expression of cathepsin B and L in COVID-19, and increased expression of
genes associated with membrane formation and fibrosis (MMP7, MMP8, MMP9, MUC5B,
GDF15) were seen. This would be congruent with dysregulated and misdirected migration
contributing to host-mediated tissue damage and degree of inflammation seen in COVID-19
infection (Aschenbrenner et al., 2021). This suggests there is a role of neutrophils in the

COVID-19 disease process.
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1.5.2.3 NETosis

Neutrophil extracellular traps (NETs) have been of particular interest in COVID-19 disease.
Associated with the formation of immune thrombus and subsequent thromboembolic disease,
potentially correlating with higher levels of thrombotic events in COVID-19 patients (Hazeldine
et al., 2019, Vorobjeva and Chernyak, 2020). Studies investigating NET production correlate
this to several outputs, including but not limited to levels of citrullinated histone 3 protein
(citH3), cell free DNA (cfDNA), direct NET staining, and MPO-DNA. There have been several
studies measuring NET levels in post-mortem samples (Radermecker et al., 2020, Leppkes et

al., 2020). These show increased NET deposition within the lung parenchyma.

Higher NET production has been reported in COVID-19 compared to healthy controls in
several studies (Masso-Silva et al., 2021, Zuo et al., 2020, Veras et al., 2020). This includes
both unstimulated production and those stimulated with varying concentrations of PMA. Zuo
et al compared 11 COVID-19 patients who developed thrombotic events to 33 hospitalised
COVID-19 controls (Zuo et al., 2020). There were higher levels of cfDNA, MPO-SDNA and
CitH3 in patients with recorded thrombotic events. Circulating D-dimer levels correlated to
NET production. Leppkes correlated citH3 and cfDNA to leucocyte counts; and in their post-
mortem samples, pulmonary vessels were occluded by aggregated NETs (Leppkes et al.,
2020). Previous evidence suggests a propensity of neutrophils to form NETSs at higher cellular
densities (Schauer et al., 2014). Surface phenotyping of pulmonary endothelial cells near
aggregated NETs showed a decreased CD31+ population, suggesting endothelial barrier
dysfunction. Infection of healthy neutrophils with inactive SARS-CoV-2 caused NET release
and damage to an A459 epithelial cell line, which was abrogated after addition of rhDNAse
enzyme (Veras et al.,, 2020). Similar vascular post-mortem findings were noted in capillary
beds in the glomeruli and hepatic periportal fields (Leppkes et al., 2020), indicating a potential
role of NETs causing systemic organ dysfunction in severe disease. NET levels were reported
to be higher in patients with more severe disease, those on IMV had increased cfDNA levels
(Leppkes et al., 2020, Middleton et al., 2020). Exposure to non-activated virus led to increased
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NET production in one study, but static levels of cellular and supernatant viral RNA in another,
with no change in cell death (Metzemaekers et al., 2021, Veras et al., 2020). This may reflect
fundamental changes to the viral spike protein and interaction with the ACE2 receptor

expressed on neutrophils.

Addition of COVID-19 serum to healthy neutrophils induced NET production compared to
controls, in two separate studies (Zuo et al., 2020, Middleton et al., 2020). Exposure to the
virus increased the release of NETs in an infection dependent manner (Veras et al., 2020).
This was abrogated by the addition of Cl-amidine, a peptidylarginine deiminase 4 (PAD4)
inhibitor. citH3 production through PAD4 dependent signalling is thought to be required for
NET formation as there was no correlation to MPO-DNA in COVID-19 serum (Zuo et al., 2020).
ROS production required for NET release may function through an alternative PAD4
independent pathway in addition to conventional signalling (Kenny et al., 2017). However,
RNA sequencing studies demonstrated upregulation of PAD4 in COVID patients
(Aschenbrenner et al., 2021). NETosis was inhibited after supplementation with tenofovir
(RNA polymerase inhibitor) in an ex vivo neutrophil infection model (Veras et al., 2020). This

suggests that the SARS-CoV-2 virus may be triggering NETosis in COVID-19.

1.5.2.4 Phenotype

Surface protein expression of markers can be indicative of neutrophil reaction to infection or
insult. CD62L (L-selectin) is shed after neutrophil adhesion with low levels signifying activation
(Kuhns et al., 1995). CD62L"" neutrophils have been reported across several COVID-19
studies, in keeping with increased activation. Low density neutrophils appear to be prevalent
in COVID-19 infection (Leppkes et al., 2020). These are classically predominant in auto-
immune inflammatory conditions and have a high propensity to form NETS, a feature reported

throughout COVID-19 neutrophil studies.

Surface markers in keeping with increased levels of reverse transmigration of neutrophils into

the endothelial space been shown with higher CD54+ neutrophils. Increased proteolytic
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cleavage of junctional adhesional molecule-C (JAM-C) promotes in vivo neutrophil reverse
transmigration. JAM-C is important for neutrophil polarisation (Woodfin et al., 2011).
Movement of neutrophils back to the vascular space should suggest reduced tissue damage
from activated neutrophils. However, the clinical phenotype of pneumonitis and ARDS
contradicts this. Patients recruited in these studies represent severely unwell patients in
intensive care, and increased reverse transmigration by this point may be too late to reduce
ARDS. Investigation of disease state before patients require critical care intervention is

therefore key (Loyer et al., 2022).

Three distinct subsets of neutrophil populations have been described depending on CD16
expression levels. CD16™ subset was predominantly high in severe COVID-19 infection, and
had associated lower expression of CD44 extracellular matrix adhesion molecule (Morrissey
et al., 2021). In bacterial pneumonia, downregulated CD44 was associated with neutrophilic
lung inflammation. Compared to CD16"9", CD16™ neutrophils displayed increased CD38/
CD40/ CXCR5/ CD69 expression. These molecules suggest an inflammatory, activation
phenotype of the neutrophils isolated from COVID-19 patients. CD38 is necessary for
extracellular calcium efflux affecting neutrophil chemotaxis (Partida-Sanchez et al., 2001).
Platelet interaction and driven inflammation enhanced through neutrophil CD40 interactions,
with CD40L neutrophil priming as a potential cofactor has been demonstrated in transfusion

related acute lung injury (Khan et al., 2006, Vanichakarn et al., 2008).

Reported changes to neutrophils in COVID-19 infection have been summarised in Figure 1.7
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Figure 1.7 Summary of changes to neutrophil function in COVID-19 infection. 1. Chemotaxis
increased through upregulation of CXCR2. 2. Adhesion alterations with decreased CD44
expression, with shed of CD62L on activation. 3. Migration through endothelium, with
increased damage secondary to increased serine protease expression, leading to increased
inflammatory fluid leakage to lung parenchyma. 4. Altered neutrophil phenotype: CD38/
CD40/ CD54 expression increased, decreased CD62L and dominant CD16™ population. 5.
Increased reverse transmigration, with increased CD54 expression and JAM-C proteolytic
cleavage. 6. Increased return to circulation of potentially more rigid neutrophils, leading to
subsequent aggregation, neutrophil extracellular trap (NET) release and increased
propensity of thrombus formation.

1.6 Summary

Neutrophil population and function described in COVID-19 infection does not correspond to
expected behaviours in sepsis or bacterial infections (Masso-Silva et al., 2021). There is
conflicting evidence regarding COVID-19 replication and direct effect on neutrophils (Kermani
et al., 2021, Chaudhry et al., 2020). Poor outcomes in viral disease are associated with
secondary bacterial infections after inflammatory damage to the lung parenchyma (Brundage
2006). The increased neutrophil phagocytosis in one study and ROS described would suggest
increased activation and improved bacterial clearance (Masso-Silva et al., 2021). However,
decreased bacterial lag time would suggest that there is some dysfunction preventing bacterial
clearance, which may be related to changes in ROS production (Nomani et al., 2021).

Migration has been described as increased, which may represent migration beyond sites of
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infection rather than more rapid migration (Belchamber et al., 2021, Wu et al., 2020). In
conjunction with increased NETosis, this would lead to inflammation and immunothromboses
beyond the sites of injury. Together, the neutrophil changes in COVID-19 would suggest that

they contribute to disease severity.

One of the key considerations of the COVID-19 studies described above is that the patient
population sampled mainly included patients admitted to intensive care (Zuo et al., 2020,
Middleton et al., 2020). In the United Kingdom, the majority of COVID-19 admissions were on
the non-intensive care wards (Sapey et al., 2020). These patients included those with severe
comorbidity, frailty and poor pre-morbid state. Similar levels of mortality were observed in this
cohort and due to the higher overall volume of patients, this cohort represented the majority of
inpatient hospital deaths (Belchamber et al., 2021). In addition to this, patients who were
initially treated on non-intensive care units who deteriorated may have had their care

escalated.

Investigation of the disease in ward-based, non-intubated patients is therefore crucial.
Changes to innate immune function that are noted in severe disease may be irreversible.
Knowledge of traits that may lead to poor outcomes will help to target research to treatable
traits that could prevent deterioration and death. Dysfunctional neutrophil responses early in
disease could cause feed forward changes which lead to the catastrophic pneumonitis and

ARDS seen in severe COVID-19.
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CHAPTER 2
HYPOTHESIS AND AIMS
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2.1 Hypothesis

The clinical symptoms and mortality observed in COVID-19 infection are partly due to a

dysfunctional effector neutrophil response compared to that expected in bacterial pneumonia.

2.2 Aims

This thesis aims to:

1)

2)

3)

4)

5)

To validate laboratory techniques for isolation of potentially hazardous samples
(Chapter 4)

To describe the population of ward-based COVID-19 patients and identify clinical
biomarkers for poor outcomes (Chapter 5)

To investigate differences in neutrophil effector functions in ward-based patients
compared to age-matched controls correlating to clinical measures (Chapter 6)

To determine if there are differences in neutrophil function between SARS-CoV-2
variants which may account for the different clinical phenotypes observed (Chapter 7)
To postulate a mechanism by which neutrophil function is altered in COVID-19

(Chapter 6, Chapter 7)
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2.3 Scope of thesis and research

COVID-19 is such a wide-reaching disease that it is important to define the scope of the
research possible in this thesis. The patients investigated here are ward-based COVID-19
patients, defined as those admitted to an acute hospital but not requiring intensive care
admission or not eligible to intensive care or ventilatory support (including non-invasive
ventilation). This population was chosen for several reasons. Patients requiring ward-based
care represented the highest burden in terms of absolute numbers of hospital admissions
during the pandemic. They represent a population that either recovered with supportive care
or deteriorated and required escalation to intensive care. Determining risk factors for
deterioration or recovery of these patients and linking these to the underlying cellular
mechanism is therefore crucial, potentially identifying a targetable cellular dysfunction.
Therefore, this population is more representative of the majority of hospitalised COVID-19

patients.
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CHAPTER 3
MATERIALS & METHODS
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3.1 Materials

Material Supplier
4% paraformaldehyde Avantor, UK product no.
PRC/R/3PRC/R/3

96-well flat bottom clear plates

Sigma-Aldrich, Poole, UK product no.
PHZ1063

AlexaFluor 488

Invitrogen, UK product number A56021

Antibodies (CXCR4, CD10, CD62L, CD11b,
CXCR2, CD54, PD-L1, CD11c, CD66b)

BioLegend, UK

BD Fortessa X20

Becton Dickinson
Franklin Lakes, USA

and Company;

BioTek Synergy 2 fluorometric plate reader

NorthStar Scientific Ltd, UK

Blood tube - clotted (SST)

Becton Dickinson and Company;
Franklin Lakes, USA UK product no.
367977

Blood tube - EDTA

Becton Dickinson and Company;
Franklin Lakes, USA UK product no.
367861

Blood tube - lithium heparin (6mL)

Becton Dickinson and Company;
Franklin Lakes, USA, UK product no.
367886

Bovine serum albumin

Sigma-Aldrich, Poole, UK product no.
A8412

CellROX Deep Red

Thermofischer, UK product no. C10444

CellROX Green

Thermofischer, UK product no. C10422

Centrifuge tube — 15mL Appleton woods, Birmingham, UK
product no. BF032
Centrifuge tube — 50mL Appleton woods, Birmingham, UK

product no. BFO34

CitH3 antibody

Abcam, Cambridge, UK product no.
ab5103

CXCLS8 (Interleukin 8, E. Coli derived)

R&D Systems, USA UK product no 208-
IL-050/CF

Cytochalasin D

Sigma-Aldrich, Poole, UK product no.
PHZ1063

Dextran Sigma-Aldrich, Poole, UK product no.
31392
Eppendorf tubes Sigma-Aldrich, Poole, UK product no.

AXYMCT150CS

Fast-read slide

Biosigma, Cona,
BVS100

Italy product no.

Fibroblast Growth Factor 23 Duoset ELISA

R&D Systems, UK product no DY2604-
05

Fine tipped pipette — sterile

Alpha Labs, Eastleigh, UK product no.
LW4238

FlowJo v10.8.0

Becton Dickinson
Franklin Lakes, USA

and Company;

Frosted microscope slides

Fisher Scientific, Loughborough, UK
product no. 12362098

Granulocyte Macrophage-Colony Stimulating
Factor Duoset ELISA

BioTechne, USA, UK product no

DY215-05

GraphPad Prism v9.2

GraphPad Software, Boston, USA

Hanks’ Balanced Salt Solution

Gibco, Sigma Life Sciences, UK

Interleukin-6 Quantikine ELISA

BioTechne, USA, UK product no D6050

MACSQuant® Flow Cytometer

Miltenyi BioTec, Surrey, UK
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MACSQuant® Washing Solution

Miltenyi BioTec, Surrey, UK product no
130-092-749

MACSQuant® Wash buffer

Miltenyi BioTec, Surrey, UK product no
130-092-747

Myeloperoxidase Quantikine ELISA

BioTechne USA, UK product no MPO-
DMYEOOB

Penicillin/ streptomycin

Sigma-Aldrich, Poole, UK product no.
P4333

Percoll®

Sigma-Aldrich, Poole, UK product no.
P4937

Phorbol 12-myristate 13-acetate (PMA)

Sigma-Aldrich, Poole, UK product no.
P1585

Phosphate Buffered Saline (PBS)

Sigma-Aldrich, Poole, UK product no.
P4417

REASTAIN® Quick-Diff Kit

REAGENA, Finland product no. 102164

RPMI media

Sigma-Aldrich, Poole, UK
product no. R8758

Sodium chloride

Sigma-Aldrich, Poole, UK product no.
S9888

SPSS Statistics

IBM, USA

Sytox Green

Thermofischer, USA, UK product no.
S7020

Transwell plates

Fisher Scientific, Loughborough, UK
product no. 40627

TRIzol Reagent

Ambion, UK product no. 15596018

Tween-20

Sigma-Aldrich, Poole, UK product no.
P1379

Vascular Endothelial Growth Factor Quantikine | BioTechne, USA, UK product no.
ELISA DVEOO
Venepuncture vacutainer system Becton Dickinson and Company;

Franklin Lakes, USA

Zombie Near Infrared Live/Dead stain

Thermofischer, USA, UK product no.
L34976
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3.2 Methods

Methods described in this chapter are universal for experiments throughout this thesis.

3.2.1 Subject selection

3.2.1.1 Validation experiments

Healthy volunteers of varying ages were recruited from within the Institute of Inflammation and
Ageing, University of Birmingham, in accordance with ethics REC ref: ERN 12-1184R2.
Written informed consent was obtained, and all volunteers had no acute medical illness in the

last two weeks prior to recruitment.

3.2.1.2 COVID-19 patients

Patients were recruited between 19" January 2021 and 22" April 2022, from the Queen
Elizabeth Hospital Birmingham (QEHB) under the studies “Neutrophil function in Pneumonia
and Sepsis” and “Neutrophil Bioenergetics and function in Pneumonia and Sepsis” in
accordance with ethics REC ref: 19/WA/0299 and 20/WA/0092. Written informed consent was
obtained from all patients. In cases where this was not possible (e.g. patients lacked capacity
due to illness or chronic neurological impairment), next of kin was contacted as personal
consultee. In the instances where the next of kin was not contactable or there was no next of
kin listed, a designated consultee (Consultant responsible for inpatient care) was sought for

discussion of consent.

Patients were screened by a single researcher from patients who had been inpatients for less
than 48 hours, had radiological changes on chest radiograph, not been treated as part of a

drug trial, and at least one of: 1) positive point of care (antigen) COVID-19 test on admission;
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or 2) positive polymerase chain reaction (PCR) COVID-19 test result.

exclusion criteria are listed in Table 3.1.

Full inclusion and

Inclusion Criteria

Exclusion Criteria

>18 years old

Declines consent OR personal consultee OR

designated consultee declines consent

Diagnosis of pneumonia (clinical or

radiological evidence)

Patient treatment palliative in nature

Positive COVID-19 test (antigen OR PCR),

either in community or on admission

Patient currently pregnant

Recruitment within 48 hours of admission to

Queen Elizabeth Hospital Birmingham

Patient does not meet inclusion criteria

Patient enrolled in an interventional research

study of a novel drug/ unlicensed therapy

Patient is immunocompromised (prior oral
systemic corticosteroid therapy within the last

3 months and prior to acute episode; known

regular therapy with other
immunosuppressive medication (e.g.
azathioprine); known acquired

immunodeficiency syndrome

Active malignancy

Diagnosis of COPD or asthma

Table 3.1 Inclusion and exclusion criteria for recruitment of admitted COVID-19 patients

Sensitivity of reverse transcriptase PCR (RT-PCR) testing has been reported at 98% for

nasopharyngeal (NP) swabs and 69% for salivary samples compared to that of rapid antigen

testing, reported at 35-47% depending on site and dry swabbing (Kritikos et al., 2021). PCR

tests were used as per contemporaneous NHS supply to acute NHS trusts at the time of the
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pandemic. To avoid recruitment of patients without active pulmonary COVID-19 infection (e.g.
those with incidental positive COVID-19) who may have been admitted for other ilinesses, we
reviewed chest radiographs to ensure there was a radiological diagnosis of COVID-
pneumonitis. This was carried out by a respiratory specialist doctor. Patients were physically

examined after consent at recruitment to confirm biochemical and imaging data.

Age, height, weight, smoking history, co-morbidities, clinical frailty score, ethnicity, and
presenting symptoms were collected from the patient and electronic records. Clinical
observational data including NEWS2 parameters and biochemical data from blood results was
collected for each patient. Data was stored anonymously on local NHS Trust servers.
Sufficient clinical data was recorded in order to calculate clinical severity scores e.g. 4C score
for COVID-19 pneumonia mortality, CURB-65 score for community acquired pneumonia
mortality. In accordance with General Data Protection Regulation (GDPR) and Good Clinical

Practice (GCP) guidance, only sufficient data was collected for analysis.

As per ethical approval, patients were followed up in hospital if they remained an inpatient
between day 3-5 after recruitment. Remote follow up was carried out at 28 days for mortality
and readmission, and at 3, 6 and 12 months for mortality, readmission and radiological

changes.

3.2.1.3 Age matched controls (AMC)

AMC were recruited between 15t February 2021 and 19" July 2021. These were either patients
attending pre-booked face-to-face outpatient appointments (ophthalmology clinic) under the
study “Neutrophil function in Pneumonia and Sepsis”, ethics REC ref:19/WA/0299, or from
hospital staff under ethics REC ref: ERN 12-1184R2. Written informed consent was obtained

from all AMC.
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AMC displayed no clinical signs of acute illness, including COVID-19 within the previous 2
weeks, as assessed by a respiratory physician. Exclusion criteria matched those for COVID-

19 patients as shown in table 1.

Age, smoking history, vaccination status, co-morbidities, ethnicity, and clinical frailty score
were collected from the patient and electronic records. Data was stored anonymously on local
NHS Trust servers. No NHS clinical routine biochemical and haematological blood samples
or biochemical measurements (e.g. height, weight, oxygen saturations, respiratory rate, blood
pressure, temperature, heart rate) were recorded due to constraints during the recruitment

process in a busy NHS outpatient clinic. This avoided delays in patient care.

3.2.1.4 Community acquired pneumonia (CAP)

Community acquired pneumonia (CAP) patients were recruited between 19" January 2021
and 3 March 2021 under the study “Neutrophil function in Pneumonia and Sepsis”, in
accordance with ethics REC ref: 19/WA/0299. Patients admitted to the QEHB were screened
for a clinical diagnosis of CAP as defined by the British Thoracic Society Guidelines on the
Management of Community Acquired Pneumonia 2009: 1) “symptoms and signs consistent
with an acute lower respiratory tract infection associated with new radiographic shadowing for
which there is no other explanation (e.g. not pulmonary oedema or infarction”) and 2) “the
illness is the primary reason for hospital admission and is managed as pneumonia” (Lim et al.,
2009). Patients were required to have either a negative 1) point of care (antigen) COVID-19
test on admission; or 2) PCR COVID-19 test result. Incidental COVID-19 infection (e.g.
patients who were admitted with another infection but were incidentally found to be COVID-19
disease positive) were included only if there were pulmonary radiological changes present.
Written informed consent was obtained from all patients. In cases where this was not possible
(e.g. patients lacked capacity due to illness or chronic neurological impairment), next of kin

was contacted as personal consultee. In the instances where the next of kin was not
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contactable or there was no next of kin listed, a designated consultee (Consultant responsible

for inpatient care) was sought for discussion of consent.

Chest radiographs were reported by a radiologist 3-7 days after admission. These were

corroborated with the recruiting researcher’s review.

Age, height, weight, smoking history, co-morbidities, clinical frailty score, ethnicity, and
presenting symptoms were collected from the patient and electronic records. Clinical
observational data including NEWS2 parameters and biochemical data from blood results was
collected for each patient. Data was stored anonymously on local NHS Trust servers.
Sufficient clinical data was recorded in order to calculate clinical severity scores e.g. 4C score
for COVID-19 pneumonia mortality, CURB-65 score for community acquired pneumonia
mortality. In accordance with GDPR and GCP guidance, only sufficient data was collected for

analysis.

As per ethical approval, patients were followed up in hospital if they remained an inpatient
between day 3-5 after recruitment. Remote follow up was carried out at 28 days for mortality
and readmission, and at 3, 6 and 12 months for mortality, readmission and radiological

changes.

3.2.2 Sample processing

Samples from COVID-19 patients were collected under risk assessment AG 20_65. Under the
conditions of this assessment all samples were processed under aerosol free conditions and
inactivated before leaving containment as SARS-CoV-2 is a hazard group 3 pathogen. As
such, techniques used in processing of these samples have been modified to meet the specific
requirements of Health and Safety Executive (HSE) guidance. Samples in AMC and CAP
control groups have been collected and processed under matched conditions to ensure parity

in analysis.
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A total of 45mL of peripheral blood was taken by venepuncture by a clinician, using a BD
vacutainer system (Becton Dickinson and Company; Franklin Lakes, USA). This was in the
form of 5x 6mL lithium heparin blood tubes, 1x 6mL clotted sample tube, 1x 9mL EDTA blood
tube. Where possible and appropriate for inpatients, routine clinical bloods for inpatient stay
were collected concurrently to avoid repeated venepuncture. Routine serum/ blood clinical
measures such as WCC, Neutrophil count, and CRP were obtained from samples processed

in the Queen Elizabeth Hospital Birmingham NHS laboratory on admission to hospital.

Samples were taken for processing to the University of Birmingham Institute of Inflammation
and Ageing laboratories on site at the Queen Elizabeth Hospital Birmingham within one hour.
Samples were then processed for neutrophil isolation and collection of serum and plasma for
storage and further experiments. Serum and plasma were obtained from lithium heparin,
EDTA tubes and clotted sample tubes as appropriate (Becton Dickinson and Company;
Franklin Lakes, USA). Tubes were left for 30 minutes upright for sedimentation, then
centrifuged at 300 x g, 21°C, 5 minutes. Serum and plasma were pipetted into 1.5mL

Eppendorf containers and stored at -80°C.

3.2.3 Cell isolation

Neutrophils were isolated following a laboratory standard and validated protocol. COVID-19
samples were processed and analysed as per COVID-19 processing guidance, in a separate

laboratory environment to minimise the risk of infection.

In a sterile class Il biological safety cabinet, 18mL of peripheral blood collected in lithium
heparin vacutainer bottles (Becton Dickinson and Company; Franklin Lakes, USA)) was added

to a 50mL Falcon centrifuge tube. 3mL of 2% (w/v) dextran (1g in 50mL 0.9% sodium chloride,
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filter sterilised) was added to the blood. This was gently mixed by hand through rotation. Blood
was incubated at room temperature for 30 minutes to allow erythrocyte sedimentation with

remaining buffy coat on top.

A Percoll® (Merck, Darmstadt) gradient was used to separate both peripheral blood
mononuclear cells (PBMCs) and neutrophils from the leucocytes in the buffy coat. 80% and
56% (v/v) Percoll® solutions were made using neat Percoll® and a combination of 10% and
1% (w/v) saline solutions. Percoll® gradient was made up in a single 15mL Falcon centrifuge
tube, with a second tube used if the buffy coat volume was greater than 8mL from a single
patient. 5mL of the 56% (v/v) Percoll® solution was added to the 15mL tube. A fine bore
Pasteur pipette was used to layer 2-3mL of the 80% (v/v) Percoll® solution underneath the

56% solution.

The buffy coat was aspirated using a wide bore Pasteur pipette and gently layered on top of
the Percoll® gradient at 45 degrees to avoid inadvertent mixing. When all the buffy coat had
been transferred, the 15mL tube was centrifuged at 470 x g for 20 minutes (room temperature,
minimum acceleration, minimum brake to prevent pelleting of PBMCs and neutrophils, through

preserving Percoll® gradient. Tubes were carefully removed from the centrifuge (Figure 3.1).

Plasma

PBMC

Neutrophil

I]I[I[I'Illl

Figure 3.1 Neutrophil isolation process, after Percoll® centrifugation. Image depicts 15mL
Falcon tube after removal from centrifuge. Demonstrates PBMC and neutrophil layers to be
removed
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The top layer of plasma, PBMCs and debris was aspirated using a wide bore Pasteur pipette
and placed in a new 15mL Falcon centrifuge tube. This was topped up to 15mL with filter
sterilised (f/s) phosphate buffered saline (PBS) solution. Cells were then centrifuged at 300 x
g for 5 minutes (room temperature, maximum acceleration, maximum brake) for pelleting of

cells.

Neutrophils form a layer at the interface between 80% and 56% (v/v) Percoll® layers. These
were aspirated using a fine bore Pasteur pipette and transferred into a fresh 15ml tube
containing 5mL of f/s PBS solution. Placing neutrophils gently into PBS solution rather than
directly into the bottom of the tube reduces trauma, associated activation and consequent
death of neutrophils. This was then topped up to 15mL with f/s PBS. Cells were then
centrifuged at 300 x g for 5 minutes (room temperature, maximum acceleration, maximum

brake) for pelleting of cells.

Resulting supernatant from PBMCs and neutrophils was discarded by tipping. The pellet was
resuspended in 2-10mL media (RPMI 1640 media supplemented with 10mg/L 1% w/w
Penicillin/Streptomycin). PBMCs and neutrophils were counted on a haemocytometer and
conventional light microscope on a Fast Read slide (Biosigma, Cona, Italy). 5 million PBMCs
and neutrophils were stored in 1mL TRIzol Reagent (Ambion, UK) for RNA analysis. The
remaining neutrophil sample was diluted to either 1 million cells/mL or 10 million cells/mL
depending on further experimentation. In the event of insufficient neutrophils, experiments
were prioritised which is reflected in n for each experiment. Order of experiment prioritisation

is detailed in Table 3.2.
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Experiment in order of priority Cells Required

Phagocytosis 3,000,000
Transwell migration 8,000,000
NETosis 3,000,000
Phenotyping 2,000,000

TRIzol treatment and storage for RNA/ protein | 5,000,000

analysis

Total cells required 21,000,000

Table 3.2 Table of prioritisation of isolated neutrophil experiments and number of cells
required, including repeats.

Purity of neutrophils was assessed by cytospin. 100,000 neutrophils at a concentration of 1
million cells/mL were transferred to cytospin funnels clamped to a frosted microscope slide
(Fisher Scientific, UK) and centrifuged at 300 rpm for 5 minutes (room temperature,
maximum acceleration, maximum brake). Slides were fixed by immersion in 100% methanol
for approximately 30 seconds followed by staining using the REASTAIN® Quick-Diff Kit
(REAGENA, Finland) red (cytoplasmic) and blue (nuclear) stains for approximately 30
seconds each. Once dried, slides were reviewed under a light microscope at 45x
magnification. Purity was determined by manual cell count in 4 distinct areas. 90% purity

was used as a threshold for sample experimentation.

3.2.3.1 Neutrophil viability

Viability of isolated neutrophils was assessed with Zombie (near infra-red) NIR live/dead stain
(BioLegend). 1pL of live/dead stain was added per 100uL of cell suspension. Cells were
treated for 30 minutes at room temperature, in the dark. After incubation, 4% (v/v) PFA was

added in equal volume to the cell suspension to stop further reagent reaction. Samples were
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incubated for a further 5 minutes at room temperature. FACS tubes were centrifuged at 300 x
g for 5 minutes (room temperature, maximum acceleration, maximum brake). Supernatant
was discarded and pellet resuspended in 200uL of f/s (w/v) PBS. Samples were analysed on
a Miltenyi BioTec MACSQuant 10 analyser, up to 10,000 neutrophil events per sample. Gating

strategy for neutrophils is shown in Figure 3.2.

3.2.4 Functional experiments

3.2.4.1 Phagocytosis

Neutrophil phagocytic capacity was assessed using labelled heat-killed Streptococcus
pneumoniae (S. Pneumoniae) bacteria, serotype 9V, strain 10692. Horse blood broth was
prepared using 18.5g Brain Heart Infusion (BHI) in 500mL de-ionised (dH20). Re-suspended
broth was autoclaved at 121°C and cooled prior to use. S. pneumoniae were obtained from
agar plates, 3 colonies inoculated 25mL prepared broth. This was placed in an AnAerogen
Jar with one packet of carbon dioxide generating charcoal. This was placed on a plate shaker
at 150rpm for 8 hours. The inoculated 25mL was transferred to 500mL of media and incubated
overnight. After 18 hours incubation, 16mL was removed and mixed with 4mL sterile Glycerol
to be stored. The remaining 8mL was aliquoted into 4x 50ml Falcon centrifuge tubes and
centrifuged at 2720 x g for 20 minutes (room temperature, maximum acceleration, maximum
brake). Resulting pellet was resuspended in 2mL Hanks’ Balanced Salt Solution (Sigma Life
Sciences, UK), combined to a total volume of 20mL. This mixture was incubated at 70°C for
2 hours to heat-kill bacteria. Efficacy of heat-treatment was determined by simple culture on
an agar plate. Colony formation indicates insufficient heat-killing, indicating heat-treatment

should be repeated.

To allow fluorescent labelling bacteria suspension was centrifuged at 5000 x g for 3 minutes
(room temperature, maximum acceleration, maximum brake). The supernatant was aspirated
and discarded, the pellet was resuspended in 1mL of NaHCOs buffer (0.84g sodium
bicarbonate, 100mL dH,O) and sonicated for 5 minutes. 10uL AlexaFluor 488 (A1101-

[49656651 Invitrogen] (1mg lyophilised dye in 1ImL DMSO) was added to each pellet. These
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were placed on a windmill rotator overnight at room temperature in the dark. Eppendorfs were
centrifuged at 2720 x g for 3 minutes (room temperature, maximum acceleration, maximum
brake), supernatant aspirated and discarded. The pellet was resuspended in 1mL of Hanks’
Balanced Salt Solution (Sigma Life Sciences, UK). This wash was repeated three times to
thoroughly remove unbound stain. Bacteria were opsonised for 1 hour with 10% human
albumin serum. Following this, bacteria were centrifuged at 5000 x g for 3 minutes to wash.

Bacteria were resuspended in filter/sterilised PBS and sonicated for 5 minutes.

150,000 neutrophils at a concentration of 1 million cells/mL were added to FACS tubes.
Experiments always included an untreated control (UTC), negative control and neutrophil
viability stain. 1pL Cytochalasin D used as a negative control, incubated with the cells for 30

minutes prior to addition of labelled S. pneumoniae.

Following incubation, labelled 10uL S. pneumoniae was added to each FACS tube if required.
1pL CellROX green (Thermofischer), 1uL CellROX deep red (Thermofischer), or 1uL zombie
NIR live/dead stain (BioLegend) were added to Neutrophils were incubated with S.
pneumoniae for 30 minutes at a ratio of 1600:1 (bacteria: neutrophil). CellROX dyes allow
assessment of reactive oxygen species generation by neutrophils during phagocytosis. 1uL
live/Dead viability stain was added to the correct tube. Number of experiments varied
depending on conditions and treatments tested. Cells were incubated at 37°C for 30 minutes.

Protocol used then varies depending if samples were fixed or unfixed.

Fixed

As per COVID-19 sample processing guidelines, 150uL 4% (v/v) PFA was added to each
FACS tube. Samples were incubated at room temperature for 5 minutes. FACS tubes were
centrifuged at 300 x g for 5 minutes (room temperature, maximum acceleration, maximum

brake). Supernatant was discarded and pellet resuspended in 200uL of f/s (w/v) PBS.
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Unfixed

Phagocytosis was stopped by placing FACS tubes on ice to cool to 4°C for 10 minutes. FACS
tubes were then centrifuged at 300 x g for 5 minutes (4°C, maximum acceleration, maximum

brake). Supernatant was discarded and pellet resuspended in 200puL of cold f/s PBS.

Samples were analysed on a Miltenyi BioTec MACSQuant 10 analyser, up to 10,000
neutrophil events per sample. Gating strategy for neutrophils is shown in Figure 3.2.
Phagocytosis results are expressed as % phagocytosis (percentage of neutrophil population
positive with fluorescent labelled S. pneumoniae), or median fluorescence intensity (MFI) of
the positive neutrophil population. CellROX results (green and deep red) are expressed as

MFI of the neutrophil population.
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Figure 3.2 Neutrophil effector function experiment flow cytometry gating strategy. A.
Neutrophil gating based on forward vs side scatter. Population then selected based on
multiple parameters. B. Zombie near infra-red live/dead viability stain. C. Phagocytosis
of labelled S. pneumoniae (AlexaFluor 405). D. CellROX Green staining for cytoplasmic
ROS production. E. CellROX Red for nuclear/ mitochondrial ROS production. Both
CellROX Green (F) and Red (G) were measured within the S. pneumoniae gate (C).
Colours represent different labelling stains used to distinguish between populations.
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3.2.4.2 Transwell migration

1 million neutrophils at a concentration of 10 M cells/mL were added to FACS tubes, and
treatments added for 30-minute incubation at 37°C as required. Each experiment included an
untreated control (no CXCL8 added to media) and a positive control (only CXCL8 added to
media, cells not incubated with any treatment) for comparison. 600uL of media (RPMI 1640
media supplemented with 10mg/L 1% w/w Penicillin/Streptomycin) was added to a 24 well

plate for each condition tested. 100nM CXCLS8 (Sigma) was added to each well. Transwell

migration inserts (6.5mm Transwell with 3.0 um pore, SLS Ltd) were carefully added to each

well. Figure 3.3 shows the setup for the Transwell experiments. Cells were transferred into
the Transwell chamber with care not to directly add them to the media in the well. The plate

was incubated at 37°C, 5% CO; for 90 minutes.

I I .
Transwell LK 8HE &= Neutrophils
insert | I
Media + / -
chemoattractant

Figure 3.3 Diagrammatic representation of Transwell migration experiment. Media +/-
chemoattractant was added to wells in a 24-well plate. Transwell inserts (6.5mm Transwell
with 3.0pm pore, SLS Ltd) were subsequently inserted into the wells, and isolated neutrophils
added. Neutrophils migrate towards chemoattractant through the pores and after 90 minutes
the insert is removed and cells counted from the well.

At 90 minutes Transwell chambers were removed and discarded with care to not displace the
remaining cells from the chamber to the media. Solution in the wells was then gently aspirated

and then transferred into new FACS tubes.
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Fixed

600uL of 4% (v/v) PFA was added to each FACS tube and left to incubate at room temperature
for 15 minutes. Following incubation, tubes were centrifuged at 300 x g for 5 minutes (room
temperature, maximum acceleration, maximum brake). Supernatant was discarded and pellet

resuspended in 600puL of sterile PBS.

Unfixed

FACS tubes were transferred to ice to reduce temperature to 4°C. Tubes were centrifuged at
300 x g for 5 minutes (4°C, maximum acceleration, maximum brake). Supernatant was

discarded and pellet resuspended in 600puL of cold sterile PBS.

Cells were analysed by flow cytometry on a Miltenyi Biotech MACSQuant analyser 10. Gating
strategy as per Figure 3.2, however, no sub-gating analysis was required; count of neutrophils
was used to compare between untreated control, positive control and treatments investigated.

Fold change from RPMI negative control was calculated as per the following equation:

no.cells migrated to CXCL — 8
no. cells migrated to vehicle control

3.2.4.3 Neutrophil extracellular trap (NET) measurement

227nM phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich) was used as a stimulant for NET
production. 200,000 neutrophils at a concentration of 1 million cells/mL were added a 96-well
plate, and treatments added for 30-minute incubation at 37°C, 5%CO; as required. Each
experiment included an untreated control (no PMA added to cells) and a positive control (only
PMA added to cells) for comparison. Experiments were duplicated for each treatment tested.
1pL of PMA was added to the wells and the plate was then incubated for 3 hours at 37°C, 5%

CO..
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Following incubation 150uL of supernatant from the 96-well plate was removed and transferred

to FACS tubes.

Fixed

150uL of 4% (v/v) PFA was added to each FACS tube and left to incubate at room temperature
for 15 minutes. Following incubation, tubes were centrifuged at 2,200 x g for 10 minutes (4°C,

maximum acceleration, maximum brake).

Unfixed

100pL of supernatant from FACS tubes was carefully aspirated and transferred to a black sided
96-well plate. 1uM of Sytox green (Life Technologies) was added to each well. The 96-well
plate was left to incubate at room temperature in the dark for 10 minutes. The plate was read
on a BioTek Synergy 2 fluorometric plate reader (NorthStar Scientific Ltd, UK) with excitation
set to 485nm and emission set to 528nm. Fold change from negative control was calculated

as follows:

absorbance of PMA stimulated neutrophil supernatant
absorbance of vehicle control neutrophil supernatant

3.2.4.4 DNase activity

NETs isolated from healthy controls were used as the substrate to determine DNase activity.
NETs were generated from 5 x10* neutrophils isolated from EDTA anti-coagulated blood.
100uL neutrophils at 1 M cells/mL were aliquoted into a 96-well flat-bottomed plate ((Becton
Dickinson and Company; Franklin Lakes, USA) and then stimulated with 25nM PMA (Sigma-
Aldrich) for 3 hours at 37°C, 5% CO,. NETs were collected post-stimulation and incubated for
6 hours at 37°C, 5% CO; with 5% sera diluted in Hank’s balanced salt solution, supplemented
with calcium and magnesium (HBSS**, Gibco, Life Technologies), or in HBSS** alone.
Samples underwent fixation with 4% (v/v) PFA for 30 minutes. Three washes with sterile PBS
followed (centrifuged at 300 x g for 5 minutes (21°C, maximum acceleration, maximum brake)
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before a 10-minute incubation at room temperature in the dark with 1uM Sytox green (Life
Technologies). Fluorescence was then measured using a BioTek Synergy 2 fluorometric plate
reader (NorthStar Scientific Ltd, UK) with excitation set to 485nm and emission set to 528nm.
NET degradation by 5% serum pooled from 4 healthy control participants was used as a control

for 100% DNase activity.

3.2.4.5 Fluorometric analysis of plasma cell-free deoxyribonucleic acid (cfDNA)

cfDNA was measured from heparinised plasma samples using a fluorometric based assay.
10pL plasma was incubated with 1uM Sytox green (Life Technologies) for 10-minutes at room
temperature in the dark. Following this, fluorescence was measured using a BioTek Synergy
2 fluorometric plate reader (NorthStar Scientific Ltd, UK) with excitation set to 485nm and
emission set to 528nm. A A-DNA standard curve (Fisher Scientific, UK) was used to determine
cfDNA concentrations. Samples were replicated in duplicate and mean values were used to

calculate concentrations from extrapolating the standard curve.

3.25 ELISA

Plasma biomarkers were measured by ELISA. BioTechne Quantikine kits were used for
Myeloperoxidase (MPO — DMYEOQOB), IL-6 (D6050) and vascular endothelial growth factor
(VEGF) (DVEO0O0). BioTechne Duoset kits were used to measure granulocyte macrophage-
colony stimulating factor (DY215-05). All kits were used according to manufacturing

instructions. Lower and upper limits of detection are shown in Table 3.3.
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ELISA Kit Lower limit of detection Upper limit of detection
MPO (DMYEOQOB) 0.156 ng/mL 10 ng/mL
VEGF (DVEO0O0) 15.6 pg/mL 1000 pg/mL
GM-CSF (DY215-05) 15.6 pg/mL 1000 pg/mL
IL-6 (D6050) 3.13 pg/mL 100 pg/mL

Table 3.3 Lower and upper limits of detection pre-dilution of samples as per manufacturer
datasheets for ELISA kits used (MPO — myeloperoxidase, VEGF — vascular endothelial
growth factor, GM-CSF — granulocyte macrophage colony stimulating factor, IL-6 —
interleukin 6).

R&D Systems Duoset ELISA kits

Duoset kits were prepared according to manufacturer instructions. Reagents were made in
advance and autoclaved or f/s depending on component products: wash buffer 0.05% Tween®
20 in PBS, Reagent diluent 1% BSA in PBS, Colour Reagent A (H>0), Colour Reagent B
(tetramethylbenzidine), Stop solution (H.SO.). ELISA components pre-made were brought to
room temperature at least 15 minutes before use: Streptavidin HRP made to working
concentration as per individual certificate of analysis (CoA), Capture antibody made to working
concentration as per individual CoA, Detection antibody, made to working concentration as per
individual CoA, Recombinant standard, made to working concentration as per individual CoA

and then underwent serial dilution as per manufacture instructions.

100pL of capture antibody was added to each well of a 96-well flat-bottomed plate to coat, then
covered and incubated overnight at room temperature. The plate was washed three times
using 400uL wash buffer dispensed through a squirt bottle. All liquid was removed between
washes using a percussive method. 300uL Reagent diluent was added to each well and the
plate was covered and incubated for one hour. Three washes as per previous method were
carried out after this. 100pL of sample was added per well. Samples were diluted based on
expected concentration of protein measured or based on previous sample results. 96-well
plate was then covered and incubated for two hours at room temperature. Three washes as
per previous method were carried out after this. 100pL of detection antibody was added, plate

covered and incubated for two hours at room temperature. Three washes as per previous
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method were carried out after this. 100uL of Streptavidin HRP was added to each well, plate
covered and incubated for 20 minutes at room temperature in the dark. Three washes as per
previous method were carried out after this. 100uL of substrate solution was added to each
well, plate covered and incubated at room temperature in the dark. 50uL of Stop solution was
added to each well, and gently mixed. Plates were then read on a plate reader set at 450nm

with wavelength correction set to 540nm.

Biotechne Quantikine ELISA kits

Quantikine kits were prepared according to manufacture instructions. Reagents were made in
advance: Wash buffer was mixed to dissolve the crystals and 20mL was added to 480mL of
deionised water, Colour Reagents A+B were mixed prior to use and protected from light,
Recombinant standard was made to working concentration and then underwent serial dilution
as per manufacture instruction. The remaining reagents required for the ELISA assay were

premade and supplied diluted to the correct concentration

Initially, the 96-well flat-bottomed plate was coated as per instructions, then covered and
incubated overnight at room temperature. The following day, 100uL Assay diluent was added
to each well, followed by 100uL sample per well. ELISA plate was covered and incubated for
2 hours at room temperature.. The plate was washed three times using 400uL wash buffer
dispensed through a squirt bottle. All liquid was removed between washes using a percussive
method. 200uL of target molecule conjugate antibody was added to each well. Plate was
covered and incubated for 2 hours at room temperature. Three washes as per previous method
were carried out after this. 200uL Substrate solution was added to each well and the plate
was then incubated for 20 minutes in the dark. 50puL of Stop solution was added to each well,
and gently mixed. Plates were then read on a plate reader set at 450nm with wavelength

correction set to 540nm.

Samples were analysed in duplicate, and results averaged. A simple linear regression with

line of best fit was calculated to determine target molecule concentration.
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3.2.6 Surface marker phenotyping

Surface marker phenotyping was carried out by flow cytometry. Neutrophils at a concentration
of 1 x108 cells/mL were fixed with 4% (v/v) PFA for 5 minutes before tubes were centrifuged at
300 x g for 5 minutes (room temperature, maximum acceleration, maximum brake).
Supernatant was discarded and pellet resuspended in 100puL of sterile ACS buffer (sterile PBS
with 1% bovine serum albumin (BSA). 100uL of cell suspension was then stained with mouse
anti-human monoclonal antibodies or concentration-matched isotype controls on ice, in the

dark. Gating strategy is show in Figure 3.4, materials used are shown in Table 3.4.

Table 3.4 Antibodies used for surface receptor expression detection by flow cytometry. All

antibodies were sourced from BioLegend (UK).
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Figure 3.4 Gating strategy for neutrophil surface receptor expression by flow cytometry.
Neutrophils were gated on forward vs side scatter. Receptor expression was analysed within
this gate. Histograms show negative unstained control in red, isotype control in orange and the

positive sample in blue.
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Receptor Cat no Channel Dilution
CXCR4 306518 BV421 1:20
CD10 312220 BV510 1:20
CD62L 304834 BV605 1:100
CD11b 301346 BV786 1:40
CXCR2 320704 FITC 1:40
CD54 322712 APC 1:100
PD-L1 329724 BV605 1:100
CD11c 371516 FITC 1:40
CD66b 305118 APC 1:100

Table 3.4 Antibodies used for surface receptor expression detection by flow cytometry. All
antibodies were sourced from BioLegend (UK).



Flow cytometry analysis was performed on a BD Fortessa X20 (Becton Dickinson and
Company; Franklin Lakes, USA), analysis of results carried out using FloJo (v10.8.0). 10,000
neutrophil events were recorded for each sample. Gating strategy used is displayed in Figure
3.4. Surface marker phenotype is presented as percentage of neutrophils antigen positive or
median fluorescence intensity (MFI, concentration of surface marker per cell). MFI calculated

as:

MFI sample — MFI isotype control

3.2.7 Western blotting

Western blots were carried out to determine CitH3 concentration in relation to NETosis. These
were carried out by Dr Jon Hazeldine (Post-Doctoral Fellow), methods described below are for

reference.

Samples were prepared from cell lysates obtained from lithium-heparin serum from COVID-19
patients, then loaded onto a pre-cast 15% SDS-polyacrylamide gel and run for 3 hours at 200
volts with appropriate pre-stained markers (Bio-Rad, Hertfordshire, UK). Proteins were
transferred to methanol-activated 0.45 micron polyvinylidene difluoride using Bio-Rad turbo
transfer technology (Bio-Rad). After blotting, membranes were incubated on an orbital shaker
in 5% BSA/Tris buffered saline (TBS) containing 0.1% Tween®-20 (SigmaAldrich) for one hour
at room temperature. Blots were then probed overnight at 4°C with the CitH3 antibody
(ab5103; Abcam, Cambridge, UK), diluted accordingly. Following a further three washes with
10ml TBST for 10 minutes after which blots incubated for one hour at room temperature with
a HRP-linked anti-rabbit IgG antibody. Three washes with 10ml TBST for 10 mins were again
performed, then incubated at room temperature in a chemiluminescence reporter solution
(Geneflow, Staffordshire, UK). Proteins were visualised on a ChemiDoc (Bio-Rad). Equal
loading of proteins was confirmed by Ponceau total protein stain. Densitometry was performed

using the National institute of Health ImageJ software.
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3.2.8 Phosphoinositide-3-kinase (PI3K)

PI3K inhibitors were used to block signalling; panPI3K (LY294002), PI3Kd (CAL101), PI3Ky
(AS252434). For each functional experiment described in Chapter 3, isolated neutrophils
were incubated with for 30 minutes with appropriate inhibitor to maintain desired concentration,
Table 3.5. An additional neutrophil sample was treated with DMSO, the vehicle control for

PI3k inhibitors.

Several studies examining the role of PI3K inhibition in neutrophil signalling have used 30-45
minute time points with documented effects to neutrophil phagocytic function (Sapey et al.,
2014, Stockley et al., 2013, Giraldo et al., 2010). Concentrations of inhibitors used for
experimentation were based on previous studies demonstrating effect of PI3K inhibitors

(Giraldo et al., 2010, Stockley et al., 2013).

Patients recruited for investigation of PI3K inhibition were taken from the second recruited
cohort of COVID-19 patients between August 2021 and September 2022. Ethics, recruitment
procedure, inclusion and exclusion criteria, and sample processing are as described in
Chapter 3. Variable numbers of samples were assessed with regards to PI3K inhibition due

to prioritisation of experiments.

Treatment Final concentration
[L*rg;ignz} 1pM

{Asl?zlg gzraa,] 33nM
[cﬁ:g;} 75nM

Table 3.5 Final concentrations of PI3K inhibitors used in the functional neutrophil
experiments.
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3.2.9 Effect of selected pharmacological agents on neutrophil function

Neutrophils isolated from COVID-19 patients were exposed to inhibitor compounds
(brensocatib, metoprolol, and AZD9668).  For each functional experiment described in
Chapter 3, cells were incubated for 30 minutes with a single inhibitor compound. Compounds
were used at the concentration expected in serum as per previously described in the literature
or as advised by the manufacturing company (for AZD9668), shown in Table 3.6 (Chalmers et

al., 2017, Dunzendorfer and Wiedermann, 2000a).

Treatment Final concentration

Brensocatib 100pM

Metoprolol 32n
AZDOB0BE 300nM

Table 3.6 Final concentrations of treatments applied in the functional neutrophil experiments.

Patients recruited for investigation of PI3K inhibition were taken from the second recruited
cohort of COVID-19 patients between August 2021 and September 2022. Ethics, recruitment
procedure, inclusion and exclusion criteria, and sample processing are as described in

Chapter 3.2.

3.2.10 Clinical scoring systems

A number of scoring systems were used as part of stratifying disease severity in COVID-19
patients. Scores are validated for specific clinical outcomes in different underlying diseases.
There are no specific scores that are validated for both COVID-19 and CAP outcomes, with

the NEWS score generic for alerting medical personnel to unwell patients.
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3.2.10.1 NEWS2

The National Early Warning Score 2 (NEWS2) is an updated version of the NEWS, designed
to standardise the assessment and response to the acutely unwell patient (RCP, 2017). Higher
scores based on clinical nursing observations indicate patients require more urgent review.
There are caveats to using the NEWS2 in COVID-19, as rapid increase in oxygen requirement
will not significantly change the score (Chikhalkar et al., 2022). Parameters for calculating a

score along with expected responses are shown in Table 3.7.
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Parameter Range Points
=3 3
a-1 1
Recpiratory Rate 12-20 0
(breaths per minute)
2124 2 Parameter Range Points
=35 3 233% 3
B4-85% 2
281% 3
EB-8T% 1
Cixygen saturation 82-83% 2 Oxygen saturation (if
(0N room Eir or history of £5-82% OR 283% on room air ]
supplementation) 04-85% 1 hypercapnic
recpiratory failure) 03-04% on supplemental oxygen i
286% 1]
95-B6% on supplemental cxygen 2
Supplernental axygen 2
Cizygen
. =87% on supplemental oxygen 3
supplementation Room air 4]
Z35.0 3
35.1-36.0 1
Temperature 38.1-38.0 1]
38.1-2000 i Score Response
=301 2 ] Continue routine NEWS manitoring
=00 3 1-4 totsl Inform registered nurse _for assessment and
escalation
81-100 2 3n asingle Registered nurse to escalate to medical team for
Blood parameter assessment and escalation
F==Elh= 101-110 1
[systolic) Registered nurse to immediately inform medical
11-210 0 3 or more total team AMD request urgent ass=ssment by chnical
Urgent responsa team with core competencies
=290 El threshaold Care to be provided in environmient with
maonitoring facilities
=40 3 Registered nurse to immediately inform medical
team AND request emergency assessment by
41-50 1 Utz e clinical team with core competencies + advanced
Emergency response sinway skills
51-B0 1] i Consider moving to level 2 ar 3 care
Heart Rate environment
B1-110 1
111130 2
213 3
Alert 1]
Consciousness Mew-onset confusion’ responds to 3
voice! responds to pain'
unresponsive

Table 3.7 National Early Warning Score2 (NEWS2) scoring criteria and appropriate response as set
out by the Royal College of Physicians (RCP, 2017)

3.2.10.2 qSOFA

The quick Sequential Organ Failure Assessment (QSOFA) score is a rapid scoring system
used to identify patients with a suspected infection who are at greater risk from poor outcomes
(Seymour et al., 2016). Parameters and prediction of in-hospital mortality are shown in Table

3.8
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Parameter

Score

Altered mental state GCS <15

Respiratory rate =22 breaths/ min

Systolic blood pressure =100 mmHg

Score

Risk group

0-1

Mot high risk for in-hospital mortality

2-3

High-risk for in-hospital mortality {3- to 14- fold increase)

Table 3.8 quick Sequential Organ Failure Assessment (QSOFA) score with clinical parameters

and risk dependent on overall score (Seymour et al., 2016).

3.2.10.3 CURB-65

The CURB-65 score predicts mortality at 30 days, in patients diagnosed with a CAP (Lim et

al., 2003), parameters and mortality prediction are shown in Table 3.9

Parameter Score
Confusion (AMT <8) 1
Serum urea (>7 mmol/L) 1
Respiratory rate (=30 breaths/ min} |1
Blood pressure (systolic <90 mmHg | 1
OR diastolic =60 mmHg)
Age =65 years 1
Score Mortality risk
0 0.6%
1 27%
2 6.8%
3 14.0%
40R 5 27 8%

Table 3.9 CURB-65 score with parameters and related 30-day mortality risk (Lim et al., 2003)

3.2.10.4 4C

The 4C score predicts in-hospital mortality for patients with a positive COVID-19 test,

parameters and mortality prediction is shown in Table 3.10 (Knight et al., 2020).
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Parameter Range Score
Age (years) <A 4]
50-59 2
G0-a9 4
T0-79 5]
z80 7
Sex at birth Female 1]
Malz 1
Mumber of comorbidities 0 i]
1 L Score Risk group In-hospital
- 5 martality
0-3 Low 1.2-1.7%
Respiratory rate (breathsd min) =20 4]
20-29 1 4- Intermediate 9.1-p.0%
=30 2 g-14 High 31.4-24 8%
Peripheral cxcygen saturation on 202% 4] =15 Wery high B81.5-66 2%
room air
=02% 2
Glasgow Coma Scale 15 4]
<15 2
Serum wrea (mmolL) or BUN Urea =7 1]
{rngfdL} BUMN <186
Ursa 7-14 1
BUM 19.6-38.2
Urea =14 3
BUN =382
C-reactive profein (mg/L} <A 4]
50-99 1
2100 2

Table 3.10 4C score with scoring criteria and breakdown to in-hospital mortality risk groups and
percentage risk. BUN — blood urea nitrogen as an alternative to serum urea measurement
(Knight et al., 2020).

3.2.11 Statistical analysis

Statistical analysis was performed in Prism v9.2.0 (GraphPad Software Inc.; San Diego).
Normal distribution was confirmed by performing a Shapiro-Wilk (<50 samples) or Kolmogorov-
Smirnov (>50 samples) Test. Normally distributed data was analysed using a student’s T-test.
Mann-Whitney U, Wilcoxon matched pairs signed rank tests were used for analysis of not
normally distributed data. Data in tables are presented as median with interquartile range (Q1-
Q3). One-way analysis of variance (ANOVA) was used for multiple comparisons where data

was normally distributed and Kruskal-Wallis for non-parametric data. No more than one
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independent variable was examined in the statistical analysis. Significance was determined at
p<0.05. Flow chart of decision making for statistical test used for single comparisons shown

in Figure 3.5.

All graphs were generated using Prism v9.2.0 (GraphPad Software Inc.; San Diego). Data is
presented as a Tukey box and whisker diagram (box representing median and IQR, whiskers
as maximum and minimum points. Alternative graphical representation was used where data
presentation is clearer in this format. Data is presented as aligned dot plots where there are
fewer than 6 replicate values. Dots represent biological replicates with median and IQR values.

Tables were generated in Microsoft Excel (Office 365 for Windows, Microsoft, USA).

Test for normality

l

Kolmogorov-: Smnrnov n>50? Shaplro -Wilk Test for
Test for normallty normality

\ el /
distributed

(p<0.05)?

Yes Paired data No, es Paired data No

comparison? \ ( comparison? \
A\ 4 A 4 v
Paired t-test Unpaired t-test Wilcoxon matched -
(two-tailed) (two-tailed) airs signed rank tes: Mann-Whitney test
- > p<005? ¢ £ J

Statistically Not statistically
significant significant

Figure 3.5 Approach used for statistical analysis for single comparisons in this thesis. Initial
testing was carried out for normality of data, depending on the number of samples being
analysed. For more than 50 samples, the Kolmogorov-Smirnov test was used, and for
samples less than 50 samples, the Shapiro-Wilk test was used. If the data was normally
distributed (p<0.05) then a paired t-test or un-paired t-test was used depending if the
samples were paired. If the data was not normally distributed (p>0.05) then a Wilcoxon
matched pairs signed rank test or Mann-Whitney test was used depending if the samples
were paired. All tests were carried out in GraphPad Prism Version 9.2.0.
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3.2.12 Power calculations

Power calculations for initial COVID-19, AMC, CAP data analysis were based on previously
collected isolated neutrophil NETosis data (Group 1 mean=1.374, SD= 0.2876. Group 2
mean= 1.64) with 80% power, and alpha 0.05, revealed 18 participants were required in each
group. Serum NETosis data was repeated which revealed that 6 participants were required in
each group (Group 1 mean=26.32 SD= 32.1. Group 2 mean= 79.3) with 80% power, and alpha

0.05.

Subsequent power calculations were based on results from the initial analysis. Phagocytosis
from isolated neutrophils from COVID-19 and AMC (Group 1 mean=33.53, SD=1.96. Group 2
mean = 31.21), with 80% power and alpha 0.05, 1:1 enrolment ratio demonstrated 11
participants were required for each group. Transwell migration from isolated COVID-19
neutrophils and AMC (Group 1 mean=24.97, SD=27.04. Group 2 mean =78.49), with 80%
power and alpha 0.05, 1:1 enrolment ratio demonstrated 4 participants were required for each
group. Isolated neutrophil NETosis data between COVID-19 and CAP patients (Group 1
mean=126.5, SD= 34.75. Group 2 mean= 164.0) with 80% power, and alpha 0.05, enrolment
ratio 1:1 revealed 18 participants were required in each group. Further recruitment and

analysis were based off these calculations.

3.2.13 Method limitations

The methods employed in this thesis were in part dictated by the nature of the COVID-19
pandemic environment and restrictions in place for safe working for researchers. Standard
protocols were adapted to ensure that samples could be safely processed in non-isolated,

shared equipment. Some of these measures have been explained earlier in Chapter 3 (e.g.
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fixation with 4% (v/v) PFA). Alternative methods used in replacement of those which are

regularly used are explained below.

Neutrophil viability would be measured using an annexin V binding buffer (produced by
diluting a 10 X concentrated buffer solution consisting of 0.2 uM sterile filtered 0.1 M
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (pH 7.4), 1.4 M NaCl and

25 mM CacCl2 with distilled water 1:10) in combination with propidium iodide (PI) (Sigma-
Aldrich, Poole UK, product no. P4864). This allows for increased discretion of neutrophil
viability, distinguishing between live, early apoptotic, late apoptotic and necrotic neutrophils.
However, cells cannot be fixed, and Pl must be added immediately prior to flow cytometry
analysis. Thus, viability data is limited to dichotomous live:dead using the Zombie staining as

this allowed for cell fixation post staining with 4% (v/v) PFA.

Functional experiments on neutrophils are usually stopped at the appropriate time point
through cooling by transfer to ice. Samples remain on ice until they are processed and
analysed using the flow cytometer. This would breach safely processing samples on shared
equipment. Therefore, 4% (v/v) PFA was used as an alternative to achieving a standardised

timepoint for each sample.

Neutrophil chemotaxis can be quantified by use of an Insall chamber (modified Dunn
Chamber), used previously in literature (Sapey and Stockley, 2014, Sapey et al.,, 2014,
Muinonen-Martin et al., 2010). Neutrophils adhere to a coverslip which is then inverted and
placed on the Insall chamber slide, before chemoattractant such as CXCL8 is applied. The
resulting chamber with coverslip is then placed on a Leica DMI 6000B microscope with DFL350
FX camera. Filming then occurs for 12 minutes with images captured every 20 seconds. From
these images, the speed, velocity, persistence and chemotactic index of the migrating cells
can be calculated. Whilst more characteristics of the migrating neutrophil can be observed,

this method requires leaving cells exposed to be filmed. Cells cannot be fixed in PFA for this
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method. Therefore, neutrophil migration through a Transwell membrane was used as an

alternative means of evaluating migration.
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CHAPTER 4
VALIDATION
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4.1 Introduction

Recruitment of COVID-19 patients for this thesis required enhanced, zero aerosol, safety
measures to ensure safety of researchers and other laboratory group members. This was in
part due to the evolving nature and knowledge early on in the pandemic. Samples were
processed in a secure, isolated, category 2 laboratory according to the protocol developed by
the institute and agreed with the University of Birmingham. Sample processing and
experimentation required use of shared equipment outside of the secure environment. Due to
the short half-life of neutrophils ex vivo, functional experiments on live cells are conducted
within the shortest timeframe possible (Price and Dale, 1977). Delays in sample processing
can decrease neutrophil viability and affect experiment outcomes (Buescher and Gallin, 1987).
Isolation from whole blood can take up to two hours, and incubation for experimentation
another three hours (NETosis). Alterations to established protocols were necessary, including,
but not limited to cell fixation in 4% (v/v) paraformaldehyde (PFA) to ensure viral inactivation.

Due to this requirement some assay outputs were limited.

In response to the increasing burden on clinical resources worldwide, many new therapies
were introduced following outcomes from platform trials such as RECOVERY (Abani et al.,
2021, Horby et al., 2021b). Treatment evolution occurred during recruitment as shown in
Figure 4.1, and thus patients were recruited before administration of novel therapies. These
may have significant influence on neutrophil function through disruption of signalling pathways,
alterations to viral RNA processing and direct effects on neutrophils. At time of recruitment,
dexamethasone was established as standard of care for those patients requiring supplemental

oxygen. Recruitment of patients prior to administration was therefore unavoidable.
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Figure 4.1 Table detailing the introduction of various novel therapies for COVID-19 during the
pandemic until the end of patient recruitment (December 2022). Blue months denote alpha
variant recruitment, pink months denote delta variant recruitment and green months denote
omicron variant recruitment. Green bars indicate treatments being approved by NICE, but
treatments may have been used earlier as part of a clinical trial. *Paxlovid = nirmatrelvir/
ritonavir, **Ronapreve = casirivimab/ imdevimab

For comparable results, we validated functional neutrophil experiments carried out in this
environment. Experiments detailed in this chapter were carried out on paired healthy volunteer

samples .

4.2 Fixation

During the initial outbreak of the COVID-19 pandemic several methods of inactivation and
fixation were validated by PHE. The most appropriate reagent for viral inactivation and cellular
fixation for our methodology, 4% (v/v) PFA for 15 minutes, was used throughout this thesis.
Unfortunately, fixation by PFA precludes some functional experiments such as chemotaxis by

Insall chamber, which require unfixed cells to be exposed to communal equipment.

4% (v/v) PFA cell fixation has been used in conjunction with quantitative flow cytometry cellular
analysis on haematopoietic cells for several years (Lanier and Warner, 1981). Fixation occurs
through formation of covalent bonds and cross-linking molecules. Functional experiments can
be carried out in the secure laboratory and when using equipment designated solely for the
use of infectious samples with appropriate isolation. Fixation occurs after these experiments

and should not affect results.
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Functional experiments can be halted by using rapid cooling by ice. Here incubation with 4%
(v/v) PFA (15 minutes) was used for the same purpose as disposal of potentially contaminated
ice was highlighted as a risk factor. This may affect experimental timepoint, change signal,
and prevent comparison with samples not processed in this manner. In order to allow
comparisons to be drawn between AMC, CAP and COVID-19 patients, all samples were

processed with fixation.

4.2.1 Phagocytosis

Phagocytosis using fluorescently labelled S. pneumoniae was carried out on 5 paired samples
(3M, 2F, mean age 28.8y) using the methods described in Chapter 3.1.4.1. Timepoints at 30
and 60 minutes were investigated initially with and without fixation to determine an appropriate

experimental time course.

Fixed samples demonstrated significantly lower percentage phagocytosis compared to unfixed
samples at both 30 (percentage phagocytosis fixed 20.50 vs unfixed 27.68, p=0.0013) and 60
(percentage phagocytosis fixed 22.30 vs unfixed 33.40, p=0.0183) minute incubation
timepoints (Figure 4.2A and B). There was no significant difference in percentage
phagocytosis between samples incubated for 30 or 60 minutes whether fixed or unfixed (fixed
percentage phagocytosis 30 minutes 20.50 vs 60 minutes 22.30, p=0.1306) (unfixed
percentage phagocytosis 30 minutes 27.68 vs 60 minutes 33.40, p=0.4405) (Figure 4.2C and
D). There was significant increase in percentage phagocytosis from 0 to 30 or 60 minutes for
both fixed and unfixed samples (fixed percentage phagocytosis 0 minutes 5.23 vs 30 minutes
20.50 (p=0.0336) vs 60 minutes 22.30 (p=0.0153)), (unfixed percentage phagocytosis 0
minutes 4.87 vs 30 minutes 27.68 (p=0.0001) vs 60 minutes 33.40 (p<0.0001)), Figure 4.2C
and D. There was no evidence of significant differences to MFI in paired samples between

fixed and unfixed samples.
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Figure 4.2 Isolated neutrophil phagocytosis of labelled S. pneumonia, demonstrated as %
phagocytosis at timepoints 0, 30 and 60 minutes from addition of bacteria with comparison
between fixed and unfixed samples with 4% (v/v) PFA. Fixed samples were treated with 4%
(v/v) PFA post phagocytosis time point. Paired samples, fixed n=5, unfixed n=5. Statistics
calculated using Wilcoxon matched pairs or Kruskal Wallis test for multiple comparisons,
*p<0.05, **p=<0.01, **p=<0.001, ****p=<0.0001. A. Phagocytosis time = 30 minutes, compared
between fixed and unfixed samples. B Phagocytosis time = 60 minutes, compared between
fixed and unfixed samples. C. Percentage phagocytosis at 0, 30 and 60 minutes after bacteria
addition for fixed samples. D. Percentage phagocytosis at 0, 30 and 60 minutes after bacteria
addition for unfixed samples.
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Medial fluorescent intensity (MFI) was measured for all samples. There was no significant
difference in MFI between fixed and unfixed samples at 30 or 60 minutes (MFI 30 minutes
fixed 5.77 vs unfixed 5.54, p=0.3807, Figure 4.3A), (MFI 60 minutes fixed 6.03, unfixed 6.25
p=0.9463, Figure 4.3B). There was no significant difference in MFI between samples
incubated for 30 or 60 minutes whether fixed or unfixed (fixed MFI 30 minutes 5.77 vs 60
minutes 6.03, p=0.7927) (unfixed percentage phagocytosis 30 minutes 5.54 vs 60 minutes
6.25, p=0.2144) (Figure 4.3C and D). There was significant increase in MFI from 0 to 30 or
60 minutes for both fixed and unfixed samples (fixed MFI 0 minutes 3.99 vs 30 minutes 5.77
(p=0.0252) vs 60 minutes 6.03 (p=0.0078)), (unfixed MFI O minutes 3.08 vs 30 minutes 5.54

(p=0.0013) vs 60 minutes 6.250 (p<0.0001)), Figure 4.3C and D.
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Figure 4.3 Isolated neutrophil phagocytosis of labelled S. pneumonia, demonstrated as
median fluorescent intensity (MFI) at timepoints 0, 30 and 60 minutes from addition of bacteria
with comparison between fixed and unfixed samples with 4% (v/v) PFA. Fixed samples were
treated with 4% (v/v) PFA post phagocytosis time point. Paired samples, fixed n=5, unfixed
n=5. Statistics calculated using Wilcoxon matched pairs or Kruskal Wallis test for multiple
comparisons, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. A. Phagocytosis time = 30
minutes, compared between fixed and unfixed samples. B Phagocytosis time = 60 minutes,
compared between fixed and unfixed samples. C. MFI at 0, 30 and 60 minutes after bacteria
addition for fixed samples. D. MFI at 0, 30 and 60 minutes after bacteria addition for unfixed
samples.
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As part of the neutrophil inflammatory response, cytoplasmic and nuclear/mitochondrial
reactive oxygen species (CROS and n/mROS respectively) were measured using CellROX

reagents.

cROS

There was no significant difference in cROS whether samples were fixed in 4% (v/v) PFA or
unfixed at either 30 or 60 minutes (30 minutes cROS MFI fixed 30.36 vs unfixed 61.49,
p=0.1087, Figure 4.4A) (60 minutes cROS MFI fixed 30 minutes 32.59 vs 60 minutes 75.70,
p=0.0864, Figure 4.4B). There was no significant difference in cROS between 30 and 60
minute incubations whether samples were fixed in 4% (v/v) PFA or unfixed (cCROS MFI fixed
30 minutes 30.36 vs 60 minutes 32.59, p>0.9999, Figure 4.4C) (cCROS MFI unfixed 30 minutes
61.49 vs 60 minutes 75.70, p>0.9999, Figure 4.4D). There was significant increase in MFI
from 0 to 30 or 60 minutes for both fixed and unfixed samples (fixed MFI O minutes 2.10 vs 30
minutes 30.36 (p=0.0327) vs 60 minutes 32.59 (p=0.0175), Figure 4.4C), (unfixed MFI O

minutes 2.06 vs 30 minutes 61.49 (p=0.0318) vs 60 minutes 75.70 (p=0.0176), Figure 4.4D).
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Figure 4.4 Isolated neutrophil cytoplasmic reactive oxygen species (cROS) production
expressed as median fluorescent intensity (MFI) at timepoints 0, 30 and 60 minutes from
addition of labelled S. pneumoniae with comparison between fixed and unfixed samples with
4% (v/iv) PFA. Fixed samples were treated with 4% (v/v) PFA post phagocytosis time point.
Paired samples, fixed n=5, unfixed n=5. Statistics calculated using Wilcoxon matched pairs or
Kruskal Wallis test for multiple comparisons, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. A.
cROS production at 30 minutes compared between fixed and unfixed samples. B. cROS
production at 60 minutes compared between fixed and unfixed samples. C. cROS production
at time 0, 30 and 60 minutes for fixed samples. D. cROS production at time 0, 30 and 60
minutes for unfixed samples
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Comparison on cROS production using fold change in MFI demonstrated a significant
difference in cROS MFI was seen at 60-minute incubation between fixed and unfixed samples
which was not replicated at 30 minute incubation (cCROS MFI 30 minutes fixed 12.12 vs unfixed
27.70, p=0.0860, Figure 4.5A) (cROS MFI 60 minutes fixed 15.52 vs unfixed 19.71, p=0.0105,
Figure 4.5B). Otherwise, there was no significant difference from baseline fold change
between 30 or 60 minute incubation times for fixed or unfixed samples (MFI fold change fixed
30 minutes 19.51 vs 60 minutes 15.52, p=0.5730, Figure 4.5C), (MFI fold change unfixed 30

minutes 27.70 vs 60 minutes 34.10, p=0.7921, Figure 4.5D).
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Figure 4.5 Isolated neutrophil cytoplasmic reactive oxygen species (cCROS) production after
S. pneumoniae phagocytosis expressed as fold change in median fluorescent intensity (MFI)
from O minutes compared to 30 and 60 minutes, and between fixed and unfixed samples.
Fixed samples were treated with 4% (v/v) PFA post phagocytosis time point. Paired samples,
fixed n=5, unfixed n=5. Statistics calculated using Wilcoxon matched-pairs signed rank test or
Kruskal Wallis test for multiple comparisons, *p<0.05, *p<0.01, ***p<0.001, ****p<0.0001. A.
cROS production at 30 minutes compared between fixed and unfixed samples. B. cROS
production at 60 minutes compared between fixed and unfixed samples. C. cROS production
at time 30 and 60 minutes for fixed samples. D. cROS production at time 30 and 60 minutes
for unfixed samples.
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n/mROS

There was no significant difference in n/fmROS whether samples were fixed in 4% (v/v) PFA
or unfixed at either 30 or 60 minutes (30 minutes n/mROS MFI fixed 78.33 vs unfixed 294.9,
p=0.21399, Figure 4.6A) (60 minutes n/mROS MFI fixed 30 minutes 294.7 vs 60 minutes
219.0, p=0.4207, Figure 4.6B). There was no significant difference in n'mROS between 30
and 60 minute incubations whether samples were fixed in 4% (v/v) PFA or unfixed (CROS MFI
fixed 30 minutes 78.33 vs 60 minutes 294.7, p>0.9999, Figure 4.6C) (cROS MFI unfixed 30
minutes 294.9 vs 60 minutes 219.0, p>0.9999, Figure 4.6D). There was significant increase
in MFI from 0 to 30 or 60 minutes for both fixed and unfixed samples (fixed MFI 0 minutes
1.890 vs 30 minutes 78.33 (p=0.05) vs 60 minutes 294.7 (p=0.0089), Figure 4.6C), (unfixed
MFI 0 minutes 2.11 vs 30 minutes 294.9 (p=0.0112) vs 60 minutes 219.0 (p=0.0486), Figure

4.6D).

There was no significant difference in MFI fold change n/mROS production between fixed and
unfixed samples at 30 or 60 minute incubation timepoints (MFI fold change 30 minutes fixed
38.97 vs unfixed 139.9, p=0.1806, Figure 4.7A), (MFI fold change 60 minutes fixed 157.6 vs
unfixed 111.9, p=0.4235, Figure 4.7B). There was no baseline MFI fold change between 30
or 60 minute incubation times for fixed or unfixed samples (MFI fold change fixed 30 minutes
40.0 vs 60 minutes 157.6, p=0.498, Figure 4.7C), (MFI fold change unfixed 30 minutes 139.9

vs 60 minutes 111.9, p=0.1690, Figure 4.7D).
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Figure 4.6 Isolated neutrophil nuclear/ mitochondrial reactive oxygen species (n/mROS)
production expressed as median fluorescent intensity (MFI), at timepoints 0, 30 and 60 minutes
from addition of labelled S. pneumoniae with comparison between fixed and unfixed samples
with 4% (v/v) PFA. Fixed samples were treated with 4% (v/v) PFA post phagocytosis time point.
Paired samples, fixed n=5, unfixed n=5. Statistics calculated using Wilcoxon matched pairs
signed rank test or Kruskal Wallis test for multiple comparisons, *p<0.05, **p<0.01, **p<0.001,
****p<0.0001. A. n/mROS production at 30 minutes compared between fixed and unfixed
samples. B. fmROS production at 60 minutes compared between fixed and unfixed samples.
C. n/mROS production at time 0, 30 and 60 minutes for fixed samples. D. nfmROS production
at time 0, 30 and 60 minutes for unfixed samples
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Figure 4.7 Isolated neutrophil nuclear/ mitochondrial reactive oxygen species (n/mROS)
production expressed as fold change in median fluorescent intensity (MFI) from O minutes,
compared to 30 and 60 minutes, and between fixed and unfixed samples after addition of
labelled S. pneumoniae. Fixed samples were treated with 4% (v/v) PFA post phagocytosis
time point. Paired samples, fixed n=5, unfixed n=5. Statistics calculated using Wilcoxon
matched pairs signed rank test or Kruskal Wallis test for multiple comparisons, *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001. A. n/mROS production at 30 minutes compared
between fixed and unfixed samples. B. n/f/mROS production at 60 minutes compared
between fixed and unfixed samples. C. fmROS production at time 30 and 60 minutes for
fixed samples. D. nf/mROS production at time 30 and 60 minutes for unfixed samples
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These results suggest that when using heat-inactivated fluorescently labelled SP, maximal
phagocytosis is achieved within 30 minutes. Further, there was no significant increase in the
generation of ROS in neutrophils at 30 minutes compared to 60-minutes. Based on these
results a 30-minute timepoint was chosen for the phagocytosis assay as this minimises the
time potentially infected cells are handled and incubated. Increases from baseline MFI
demonstrate successful phagocytosis of bacteria and generation of both cROS and n/mROS.
The percentage of cells which have undergone phagocytosis is within the range to allow for
measurement of increased or decreased effects from patient samples. The significant change
in phagocytosis between fixed and unfixed samples is noted, but due to the nature of COVID-
19 it would be irresponsible and unsafe to use unfixed samples. Measurements and

comparisons with AMC and CAP patients were only made between fixed samples.

Cessation of phagocytosis

Cessation of phagocytosis is routinely achieved by incubation on ice following the experimental
time course. Samples must remain on ice until samples can be processed and analysed by

flow cytometry. 4% (v/v) PFA was used as a surrogate for cessation of cellular activity.

Comparison between ice and 4% (v/v) PFA was carried out on 3 paired samples (3M, mean
age (27), using the methods described in Chapter 3. The percentage of cells which have
phagocytosed was not significantly different between ice control and PFA treated cells,
suggesting equivalence in cessation of phagocytic function (mean ice control 38.2 vs 4% PFA

40.2, p=0.7500, Figure 4.8).
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Figure 4.8 Percentage of labelled S. aureus phagocytosed by isolated neutrophils at 30
minutes comparing ice and 4% (v/v) PFA as method of termination of phagocytosis at the
desired 30 minute timepoint. Paired samples, n=3. Neg indicates negative control using
cytochalasin D. Kruskal-Wallis test used to compare groups.

4.2.2 Transwell migration

Migration through a transwell membrane was carried out on 5 paired samples (3M, 2F, mean
age 28.8 years) using the methods described in Chapter 3.1.4.2. Number of cells migrating
was calculated as per methods described previously. Results from cells fixed post 90-minute
migration and unfixed samples were compared to determine differences and appropriate

experimental plan.

Unfixed samples demonstrated significantly lower numbers of cells migrated compared to fixed
(median no. cells migrated unfixed 4959 vs fixed 9277, p=0.0348, Figure 4.9A). To determine
if there was a difference between stimulated and vehicle control, fold change to vehicle control
was compared. There was no statistically significant difference, but there was decreased
migration in unfixed samples (median fold change cells migrated fixed 35.45 vs unfixed 18.00,

p=0.1250, Figure 4.9B).
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Figure 4.9 Comparison of neutrophil migration through a transwell membrane between fixed
and unfixed samples. Paired samples, n=5. Wilcoxon matched pairs signed rank test carried
out for statistical significance, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. A. Number of
cells migrated compared between fixed and unfixed samples. Vehicle control was negligible.
B. Fold change of cells migrated compared to vehicle control compared to fixed vs unfixed.

Although absolute number of cells migrated is significantly lower in unfixed samples, changes
will be reported as fold change compared to vehicle control. Comparisons between samples
from COVID-19 patients, healthy controls and community acquired pneumonia patients will be

valid as all samples will be processed with fixation.
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4.2.3 NETosis

NET production after stimulation with PMA was carried out on 11 paired samples (4M, 7F,
mean age 66.1 years) from a combination of healthy controls and community acquired
pneumonia patients, using the methods described in Chapter 3.1.4.3. Absolute values in
reference units (RFU) and percentage change from vehicle control were recorded after
stimulation with PMA. Unfixed samples demonstrated no significant difference in NET
production after stimulation compared to fixed samples (percentage change fixed 101.0 vs
unfixed 116.1, p=0.1230, Figure 4.10A). There was a significant increase between vehicle
control and PMA stimulated neutrophil NETosis (fixed VC 126RFU vs PMA 258RFU,

p=0.0002), (unfixed VC 114RFU vs PMA 247RFU, p<0.0001), Figure 4.10B.
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Figure 4.10 Neutrophil extracellular trap production after stimulation with PMA or vehicle
control (VC) shown as A. Percentage change in neutrophil extracellular trap production
compared to vehicle control after PMA stimulation and B. Increase in RFU compared between
vehicle control and PMA stimulation of neutrophils. One-way ANOVA used for multiple
comparisons and paired t-test used for single comparisons, n=11 for all groups, *p=<0.05,
**p<0.01, ***p=<0.001, ****p<0.0001.
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4.3 PI3K inhibitor viability

Addition of the pan PI3K inhibitor had no effect on the viability of the cells after isolation, 30

minutes incubation with the inhibitor and 30 minutes phagocytosis, Figure 4.11.
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Figure 4.11 Viability of neutrophils after 30 minutes incubation with pan PI3K inhibitor or
DMSO (vehicle control), or 30 minutes phagocytosis of labelled S. pneumoniae (SP), n=7,
Kruskal-Wallis test used for comparisons.

4.4 Dexamethasone

Rapid development of COVID-19 treatment occurred throughout the pandemic and during
patient recruitment. Patients were recruited prior to administration of novel repurposed
therapies such as monoclonal antibodies. Dexamethasone, a synthetic glucocorticoid which
has been commonly used since 1958 (Khan et al., 2005), was one of the first drugs to be
investigated to determine if administration improved patient outcomes in COVID-19 disease.
The RECOVERY trial showed improved clinical outcomes in severe disease (Johnson and
Vinetz, 2020). Patients requiring supplemental oxygen to maintain peripheral saturations of
>90% were prescribed dexamethasone either 6.6mg intravenously (IV) or 6mg orally (PO) as

standard of care.
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Previous studies have demonstrated inhibited neutrophil migration to inflammatory sites (van
Overveld et al., 2003, Zentay et al., 1999). These studies used only neutrophils isolated from
healthy controls. Dexamethasone related changes to neutrophil chemotaxis were documented
to be recordable from within 2 hours after oral dosing of dexamethasone (Lomas et al., 1991).
In order to determine the effect of dexamethasone on neutrophil function in an infective state,
cells treated with dexamethasone were compared to those treated with vehicle control from

CAP patients.

Neutrophils from CAP patients were supplemented in vitro with dexamethasone to replicate a
peak plasma concentration of 60-100ng/mL (Weijtens et al., 1997). Phagocytosis of heat
inactivated, labelled S. pneumoniae, transwell migration and NETosis were investigated. Cells
were treated with dexamethasone for 30 minutes prior to functional experimentation, and all

samples were fixed as per safety guidance for COVID-19 sample handling.
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4.4.1 Phagocytosis

Phagocytosis using heat inactivated labelled S. pneumoniae was carried out on 6 paired
samples (3M, 3F, mean age 26.5) using the methods described in Chapter 3.1.4.1.
Dexamethasone was added to samples as detailed above. The percentage of bacterial

phagocytosis was measured compared between vehicle control and dexamethasone.

There was no significant difference in the percentage of phagocytosis between those treated
with dexamethasone and those with vehicle control (median percentage phagocytosis no

dexamethasone 22.53 vs dexamethasone 20.24, p=0.6875, Figure 4.12).
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Figure 4.12 Percentage of neutrophil phagocytosis of labelled S. pneumoniae after
dexamethasone treatment. Paired samples n=6, Wilcoxon matched-pairs signed rank test
used for statistical analysis.

4.4.2 Transwell migration

Migration through a transwell chamber towards CXCL8 supplemented media was carried out

on 16 paired samples (10M, 6F, mean age 72.5y) from a combination of healthy controls and
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community acquired pneumonia patients, using the methods set out in Chapter 3.1.4.2. Cells

migrated and fold change from vehicle control was measured.

There was no significant difference in number of cells migrated between those treated with
vehicle control and supplemented dexamethasone (median no. cells migrated no
dexamethasone 6471 vs dexamethasone 4134, p=0.3303,Figure 4.13A). As there was a
difference demonstrated between fixed and unfixed samples as per Chapter 4.2.2, fold change
in cells migrated was also compared. There was no significant difference between vehicle
control and dexamethasone samples (fold change of cells migrated no dexamethasone 11.80

vs dexamethasone 11.08, p=0.4212, Figure 4.13B).
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Figure 4.13 Comparison of neutrophil migration through a transwell pore between samples
treated with dexamethasone and IL-8 (Dexamethasone) and IL-8 only (IL-8). Paired samples
n=16, paired t-test used for statistical analysis. A. Total nhumber of cells migrated with and
without dexamethasone added . B. Fold change in cells migrated with and without
dexamethasone added.

4.4.3 NETosis

NET production after stimulation with PMA was carried out on 9 paired samples (3M, 6F, mean

age 76.8y) from a combination of healthy controls and community acquired pneumonia

121



patients, using the methods set out in Chapter 3.1.4.3. % change from vehicle control

compared to additional dexamethasone was recorded after stimulation with PMA.

There was no significant difference in NET production after PMA stimulation between those
treated with dexamethasone and those with vehicle control (percentage change in NET

production no dexamethasone 99.19 vs dexamethasone 98.78, p=0.9300, Figure 4.14)
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Figure 4.14 Neutrophil extracellular trap formation after PMA stimulation, compared between

cells treated with dexamethasone and untreated. Paired samples n=9, paired t-test used for
statistical analysis.
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4.5 Carbon dioxide incubation

Communal incubators were unable to be used as part of COVID-19 safety protocols. These
incubators are set up for optimal cell culture, including maintenance of a 5% CO- environment.
Smaller incubators were used instead, which could be incorporated into the isolated laboratory.
5% CO: is important for media stability and prevention of disequilibrium of the carbonic acid
pH buffering system. RPMI 1640 media was used for cell culture as laboratory standard. This
is designed to buffer pH and counteract changes which may be induced by cellular respiration.
Exposure to atmospheric CO; levels may therefore change the pH of the media, potentially

affecting cellular function.

Comparison of neutrophil cellular function in an incubator capable of maintaining 5% CO;

compared to atmospheric CO; was carried out.

45.1 Phagocytosis and viability

Phagocytosis and viability were carried out on 4 paired samples (3M, 1F, mean age 82.0y)
using the methods described in Chapter 3.1.4.1. The percentage of bacterial phagocytosis of

S. pneumoniae and percentage of cells alive were measured for these samples.

There was no significant difference seen in the percentage of phagocytosis or cell viability
between those cells incubated in 5% controlled CO. or atmospheric CO, (percentage
phagocytosis atmospheric CO,48.91 vs 5% C0O,48.30, p=0.6250, Figure 4.15A) (percentage

of cells alive atmospheric CO,96.00 vs 5% C0O,99.00, p=0.2500, Figure 4.15B).
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Figure 4.15 Comparison of neutrophil incubation in 5% controlled CO; (5% CO_) and
atmospheric CO, (Atm CO,) throughout the experiment, for a total time of 1.5 hours. Paired
samples n=4, Wilcoxon matched-pairs signed rank test used for statistical analysis. A.
Percentage phagocytosis between atmospheric and 5% CO; environments B. Neutrophil
viability comparison between atmospheric and 5% CO; environments
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4.5.2 Transwell migration

Neutrophil migration through a transwell pore was carried out on 5 paired samples (4M, 1F,
mean age 82.0y) using the methods described in Chapter 3.1.4.2. Number of cells migrated

and fold change compared to untreated control was measured.

There was no significant difference in the fold change of cells migrated between CO; conditions
(median fold change cells migrated atmospheric CO; 5.333 vs 5% CO, 4.361, p=0.6250,
Figure 4.16A). There was a significant difference in the number of cells migrating between
CO; conditions (median no. cells migrated atmospheric CO,1011 vs 5% CO, 12-77, p=0.0042,
Figure 4.16B). As described in Chapter 4.2.2, there was a significant difference in number of

cells migrating between fixed and unfixed states.
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Figure 4.16 Comparison of neutrophil migration at atmospheric CO, (Atm CO;) and 5%
controlled CO; (5% COy). Paired samples n=5, Wilcoxon matched-paired signed rank test used
for statistical analysis, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. A. Fold change in number
of cells migrated from control compared between atmospheric and 5% CO; environments . B.
Total number of cells migrated compared between atmospheric and 5% CO- environments).
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45.3 NETosis

NET formation after PMA stimulation was carried out on 3 paired samples (2M, 1F, mean age
85.0y) using the methods described in Chapter 3.1.4.3. Fold change of NET production

compared to vehicle control was measured

There was no significant difference in NET production between the CO; conditions (median

fluorescence atmospheric CO, 1268 vs 5% CO, 1332, p=0.7500, Figure 4.17).
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Figure 4.17 Fluorescence (in reference units (RFU)) recorded of neutrophil extracellular trap
production after PMA stimulation in atmospheric CO, (Atm CO;) and 5% controlled CO, (5%
COy) environments. Paired samples n=3, Wilcoxon matched-pairs signed rank test used for
statistical analysis.
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4.6 Bacterial fluorescence

S. pneumoniae labelling with AlexaFluor 488 can degrade over time, decreasing intensity of
bacterial fluorescence. To decrease potential batch variations that may occur with labelling,
one batch of labelled bacteria was used across all phagocytosis experiments from January
2021 to May 2022. Comparisons made using this assay were internally controlled though fold
change from baseline, but degradation of fluorescent intensity would lead to a reduction in
median fluorescent intensity (MFI) for the same number of phagocytosed bacteria and reduce
the ability of the assay to detect smaller changes. Theoretically degradation may not be equal

across all labelled bacteria, introducing further bias.

Healthy young controls were analysed at the beginning at project start (January 2021), to
represent neutrophils not affected by disease, age or other co-morbidities. 10 healthy young
controls were recruited. Due to loss of follow up, 3 were available for repeat experiments at
the conclusion of this project (November 2022). A total of 21 months had elapsed from
bacterial labelling to final phagocytosis experiment. MFI of phagocytosed bacteria were

compared to determine if degradation was significant.

There was no significant difference in recorded MFI or percentage of phagocytosis between
experiments conducted in 2020 at the beginning of recruitment and 2022 at the end of patient
recruitment (MFI 2020 7.880 vs 2022 7.330, p=0.4197, Figure 4.18A) (percentage

phagocytosis 2020 54.80 vs 2022 29.90, p=0.0973, Figure 4.18B).
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Figure 4.18 Comparison over time of bacterial fluorescence of phagocytosed S. pneumoniae.
Paired samples n=3, Wilcoxon matched-paired signed rank test used for statistical analysis.
A. Median fluorescent intensity (MFI) compared between phagocytosis experiments carried
outin 2020 vs 2022. B. % phagocytosis of labelled bacteria compared between phagocytosis
experiments carried out in 2020 vs 2022.
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4.7 Discussion

The nature of a novel infectious disease requires careful manipulation of samples to ensure
researcher safety. However, many established protocols for neutrophil effector function
experiments are not designed or validated for this, including measurement of neutrophil
viability and migration. Therefore, it was imperative to validate these experiments prior to
patient recruitment. This enabled limitations to be evaluated and accounted for during data
analysis. Fold change and percentage change for functional experiments were used in the

analysis throughout this thesis especially between different variants of infection.

Our adapted methodology did not cause significant variance in functional neutrophil
experiments; however, some differences were noted. Fixation significantly reduced the signal
from the phagocytosis assay at both 30- and 60-minute timepoints. The results suggest that
30-minute incubation times for phagocytosis were appropriate for S. pneumoniae. Other
neutrophil studies using labelled beads (e.g. pHrodo) are a less physiologically representative
model of phagocytosis. The use of opsonised labelled S. pneumoniae was more
physiologically relevant as well as reaching appropriate levels of phagocytosis at 30 minutes.
There was decreased signal of phagocytosis in fixed samples, but sufficient to allow for
changes to be detected. Total number of migrated cells decreased in unfixed samples, but
there was no significant difference when fold change of migrated cells was compared. In order
to accurately compare between samples, fold change to untreated control would be used in

the first instance. No change in NET production was noted.

Avoiding dexamethasone treatment in patient recruitment was not be feasible for this study as
it was given on admission to the Emergency Department and had quickly become standard of
care. Delaying treatment could have detrimental effects on patient outcomes, and as such this
was not ethical. Previous studies have documented changes to neutrophil function after
steroid use (Burton et al., 1995, Dale et al., 1998, Zentay et al., 1999, Perretti and Flower,
1993, Fuenfer et al., 1975), but in this model, there were no significant differences in function

recorded after treatment with dexamethasone. Previous studies have documented changes
129



to neutrophil function after 2 hours post oral dexamethasone administration (Lomas et al.,
1991). Intravenous administration of dexamethasone should therefore have a reduced lag
time. Glucocortiocosteroids have two main mechanisms of action on cells, mediated through
the glucocorticosteroid receptor (GR). Genomic functions through GR signalling lead to
induction or repression of gene expression, whilst more rapid responses occur through
cytosolic or membrane GR through kinase enzyme activation (such as PI3K and mitogen-
activated protein kinases (MAPKs) (Samarasinghe et al., 2012). Thus responses can occur
within seconds to minutes of GR activation, with effects potentially lasting for days after
administration. Patients were planned to be recruited within 24 hours of admission, with
dexamethasone being administered from 0-24 hours before study recruitment. Assessing
neutrophil changes beyond 30 minutes incubation would incur alterations to function due to ex
vivo viability and would make interpretation and drawing conclusions unfeasible (Oh et al.,

2008).

CO; concentrations can be responsible for changes to pH in the internal endovascular
environment, when the natural carbonic anhydrase buffering system becomes overwhelmed.
Exposure to different concentrations of CO, could theoretically alter function; studies have
shown the effect of pH on neutrophil function in the past (Khan et al., 2018, Shimotakahara et
al.,, 2008). We demonstrated a decreased neutrophil migration when neutrophils were
incubated in atmospheric standard CO, compared to the controlled environment of a 5%
controlled CO; incubator. There was no significant difference in fold change of cells migrated

to vehicle control indicating the comparative effects remain constant.

Degradation in the fluorescent signal from heat-inactivated bacteria over time was observed
during our study. Each model that could be used for phagocytosis has associated limitations.
Inactivated bacteria suffer from decreased fluorescence; beads coated with bacterial
fragments are a poorer physiological substitute; use of multiple batches of labelled bacteria
can cause issues with inter-batch variability and labelling. Therefore, whilst this degradation

of signal anticipated it was deemed preferable to potentially greater variance introduced from

130



the use of multiple cultures over a long period of time as relative comparisons to the untreated

controls.

This chapter demonstrates some observed differences in output from our previously
standardised methodology due to the requirement to fix samples before removal from a
containment cabinet. Decreases in migration cell count may make detection of smaller fold
changes more difficult but counts are not decreased to where they would be undetectable.
These may be caused by clumping of cells during the fixation process (Kim and Sederstrom,
2015). However, all samples from disease and age-matched control groups underwent the
same experimental protocol to unsure validity. Where possible, intra-patient controls were

used and fold change analysed to ensure all comparisons were valid.

4.8 Summary of adaptations

1. Fixation with 4% (v/w) PFA
Samples were fixed with 4% (v/w) PFA for researcher safety

2. Dexamethasone administration
Patients who had dexamethasone administered were be included in recruitment
as there was no significant difference in functional assay outcomes for isolated
neutrophils compared to no dexamethasone administration

3. Carbon dioxide incubation at atmospheric pressures
Due to safety protocols, incubation occurred in incubators at atmospheric
carbon dioxide pressures. All experiments were conducted with the same
protocol.

4. Bacterial fluorescence
Use of percentage change in phagocytosis standardised to baseline of each
patient helped to reduce the time sensitive effects of decreased fluorescence

when comparing between patients infected with different SARS-CoV-2 strains.
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CHAPTER 5
PATIENT PHENOTYPE IN COVID-19
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5.1 Introduction

To date (December 2023), there have been 772 million recorded cases of COVID-19 worldwide
(WHO, 2023a) and at the time of final recruitment for this project, 24.1 million cases in the UK
alone. 80% of those infected develop a mild to moderate respiratory disease and 10-20% of

these can manifest as pneumonitis (Sapey et al., 2020).

The clinical presentation and phenotype of COVID-19 patients varied significantly. In the early
stages of the pandemic, it was not possible to discern why certain individuals developed a
more severe disease course. It was thought that an exaggerated cytokine response, leading
to overwhelming inflammation was a driver of severe disease and worse outcomes. Several
routinely measured serum/ blood markers were thought to be associated with a poor outcome
in COVID-19 such as ferritin and neutrophil: lymphocyte ratio (Aschenbrenner et al., 2021,
Vitte et al., 2020, Wilk et al., 2020). To treat patients more effectively and triage patients
earlier, scoring systems based on biochemical measurements, demographics and clinical
observational data were developed. Traditional scores predicting mortality and disease
outcomes in critical illness and bacterial CAP did not correlate to COVID-19 outcomes (Ahmed
et al., 2022). The 4C score was validated for in-patient mortality outcomes in COVID-19, with
patients being categorised into low, intermediate, high and very high scores (Gupta et al., 2021,

Knight et al., 2020).

Increasing age was quickly recognised as a risk factor for severe COVID-19, including the
development of acute respiratory distress syndrome (ARDS) (Zhang et al., 2020a, Printz,
2021). Neutrophil function has been shown to change with age; reduced phagocytic capacity,
migration accuracy and NET production (Sapey et al., 2014, Butcher et al., 2001, Hazeldine et
al., 2014). This in turn can delay pathogen clearance and increase bystander tissue injury.
Any dysfunction is amplified in older adults who have severe infections where neutrophil
functions are impaired even in younger adults (Patel et al., 2018, Grudzinska et al., 2020, Juss

et al., 2016a, Sapey et al., 2017).
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5.2 Aims of Chapter 5

1. To establish the clinical phenotype of the ward-based COVID-19 patients compared to

community acquired pneumonia (CAP) and age matched controls (AMC)

5.3 Clinical phenotype

5.3.1 Patient demographics

41 COVID-19 patients (mean age 71.5 years, 26 male) were recruited alongside 23 healthy
AMC (mean age 70 years, 10 male) and 26 CAP patients (mean age 67.5 years, 15 male). As
described in Chapter 3.2 BMI and comorbidity was also recorded, categorised into major organ

systems. Patient demographics are shown in Table 5.1.
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AMC COVID-19 CAP

n=26 n=41 n=26
Male: Female 10:16 26:15 15:11
White: Non-white 24:2 31:10 233
Died (%) 0(0%) 10 (24%) 2(8%)
Age 70 (61.0-78.0) 71.5(58.0-84.0) 67.5 (54.5-85.0)
BMI (kg/m?) 26.4 (24.2-32.8) 27.9(23.3-41.1)
Comorbidities
Cardiovascular 4 (15.3%) 12 (29.3%) 7 (26.9%)
Respiratory 0 (0%) 1(2.4%) 4 (15.4%)
Endocrine 10 (38.4%) 16 (39.0%) 3(11.5%)*
Hypertension 13 (50%) 19 (46.3%) 10 (38.5%)
Chronic Kidney Disease 1(3.8%) 2 (4.8%) 5(19%)
Other 10 (38.4%) 22 (53.7%) 10 (38.4%)
Smoking status
Current 0(0%) 1(2.4%) 5(19.2%)
Ex 8 (30.7%) 10 (24.4%) 3 (11.5%)
Never 18 (69.2%) 33 (80.5%) 18 (69.2%)

Table 5.1 Recruited patient and AMC demographics, collected at the time of enrolment. Height
and weight measurements were not able to be collected to calculate a BMI measurement for
the recruited AMC. Comparisons were calculated between cohorts of COVID-19 patients,
AMC, or CAP patients. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Normally distributed
results shown with mean (SEM), not normally distributed shown with median (IQR Q1-Q3).
Statistical significance calculated using One-way ANOVA if parameter normally distributed and
Kruskal-Wallis test if non-parametric parameter. Other comorbidities were included if they
caused a significant impact on patient quality of life or regular medication — this included but
not limited to: severe peripheral vascular disease with ulceration, dementia, stroke, childhood
polio, obesity, diverticulosis, alcohol related liver disease, rheumatoid arthritis.
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There was no significant difference in basic patient demographics between recruited AMC,
COVID-19 and CAP patients. There was a lower incidence of endocrine comorbidities in the
CAP group compared to either COVID-19 or AMC patients (p<0.05). There was no significant
difference in the number of smokers vs ex- vs non-smokers between patient cohorts. No

patients were transferred from ward-based care to intensive care.

Dexamethasone was prescribed for patients as per local and national guidelines. 92.6%
(38/41) patients received at least one dose of dexamethasone during their COVID-19
admission. CAP patients were not treated with dexamethasone as this was not part of

standard clinical care for pneumonia patients.

5.3.2 Biochemical correlations

Cell and biochemical markers of disease were collected and compared between COVID-19
and CAP patients, Table 5.2. There was a significantly raised white cell count (WCC) in CAP
compared to COVID-19 patients (CAP 13.4 x10°%L vs COVID-19 8.2 x10%L, p<0.001), as was
neutrophil differential count (CAP 11.2 x10°%L vs COVID-19 6.4 x10%L, p<0.01). Plasma ferritin
was significantly raised in COVID-19 compared to CAP patients (COVID-19 1082ug/L vs CAP

110ug/L, p<0.05).

136



CoVID-19 CAP
n=41 n=26

WCC (x10°/L) 8.2 (6.3-12.0) 13.4 (10.7-16.4)***
Neutrophils (x10°/L) 6.4 (4.4-8.6) 11.2 (7.8-13.6)**
CRP (mg/L) 103.0 (63.0-165.0) 119.0 (42.0-396.0)
NLR 5.4 (3.8-10.8) 8.5 (5.9-52.7)
HS Troponin | (ng/L) 14.5 (5.0-31.3) 17.5 (4.0-318.0)
D-dimer (ng/mL) 382.0 (218.0-829.5) 659.0 (270.5-1510.0)
Ferritin (pg/L) 1082 (428.3-1525.0) 110.0 (78.8-225.3)*
Vitamin D (nmol/L) 35.6 (23.0-51.8) 45.3 (23.8-73.2)

Table 5.2 Recruited COVID-19 and CAP patient biochemical results, recorded from admission
blood tests and observations. WCC- white cell count; CRP- C-reactive protein; NLR- neutrophil
lymphocyte ratio; HS Troponin I- high sensitivity troponin I.  *p<0.05, **p<0.01, **p=<0.001,
****p<0.0001. Data shown as median (IQR Q1-Q3). Statistical significance calculated Wilcoxon
matched pairs signed rank test for not normally distributed data.
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5.3.3 Severity scoring correlations

Disease severity scores were compared between COVID-19 and CAP patients Table 5.3. 4C
scores were calculated for CAP patients, but these have not been validated for mortality. They
provide a useful comparison of biochemical measures between these cohorts. There was no
significant difference between CAP and COVID-19 patient 4C scores. There was no significant
difference in gSOFA (quick Sepsis-related Organ Failure Assessment Score) or CURB-65
(mortality score in community acquired pneumonia) scores. There was no significant
difference observed in length of stay between COVID-19 and CAP patients observed. NEWS2
scores were not significantly different between COVID-19 and CAP patients. The worst score

within 24 hours of admission was recorded for comparison.
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COVID-19 CAP
n=41 n=26
Admission NEWS 2 6.0 (5.0-7.0) 5.0(3.0-12.0)
4C 12.0(9.0-14.0) | 11.0(5.3-13)
qSOFA 1.0(1.0-1.5) 1.0(1.0-1.0)
CURB-65 2.0(1.0-3.0) 2.0(2.0-2.0)
Length of stay (days) | 5.5(3.0-12.0) 4 (3.0-7.5)

Table 5.3 Disease severity scores calculated based on clinical observations and blood tests
done on admission. qSOFA- quick Sepsis-related Organ Failure Assessment Score; CURB-
65- Mortality in community acquired pneumonia. Data shown with median (IQR Q1-Q3).
Statistical significance calculated Wilcoxon matched pairs signed rank test for not normally
distributed data.

Stratifying patients by COVID-19 disease severity using the 4C score (<9 <9.9% mortality vs
=9 mortality >31.4%) showed patients with 4C <9 had a significantly higher BMI than those
with 4C 29 (p= 0.0155), and CAP patients with a 4C score 29 were significantly older
(p=0.0001), Table 5.4 There was no significant difference in mortality between COVID-19
patients with 4C <9 versus 4C 29 (p=0.1047). Patients with 4C = 9 had significantly longer
hospital length of stay than those with 4C score <9 (LoS p<0.0001). CAP patients stratified by
4C score demonstrated no significant difference in mortality (p=0.204) or length of hospital

admission (p=0.1614), Table 5.5.
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COVID-19 CAP

4C <9 4C =9 4C <9 4C =9

n=10 n=31 n=10 n=16
Male: Female 73 18:13 6:4 97
White: Non-white 73 238 9:1 14:2
Age 78 (69.0-87.0) 71 (58.0-84.0) 50.0 (23.5-57.3) 83.5 (68.5-90.0*
BMI (kg/m?) 31.26 (30.0-36.9) 2539 (23.3-31 9 27 4 (24 1-33.9) 279(232-33.1)
Died 0 (0%) 10 (32%) 0 (0%) 0 (0%)
IComorbidities
ICardiovascular 3 (30%) 9 (29.0%) 1 (10%) 6 (38%)
Respiratory 0 (0%) 1(3.2%) 0 (0%) 1 (6%)
Endocrine 3 (30%) 13 (41.9%) 1(10%) 2 (13%)
Hypertension 0 (0%) 19 (61.3)* 2 (20%) 8 (50%)
IOther 1({10%) 23 (74.2%)™ 9 (90%) 10 (63%)

Table 5.4 Table showing demographics and comorbidity data when COVID-19 and CAP
patients are stratified by 4C score <9 and 29 (<9 <9.9% mortality vs 29 mortality >31.4%).
Normally distributed results shown with mean (SEM), not normally distributed shown with
median (IQR Q1-Q3). Statistical significance calculated using One-way ANOVA if parameter
normally distributed and Kruskal-Wallis test if non-parametric parameter. *p<0.05, **p<0.01,

***p<0.001, ****p<0.0001.

Other comorbidities were included if they caused a significant

impact on patient quality of life or regular medication — this included but not limited to: severe
peripheral vascular disease with ulceration, dementia, stroke, childhood polio, obesity,
diverticulosis, alcohol related liver disease, rheumatoid arthritis.

COVID-19 CAP

4G <8 4C =9 4G <8 4C =9

n=10 n=31 n=10 n=31
WCC (x10%L) 7.1(6.1-9.7) 8.8 (6.8-12.5) 13.8 (107-16.5) 13.4 (9.9-16.4)
Neutrophils (x10%L) 55 (4.3-8.0) 6.7 (46-8.8) 10.4 (7.8-13.6) 11.3 (6.4-14 5)
ICRP (mg/L) 86.0 (44.3-158.3) 116.0 (72.0-170.0) 48.5 (16.8-109.5) 134 (103.0-196.0)
NLR 54 (37-7.5) 45(3.9-13.3) 6.4 (45-77) 11.7 (7.2-20.1)
HS Troponin | (ng/L) <5 (<5-5.0) 18.0 (9.0-37.0) 4.0 (4.0-21.5) 30 (16.3-64 5)
D-dimer {(ng/mL) 267.0(201.0-572.0) | 4085 (233.0-8865) 254 0 (163.0-254.0) 915 (355.3-2001.8)

Ferritin (ug/L)

1169 (569.0-1377.0)

995 (394.0-2055.5)

98.0 (60.0-184.0)

163.0 (81.0-480.0)

Vitamin D (nmol/L)

25.3 (18.3-36.0)

45.0 (25.6-70.1)**

31.5 (22.5-51.4)

55.4 (23.4-77.6)

CFS 45 (2.56.0) 1.0 (1.0-2.0) 0.0 (0.0-1.5) 4.0 (2.25.5.75)
Worst NEWS2 6.0 (5.3.7.0) 6.0 (4.37.0) 50 (2.56.3) 55 (3.08.0)
ICURB65 2.0 (1.03.0) 2.0 (2020) 0.0 (0.0-0.3) 2.0 (2.02.0)
qSOFA 1.0 (0.3-1.0) 1.0 (1.0-2.0) 1.0 (1.0-1.0) 1.0 (1.0-2.0)
Length of stay (days) 3.0 (2.04.0) 95 (4.3 12.0)* 3.0 (2.04.0) 55 (3.38.0

Table 5.5 Table showing biochemical clinical measures and severity scores when COVID-19
and CAP patients are stratified by 4C score <9 and 29 (<9 <9.9% mortality vs 29 mortality
>31.4%). Normally distributed results shown with mean (SEM), not normally distributed shown

with median (IQR Q1-Q3).

Statistical significance calculated using One-way ANOVA if

parameter normally distributed and Kruskal-Wallis test if non-parametric parameter, *p<0.05,
**p<0.01, **p<0.001, ****p=<0.0001. WCC- white cell count; CRP- C-reactive protein; NLR-
neutrophil lymphocyte ratio; HS Troponin I- high sensitivity troponin |
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Patients were followed up for outcome at 28 days, 3 months, 6 months and 12 months from
recruitment. Re-admissions at 28 days are shown in Table 5.6 with reasons documented. 3
of the 5 patients from the CAP group readmitted were COVID-19 positive. In addition to patient
outcome, radiological changes were reviewed at 6 months and 12 months to determine if any

changes persisted.

COVID-19 In-hospital 28-day 3 month & month 12 month
Martality Re-admission
Additional 10041 0431 2131 1/31 2128 127
mortality [24%) (1 non-related [3%5) {T9%) [435)
infection, 1
worsening of
symptoms)
Cumulative 10041 10/41 11741 13041 14141
mortality [24%) (24%) (27%) (32%) [34%)
CAP In-hospital 28-day 3 month & month 12 month
Maortality Re-admission
Additional 2126 24 0r24 0/24 2124 2122
mortality (8%) (0%) (B%) (9%)
Cumulative 226 2126 2126 4126 B/26
maortality (8% (8% [8%) (15%) (23%)

Table 5.6 COVID-19 and CAP patient clinical outcome data, with follow up outcomes at 28
days, 3, 6, and 9 months after discharge. Mortality shown as additional deaths at each follow-
up time point and cumulative mortality. Re-admission data was collected at 28 days only, with
one patient being re-admitted for a non-related cellulitis infection and one re-admitted with
worsening COVID-19 symptoms, and later that admission was transferred to ICU care. No
CAP patients were readmitted at 28 days.

Clinical data for patients who survived versus those who died are shown in Table 5.7. Patients
who did not survive were significantly older (median age survived 61 (56-78), median age died
87 (79-90), p=0.0006), and had increased cardiovascular comorbidity incidence (survived
incidence 22.6%, died incidence 80%, p=0.002). Measured high sensitivity troponin | (median
survived 7.0 (5.0-15.5), median died 17.5 (11.8-37.0), p=0.0048) and vitamin D3 (median

survived 32.9 (21.4-56.9), median died 57.9 (29.6-86.5), p=0.0456) were lower in those who
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survived compared to died, as in Table 5.8. Of those with COVID-19 who survived, 90%

received dexamethasone and all who died received dexamethasone.

COVID-19 CAP
Survived Died Survived Died
n=31 n=10 n=24 n=2

Male: Female 19:12 73 14:10 1:1
White: Non-white 22:9 82 21:3 2:0
Age 61 (56-78) 87 (79-90)= 66.5(51.5-84.8) 78.0(71.0-85.0)
BMI (kg/m?) 29.7 (24.3-33.3) 257 (23.8-28.5) 265(23.1-33.2) 30.1(29.9-21.9)
IComorbidities
ICardiovascular 7 (22 6%) 8 (B0%)* 6 (26.1%) 1 (50%)
Respiratory 2 (6.5%) 2 (20%) 3 (13.0%) 1 (50%)
Endocrine 12 (38.7%) 5 (50%) 4 (17 4%) 0 (0%)
Hypertension 10 (32 2%) 9 (80%)* 8 (34 8%) 1 (50%)
IOther 8 (25.8%) 6 (60%) 14 (60.9%) 1 (50%)
Table 5.7 Recruited COVID-19 and CAP patients split by in-hospital mortality with

demographics. Normally distributed results shown with mean (SEM), not normally distributed
shown with median (IQR Q1-Q3). Statistical significance calculated using One-way ANOVA if
parameter normally distributed and Kruskal-Wallis test if non-parametric parameter, *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001. Other comorbidities were included if they caused a
significant impact on patient quality of life or regular medication — this included but not limited
to: severe peripheral vascular disease with ulceration, dementia, stroke, childhood polio,
obesity, diverticulosis, alcohol related liver disease, rheumatoid arthritis

COVID-19 CAP
Survived Died Survived Died
n=31 n=10 n=24 n=2
WCC (x10%/L) 8.2(64-10.8) 8.3 (6.3-248) 136 (10.7-16.8) 14.9 (14.1-15.7)
Neutrophils (x10%L) 6.5 (45-84) 58(40-17.3) 106 (7 5-13.1) 134 (11.7-15.1)
ICRP (mg/L) 98.0 (57.5-155.0) 139.0 (68.5-202.8) [ 87.0(33.5-196.0) | 146.5 (128.0-165.0)
NLR 6.3(3.6-12.1) 4.9(4.0-11.5) 7.8(54-122) 185 (17.2-19.9)
HS Troponin | (ng/L) 7.0(5.0-15.5) 17.5(11.8-37.0)** 15.0 (4.0-63.0) NA
D-dimer (ng/mL) 3820 (242 5-825.0) | 300.5 (182.8-3003.3) | 659 (270.5-915.0) NA
Ferritin (ug/L) 1260 (548.3-1531.0)| 431 (371.0-2187.3) | 110 (80.3-183.8) NA

Vitamin D (nmol/L) 32.9(214569) | 57.9(296-865)" | 453 (246-745) | 406 (19.3-619)

Worst NEWS2 6.0 (4.5-7.0) 7.0 (7.0-9.5) 5.0 (3.0-8.0) 45 (3.0-6.0)
4c 10.0 (6.5-13.0) 16.0 (13.3-20.0)* NA NA
CURBG5 1.0 (1.0-2.0) 3.0 (2.0-3.25) 20 (2.0-2.0) 2.0 (2.0-2.0)
qSOFA 1 (0.5-1.0) 15 (1.0-2.0) 1.0 (1.0-1.5) 1.0 (1.0-1.0)
Length of stay (days) 4.0 (23-12.0) 95 (6.3-12.0) 40 (3.0-7.0) 155 (8.0-23.0)

Table 5.8 Recruited COVID-19 and CAP patients split by in-hospital mortality with biochemical
clinical measures and severity scores. Normally distributed results shown with mean (SEM),
not normally distributed shown with median (IQR Q1-Q3). Statistical significance calculated
using One-way ANOVA if parameter normally distributed and Kruskal-Wallis test if non-
parametric parameter, *p<0.05, **p<0.01, ***p<0.001, ****p=<0.0001. WCC- white cell count;
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CRP- C-reactive protein; NLR- neutrophil lymphocyte ratio; HS Troponin I- high sensitivity
troponin |

Of the 12 patients who had follow up imaging done at 6 months, 3 demonstrated signs of
persistent changes, with 2 patients being readmitted with signs of acute infection and the
remaining 7 patients demonstrating resolution of initial pneumonitis. At 12 months, 5 patients
had ongoing imaging, which demonstrated ongoing persistent changes that had not resolved

from the imaging done at 6 months.

Patients were recruited within 48 hours of medical admission to hospital, but date of symptoms
onset to presentation varied between patients, with a range between 0 and 19 days. Median
time between symptom onset and presentation to hospital was 7 days for both CAP and
COVID-19 patients. Patients who presented to hospital <7 days after symptom onset were
significantly older than those who presented at 27 (mean age <7 days 76.3 (73.8-87.0); mean
age 27 days 60.2 (55.3-76.3), p=0.026, Table 5.9). These patients also had a higher CFS
(Clinical Frailty Scale score) (median CFS <7 4.5 (2.5-6.0), median CFS =7 days 1.0 (1.0-2.0),
p<0.001, Table 5.10), higher measured vitamin D (mean vitamin D <7 54.8 (27.9-76.0), mean
vitamin D 27 days 37.23 (21.0-54.3), p=0.05, Table 5.10), higher 4C score (median 4C score
<7 14.0 (11.5-15.0), median 4C score =7 days 10.0 (7.5-11.0), p-0.004, Table 5.10). There
was no significant difference in other measured clinical biochemical variables collected. There
was no significant difference noted between CAP patients presenting less or more than 7 days

after symptom onset.
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CovID-19

CAP

=7d symptoms

=7d symptoms

=7d symptoms

=7d symptoms

n=20 n=21 n=17 n=9
Male: Female 10:10 15:6 10:7 54
White: Non-white 16:4 13:8 15:2 8:1

Age T6.3(738-870) | 602 (55.3-763) | 70.0(58.0-286.0) 61.0 (35.5-77.0)
BMI (kg/m?) 252 (23.-31.3) 29.8 (23.1-34.3) 26.5(23.3-31.2) 32.5(23.2-34.4)
IComorbidities

ICardiovascular 8 (40%) 4 (20%)* 5 (36%) 1 (11%)
Respiratory 2 (10%) 2 (10%) 1 (6 %) 0 (0%)
Endocrine 8 (40%) 11 (52%) 1 (6%) 2 (22%)
Hypertension 10 (50%) 9 (43%)* 5 (36%) 5 (56%)
iOther 8 (40%) 6 (28%) 9 (53%) 4 (44%)

Table 5.9 Table showing demographics and comorbidities of COVID-19 and CAP patients
split by presentation <7 or 27 days (median time from symptom onset to presentation).
Normally distributed results shown with mean (SEM), not normally distributed shown with
median (IQR Q1-Q3). Statistical significance calculated using One-way ANOVA if parameter
normally distributed and Kruskal-Wallis test if non-parametric parameter, *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001. Other comorbidities were included if they caused a significant
impact on patient quality of life or regular medication — this included but not limited to: severe
peripheral vascular disease with ulceration, dementia, stroke, childhood polio, obesity,
diverticulosis, alcohol related liver disease, rheumatoid arthritis. BMI- Body Mass Index.

CoVID-19 CAP
=7d symptoms =7d symptoms <7d symptoms =7d symptoms
n=20 n=21 n=20 n=21

WCC (x10%/L) 7.6 (6.6-12.2) 8.4 (5.7-10.7) 13.3 (10.1-16.2) 14.2 (10.6-17.3)
Neutrophils (x10%/L) 57(51-84) 6.8 (4.1-86) 10.9 (7.1-13.1) 11.5 (7.6-15.0)
ICRP (mg/L) 88 (64.5-170) 116.5 (48.0-156.8) 87.0(25.0-173.0) 127.0 (33.6-192)
NLR 45 (3.6-9.1) 6.5(3.8-12.2) 10.2 (6.7-19.5) 6.1 (3.8-10.0)
HS Troponin | (ng/L) 27.5(13.8-154.8) 15 (8.5-29) 17.5 (4.0-41.3) 39.0 (4.0-157.0)
D-dimer (ng/mL) 386.5 (209.5-1029.8) | 349.0 (195.5-870.5) | 737.0 (254.0-2027.0) | 480 (252.3-812.5)

Ferritin (ug/L)

569.0 (379.0-1522.0)

1169 (433.8-1513.5)

81.0 (60.0-301.0)

163.0 (98.0-246.0)

Vitamin D {(nmoliL)

54.8 (27.9-76.0

37.2 (21.0.54.3)"

47.9 (26.9-751)

465 (21.9.61.0)

CFS 45 (256.0) 1.0 (1.0-2.0/ 4.0 (1.0-6.0) 35(1555)
Worst NEWS2 7.0 (457.0) 6 (5.0-7.0) 50 (2.5-8.0) 3.0 (3.075)
4C 14.0 (11.5-15.0) 10.0 (7.5-11.0)™ 11.0 (4.0-13.0) 105 (4.75-13.0)
CURB65 2.0 (1.0-3.0) 2.0 (2.020) 2.0(1.0-3.0) 2.0(1.020)
qSOFA 1.0 (0.5-2.0) 1.0 (0.75-1.0) 1.0 (1.0-2.0) 1.0 (0.1-1.0)
Length of stay (days) 11.0 (2.0-15.0) 45 (3.095) 50 (3.0-7.8) 3.0 (2.0-14.0)

Table 5.10 Table showing biochemical clinical measures and severity scoring of COVID-19
and CAP patients split by presentation <7 or 27 days (median time from symptom onset to
presentation). Normally distributed results shown with mean (SEM), not normally distributed
shown with median (IQR Q1-Q3). Statistical significance calculated using One-way ANOVA if
parameter normally distributed and Kruskal-Wallis test if non-parametric parameter, *p<0.05,
**p<0.01, **p<0.001, ****p=<0.0001. WCC- white cell count; CRP- C-reactive protein; NLR-
neutrophil lymphocyte ratio; HS Troponin I- high sensitivity troponin |, CFS- clinical frailty score,
NEWS2- National Early Warning Score 2, gSOFA- quick Sequential Organ Failure
Assessment.
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5.4 Discussion

5.4.1 Demographics

Patients recruited to each comparative cohort for this work were demographically matched. A
smaller proportion of CAP patients had endocrine co-morbidity, of which most were either
disorders affecting the thyroid or diabetes mellitus. Diabetes was identified as a risk factor for
poor outcomes after COVID-19 infection, but there is no evidence to suggest that those with
diabetes are more likely to contract COVID-19 (Gangopadhyay, 2020). Patients were only
recruited if they were not deemed suitable for escalation beyond ward-based care (e.g. level 2
and above or for intensive care — as defined as not for invasive respiratory support). The
majority of COVID-19 hospitalisations and deaths occur in non-ICU wards which highlights the
importance of investigating this cohort for potential therapeutic targets (Sapey et al., 2020). In
addition, early intervention at this stage may help to improve trajectories, limit clinical

deterioration and patients needing care escalated to organ support.

Cellularly there were significantly higher white cell count and neutrophil differential in CAP
patients compared to COVID-19, which may reflect the immune response to a bacterial

infection versus viral insult (Bhuiyan et al., 2019).

Clinical scoring systems used during COVID-19 were developed as the pandemic progressed.
Previously published literature suggested the CURB-65 score had poor predictive value for
mortality or disease severity, with more generic scores having better correlation to patient
outcomes. Whilst our patients were managed on the ward, a median 4C disease severity
score of 12 (IQR 9-14) suggests that these patients are in the high-risk group, with in-hospital
mortality of 31.4-34.9% (Gupta et al., 2021). This is in keeping with previous evidence
suggesting the reduced accuracy of the CURB-65 score in COVID-19 infection (Ahmed et al.,
2022). Median CURB-65 score of 2 (IQR 1-3) would suggest 6.8% mortality; versus the 24%
observed in this cohort. However, there was significantly higher length of hospital admission
for COVID-19 patients stratified by either CURB-65 or 4C score, which is likely a reflection of

the component parts of the score indicating patients being more unwell. Although the in-
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hospital mortality for the ward-based patients recruited did not match the predicted 31.4-34.9%
with a median 4C score of 12, the one-year mortality of this COVID-19 cohort matched this

with 34% mortality.

Patients were followed up as part of gathering longer term data, and to determine if there were
any markers of prediction to determine those patients who may have poorer long-term
outcomes. The UK ONS sample of 20,000 COVID-19 positive participants found 13.7% had
persistent symptoms and self-reported long-COVID post COVID-19 infection (UK, 2023).
COVID-19 follow up imaging was not robust enough for us to determine if there were any
persistent radiological changes, though there was evidence of some patients with persistent

lung parenchymal changes and ongoing symptoms of shortness of breath and cough.

5.4.2 Time from symptom onset to presentation

Symptom onset to admission was calculated for all recruited patients, with a significant
variance in time from onset to admission. A meta-analysis of 113 COVID-19 studies showed
that viral load was highest at symptom onset, with a decrease seen within one to three weeks
(Walsh et al., 2020). After 2 weeks, viral RNA was undetectable. Our patient cohort was
comparable to other COVID-19 studies, with a median time from symptom onset to
hospitalisation of 3-10 days (Faes et al., 2020) with a shorter time for older patients.
Interestingly, the longest delay in patient admission was in the younger cohort, which may
reflect the stress placed by the public health initiative highlighting older adults as being more
vulnerable. Our patients who presented earlier demonstrated a higher CFS, in keeping with
an older age at hospital admission. These patients had more severe disease when stratified
by the 4C mortality score, which may have triggered seeking medical advice earlier rather than
later. A meta-analysis of seven studies showed that CFS and mortality were linearly related
(Pranata et al., 2021). There were no significant differences observed in the CAP cohort

depending on the length of time between symptom onset and hospital admission. CAP
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patients admitted more than 7 days after symptom onset had higher levels of circulating VEGF,

but this could represent prolonged untreated infection.

5.4.3 Conclusion

The recruited CAP and COVID-19 cohorts in this chapter were well demographically matched.
There were some significant differences in measured white cell differential, but not specific
enough to be able to determine COVID-19 infection from CAP on routine blood tests alone.
However, clinical outcomes are significantly different with a different disease course, which
together supports the data that established scoring systems at the beginning of the pandemic

were not suitable for COVID-19 patients (Ahmed et al., 2022).
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CHAPTER 6
NEUTROPHILS IN COVID-19

Parts of this chapter have been published in: 'Dysregulated neutrophil phenotype and
function in hospitalised non-ICU COVID-19 pneumonia’, KBR Belchamber, OS Thein, J
Hazeldine, FS Grudzinska, AA Faniyi, MJ Hughes, AE Jasper, LE Crowley, KP Yip, ST Lugg,
E Sapey, D Parekh, David R Thickett, A Scott; 2022; Cells; PMID: 36139476 (joint 1st

author)
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6.1 Introduction

Between the COVID-19 and CAP cohorts, we demonstrated subtle differences in routinely
measured clinical parameters. However, clinical scoring systems currently used do not
demonstrate the same sensitivity or specificity for COVID-19 infection outcomes as for CAP
(Ahmed et al., 2022). This suggests the underlying disease process and host immune
response is different to that of a stereotypical CAP. Dysregulated host-immune responses are
thought to be the main driver of COVID-19 disease (Dorward et al., 2021). Neutrophils play
an important role in early inflammation. Distinct phenotypes have been described such as in
sepsis, where altered migration and delayed apoptosis cause impaired pathogen clearance

and poor clinical outcomes (Patel et al., 2018).

To determine if COVID-19 infection leads to production of a distinct neutrophil phenotype with
an associated unique disruption to effector function, we compared samples obtained from
COVID-19 patients to age matched controls (AMC) and patients with diagnosed community
acquired pneumonia (CAP). The effect of altered neutrophil function on patient overall

outcomes was then examined by comparing the clinical data to effector neutrophil function.

6.1.1 PI3K inhibition

To investigate potential mechanistic causes of altered neutrophil function, investigation into
inhibition of the phosphoinositide 3-kinase (PI13K) pathway through inhibitory molecules was
examined. PI3Ks are a family of enzymes which have a role in overall physiological
homeostasis and have been studied as a therapeutic target in several diseases including
cancer (Bilanges et al., 2019, Fruman et al., 2017, De Santis et al., 2019). Mammals have
eight isoforms which can be subdivided into three classes (Domin and Waterfield, 1997). Class
| PI3Ks lead to the generation of 3-phosphoinositide lipids, which in turn cause activation of
signal transduction cascades through regulation of downstream membrane receptor signalling

(Hawkins and Stephens, 2015, Vanhaesebroeck et al., 2010). Overactivation of PI3K has
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been described in cancers (De Santis et al., 2019). Class Il PI3Ks affect intracellular
membrane dynamics and membrane traffic, leading to a direct effect on intracellular signalling
(Braccini et al., 2015, Maffucci et al., 2005). There is only a single Class IIl PISK (VPS34)
which is involved with endosomal sorting, phagocytosis and autophagy (Backer, 2016,

Ktistakis and Tooze, 2016).

PI3K signalling plays a key role in neutrophil function, including neutrophil migration. PI3K
directs phosphoinaositol 3,4,5-triphosphate (PIP3) to the leading edge of the cell following G-
protein coupled receptor activation to allow for cytoskeletal mobilisation for movement
(Stephens et al.,, 2002, Hannigan et al., 2004). Animal studies with PI3Ky -/- mice
demonstrated no production of PIP3 and failure of the neutrophil oxidative burst and migration

(Hirsch et al., 2000).

PI3K«a, B, v,and § isoforms exist across the three classes of PISK described by Waterfield,
all of which are expressed by neutrophils (Fortin et al., 2011). These isoforms can be inhibited
by a variety of available molecules which have varying specificity for each isoform. No PI3K
0 isoforms have been identified in Class Il to date, and PI3K v has been described with a
significant role in G-protein couple receptor regulation of cell signalling in health and disease
(Lopez-llasaca et al., 1997, Bondeva et al., 1998). PI3K blockade prevents PIP3 accumulation

to the leading edge of the cell, therefore disrupting cytoskeletal mobilisation.

6.1.2 Effect of selected pharmacological agents on neutrophil function

At the time of experimentation, focus on increasing the number of treatment options for patients
with COVID-19 was key. In parallel with investigating potential disruption to the PI3K pathway,
investigation of repurposing therapeutics with neutrophil activity was carried out to determine

if these were potential viable treatment options.
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Brensocatib is a selective inhibitor of dipeptidyl peptidase-1 (DPP-1/ cathepsin C). DPP-1 is
involved with the activation of neutrophil serine proteases (NSPs), including NE, PR3 and
cathepsin G. As described in Chapter 1.2.1, these enzymes are required for ease of neutrophil
migration through the extracellular space to the site of infection or injury. These NSPs are held
within azurophilic granules which fuse with the phagosome to form the phagolysosome, and
are released during NETosis (Korkmaz et al.,, 2010). Uptake of NETs as part of the
efferocytosis process is shown to promote type 1 interferon generation through NE mediating
signalling (Apel et al., 2021). In chronic lung diseases such as non-cystic fibrosis
bronchiectasis, neutrophil accumulation leads to increased serine protease activity and a state
of chronic inflammation. Increased NE activity is related to a decline in lung function and
mortality in bronchiectasis due to the increased degradation of the extracellular matrix by NSPs
(Chalmers et al., 2017). Blockade of DPP-1 by brensocatib in these patients was shown to
decrease the activity of these serine proteases, leading to normal levels of activation after a

period of four weeks (Cipolla et al., 2023).

NE is a key NSP in azurophilic granules as part of migration through host tissues as well as
for anti-microbial properties when attached to the NET backbone in NETosis. Specific NE
inhibitors have been developed to determine if they have a role in the treatment of lung
disease. NE inhibitors KRP-109 and sivelestat have been shown in animal models of lung
infection to decrease inflammation histopathologically and enhance the clearance of bacteria
respectively (Yamada et al., 2011, Hagio et al., 2008). In an animal acute lung injury model
induced by LPS, addition of sivelestat showed a decrease in neutrophil migration to the lung
parenchyma (Yasui et al., 1995). NE activation is DPP-1 dependent, and thus would be
implicated in the mechanism of action of brensocatib. However, as other NSPs are activated
by DPP-1, specific inhibition of NE activity leading to decreased neutrophil migration may help

to prevent excessive damage.

Investigation into the use of brensocatib in non-cystic fibrosis bronchiectasis has progressed
through phase 2 trials between placebo, and two different doses of brensocatib (10mg and
25mg) (Chalmers et al., 2020). This demonstrated an increased time to first exacerbation and
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biochemically decreased NE activity in sputum samples. The use of brensocatib in COVID-19
patients has been investigated as part of the STOP-COVID-19 trial (ISRCTN30564012).
Primary end point was clinical status at day 29 after drug administration. Compared to placebo,
patients on brensocatib had worse clinical outcomes, with a 28-day mortality rate of 15%
compared to 11%. Blood neutrophil NSP activity was reduced suggesting drug delivery
efficacy. The beneficial effect of DPP-1 inhibition on reducing NSP activity affecting NETosis
and migration may be masked by the wider implications of DPP-1 on the innate immune

response (including cytotoxic T cells, natural killer cells and mast cells).

Metoprolol is a selective B1-receptor blocker, which has been used clinically since 1982 in the
treatment of cardiovascular disease, including but not limited to: hypertension, supraventricular
tachycardias and migraine prevention. There is evidence of the effect of metoprolol in affecting
neutrophil function. In a chemotaxis model, neutrophil migration after formyl peptide-
stimulation was inhibited in a dose dependent manner after metoprolol treatment. ROS
production after PMA stimulation was decreased after metoprolol treatment, and along with
migration affected neutrophils in a time dependent manner, with the greatest reduction in
chemotaxis noted after 30 minutes of incubation with metoprolol (Dunzendorfer and
Wiedermann, 2000b). Disruption of measured ROS production and protein kinase C inhibition
may help in reducing elevated migration seen in our cohort through reduced downstream
NADPH (nicotinamide adenine dinucleotide phosphate). Clinically, metoprolol administration
post myocardial infarction has been shown to reduce the size of the infarcted tissue, in a
neutrophil dependent manner. Depletion of neutrophils abrogated the effects of metoprolol

administration post myocardial infarction in humans (Garcia-Prieto et al., 2017).

Based on the ex vivo and clinical data on metoprolol effects on neutrophil function, a small
randomised control trial of patients with severe COVID-19 on invasive mechanical ventilation
(MADRID-COVID trial) (Clemente-Moragoén et al., 2021). Compared to the placebo controls,
there was reduced NETosis and Cit-H3 in those treated with metoprolol. In BAL samples from
these patients, there was a reduction in measured MCP-1, a chemokine shown to promote
fibrosis in ARDS (Rose Jr et al.,, 2003). Clinically, patients on metoprolol had improved

152



oxygenation compared to placebo. Reduced neutrophil recruitment and activation is thought

to be related to the improved outcomes demonstrated.

A specific, reversible NE inhibitor AZD9668/ MPH966 was developed as part of a treatment
strategy for chronic obstructive pulmonary disease and alAT deficiency. The inhibitory effect
achieved by AZD6998 is higher than that observed in silvelestat and has similar effects in

animal models of pulmonary inflammation (Stevens et al., 2011).

Neutrophil functions disrupted by COVID-19 infection in comparison to AMC and CAP patients
may be a contributing factor to the different clinical picture observed in Chapter 5. Restoration
of expected neutrophil function in patients with COVID-19 infection may lead to improved
clinical outcomes and less severe disease. The inhibitors and treatments discussed here for
further investigation are medications which have an established record of use in modulating
neutrophil function and are suitable for patient treatment. In addition, efficacy of these
molecules may provide insight into potential mechanisms of neutrophil alterations in COVID-
19. This was not designed as a comprehensive investigation of compounds which might

directly impact neutrophil functions as many would not be suitable for human use.

Early therapeutic and observational studies of COVID-19 focused on the most critically ill
patients to prevent death. However, only 12.9% of patients admitted to hospital with COVID-
19 require intensive care admission (Sapey et al., 2020). The majority of patients are treated
on standard hospital wards and it is here that most in-hospital mortality from COVID-19 occurs.
Patients initially admitted to hospital may not require intensive care support clinically or may
have co-morbidities which would preclude admission. Non-ICU patients can then further
deteriorate to require ICU admission or illness can lead to death. Therefore, understanding
how to prevent deterioration in this cohort is important. Sepsis studies have shown that cellular
function is more therapeutically manipulable during early disease which highlights the key role

timing plays in disease intervention.
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We hypothesised that COVID19 infection causes neutrophil dysfunction that is different to that
seen in bacterial CAP and that these cellular alterations in function may explain the differences

seen in clinical phenotype.

6.2 Aims of Chapter 6

1. To determine alterations to neutrophil function from cells isolated from COVID-19
patients compared to AMC and CAP patients.
2. To explore any correlations between neutrophil function and clinical phenotype in this
cohort.
3. To investigate a potential mechanism of neutrophil dysfunction observed in this cohort
of patients through use of therapeutic molecules.
a. Todetermine if blockade of the PI3K pathway will restore function to neutrophils
isolated from COVID-19 patients.
b. To determine if there is a direct or indirect effect of the inhibitor addition to

neutrophil effector functions.
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6.3 Neutrophil effector functions

Experiments in the following results were carried out using the methods described in Chapter

3.

6.3.1 Phagocytosis

Phagocytosis of labelled S. pneumoniae by neutrophils isolated from COVID-19 patients
demonstrated was significantly reduced compared to both AMC (MFI 8.0 (4.2) vs. 6.6 (2.6)
COVID-19, p=0.0332) and CAP (MFI 9.55 (23.7), p-=0.0332 vs COVID-19, Figure 6.1. There

was no significant difference in percentage of cells phagocytosing bacteria.

Both cROS and n/mROS generation were measured in neutrophils at rest and after
phagocytosis stimulation with labelled S. pneumoniae. cROS was elevated after phagocytosis
in AMC (median MFI (Q3-Q1): 46.8 (28) baseline vs. 64.9 (51) 30 minutes, p=0.0091), CAP
patients (median MFI (Q3-Q1): 285 (211) baseline vs. 357 (260) 30 minutes, p=0.038), and
COVID-19 patients (median MFI (Q3-Q1): 44.1 (35) baseline vs. 65.3 (60) 30 minutes,
p=0.134, Figure 6.1C). There was increased baseline cROS levels in CAP patients and after

30 minutes of phagocytosis stimulation compared to AMC (p<0.0001, Figure 6.1C)

Similarly, nf/mROS was elevated after phagocytosis in AMC (median MFI (Q3-Q1): 21.8 (21)
baseline vs. 32.0 (38), p<0.0001), but not in COVID-19 patients (median MFI (Q3-Q1): 18.9
(12) baseline vs. 21.2 (12), p=0.0329) or CAP patients (median MFI (Q3-Q1): 22.2 (21)
baseline vs. 26.7 (17), p=0.989). At rest there was no significant difference in n/mROS
production between all three groups prior to stimulation, but there were reduced n/mROS
production after phagocytosis in CAP (p=0.0101) and COVID-19 (p<0.0001) cohorts compared

to AMC (Figure 6.1D).
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Figure 6.1 Phagocytosis assays carried out on neutrophils from AMC, COVID-19 and CAP
participants. Results displayed as full data spread with median. Statistical significance calculated
using a one-way ANOVA for multiple comparisons. A. Neutrophil phagocytosis of opsonised
labelled S. pneumoniae after a 30-minute incubation. Data displayed as median fluorescence
intensity (MFI) of positive neutrophils. AMC (n=24), COVID-19 (n=30), CAP (n=15) vs. COVID-19
(n=30). B. Neutrophil phagocytosis of opsonised labelled S. pneumoniae after a 30-minute
incubation. Data displayed as percentage of cells phagocytosing. AMC (n=24) COVID-19 (n=30),
CAP (n=21). C. Cytoplasmic ROS (cROS) generation at 0 minutes (baseline) and after 30-minute
phagocytosis with opsonised labelled S. pneumoniae. AMC (n=24), CAP (n=13) COVID-19 (n=30).
D. Nuclear/ mitochondrial ROS (n/mROS) generation at 0 minutes (baseline) and after 30-minute
phagocytosis with opsonised labelled S. pneumoniae. AMC (n=24), CAP (n=13) COVID-19 (n=30).
*p<0.05, **p<0.01, ***p=<0.001, ****p<0.0001
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6.3.2 Neutrophil migration

Neutrophils from COVID-19 patients demonstrated increased transwell migration towards
chemoattractant CXCL8 compared to AMC (n=19) (median fold change of neutrophils migrated
compared to vehicle control (Q3-Q1): 12.15 (51.4) AMC vs. 40.63 (115.2) COVID-19,
p=0.0332). Increased neutrophil migration from COVID-19 patients compared to CAP (n=16)
(median fold change of neutrophils migrated compared to vehicle control (Q3-Q1): 9.55 (23.7)

CAP vs. 40.63 (115.2) COVID-19, p=0.0332, Figure 6.2).

400+ * *

200+

100 *e .

Fold change of cells migrated

Figure 6.2 Neutrophil migration through a transwell membrane towards CXCL8, compared
between age matched controls (AMC), COVID-19 patients and community acquired
pneumonia (CAP) patients. Fold change in number of neutrophils shown compared to vehicle
control (RPMI). AMC (n=18) vs. COVID-19 (n=28), CAP (n=16). Results displayed as full data
spread with median. Kruskal-Wallis test used for statistical analysis. *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001.
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6.3.3 NETosis

At rest, there was no change in NET production between AMC, CAP and COVID-19 patients.
Post stimulation with PMA, there was increased NET production in COVID-19 patients
compared to AMC and CAP (median fold change after PMA (Q3-Q1): AMC 137.4 (5.996),
COVID-19 164 (8.732), CAP 126.5 (6.815); AMC vs COVID-19 p=0.008, CAP vs COVID-19
p=0.0005, Figure 6.3A). Cell free DNA (cfDNA) was measured in the supernatants of samples
obtained from all 3 cohorts. After PMA stimulation, there was a larger increase in cfDNA
detected in COVID-19 patient samples compared to AMC (median fold change in absorbance
of neutrophils stimulated with PMA vs. vehicle control (Q3-Q1): 1.29 (0.32) AMC vs. 1.53 (1.66)

COVID-19, p=0.0394, Figure 6.3B).

COVID-19 patients presented with higher plasma cfDNA compared to AMC at time of
admission to hospital (median cfDNA (Q3-Q1): AMC 621ng/ml (1324) vs. cfDNA COVID-19
1071ng/ml (856) COVID-19, COVID-19 vs AMC p=0.0396, vs CAP p=0.0322, Figure 6.3C).
For the patients who were followed up as inpatients between day 3 and 5, this increased cfDNA
persisted (p=0.0186, Figure. 3D). CAP patients demonstrated higher levels of plasma cfDNA

compared to AMC (1220ng/ml (686), p=0.0322).

To confirm the cfDNA was a result of neutrophil release of NETs, plasma samples from patients
were analysed for the presence of citrullinated-histone 3 (CitH3) protein. This is present on
the DNA backbone of NETs (Liu et al., 2012). Western blotting demonstrated the presence of

CitH3 in 6 of 8 analysed samples (Figure 6.4)

Serum DNase acts to breakdown NETs. Enzyme activity was measured using NETs produced
from healthy donors. Serum DNase activity was lower in COVID-19 patients at hospital
admission compared to AMC and CAP patients (median % degradation (Q3-Q1): AMC 88.4%
(93), COVID-19 12.8% (49), CAP 77.45% (34), COVID-19 vs AMC p<0.0001, AMC vs CAP,

p<0.0001, Figure 6.3D).

158



400
I * 1
[ —
* %k * Kk
| 1 | 10,000+
300+ : 8,000
é 6,000
4,000+
o
- M . _ 4000t .
£ 200 " £
g . I . 2 3,000
E :' o.lo : g
e | S omm i g 2001 : -
1004 p A :f::s. .}. ..ff. K
1,000 - —"'1'!— Y
(X o g i . :.:
0 o’oO:u.oS - =
" AMC CoVID-19 CAP
L] 1 1
AMC  COVID-19  CAP
c D kKK kkk
L 1L 1
* L) " L]
| 1 100 - ® a8488
6,000+
° Ald
. [ J
E ° A
= c A
o) [
£ 4,000 2 ¢
3 8 d
< o °
g o 50
-~ [
G e
2,000 &
a
a
a
0 T T
Day 1 Day 3-5 0-

AMC COVID-19 CAP

Figure 6.3 NETosis in COVID-19 after stimulation with PMA. Results displayed as full data
spread with median, Kruskal-Wallis test used for multiple comparisons and Wilcoxon paired
rank signed test for paired samples. A. NET release by neutrophils stimulated with PMA for 3
hours, measured as absorbance of cfDNA stained with Sytox green. Data shows fold change
in absorbance of PMA stimulated neutrophils compared to vehicle control. (AMC n=26, COVID-
19 n=39, CAP n=26). B. Plasma cfDNA levels measured by fluorometry (AMC n=23, COVID-
19 n=39, CAP n=26). C. Comparison of cfDNA levels measured by fluorometry in COVID-19
(n=10) on day 1 and on day 3-5. D. DNA degradation by serum NETs (AMC n=23, COVID-19
n=39, CAP n=26). *p<0.05, **p=<0.01, ***p<0.001, ****p=<0.0001
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Figure 6.4 Western blot detection of CitH3 in plasma samples from COVID-19 patients and
age matched controls (AMC). Plasma samples were electrophoresed and blotted for CitH3
(Abcam). Molecular weight markers are indicated with arrows.
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6.3.4 Circulating inflammatory mediators

Circulating inflammatory mediators were measured in AMC, CAP and COVID-19 patients.
Compared to AMC, there were elevated levels of IL-6 (COVID-19 p=0.0296, CAP p=0.0106,
Figure 6.5A), VEGF (COVID-19 p<0.0001, CAP p=0.0032, Figure 6.5B), and sTNFRI
(COVID-19 p<0.0001, CAP p<0.0001, Figure 6.5C). GM-CSF was decreased in CAP
compared to AMC (p=0.0066) and between COVID and CAP patients (p=0.0187), Figure
6.5D. There were increased MPO levels in COVID-19 compared to AMC and CAP patients

(p<0.0001, Figure 6.5E).
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Figure 6.5 Circulating inflammatory markers in COVID-19 as measured by serum ELISA,
COVID-19 n=41, CAP n=26, AMC n=23. Results displayed as mean with full data spread.
One-way ANOVA used for statistical analysis. A. IL-6 B. VEGF C. sTNFR1 D. GM-CSF. E.
MPO. *p=<0.05, **p=0.01, ***p=<0.001, ****p=<0.0001
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6.3.5 Surface marker phenotype

We investigated the expression of cell surface markers on neutrophils to determine if there
was correlation with the observed functional changes. Comparisons were made with the
recruited AMC and CAP cohorts. Table 6.1 shows percent of receptor expression as well as

MFI values for each.

% Expression MFI
Receptors
coviD AMC CAP vale | COVID AMC CAP value
(n=34) (n=26) | (n=16) | P (n=34) (n=286) (n=16) | P
cb1o 953 94.3 747% | *<0.0006 836 669 701 0304
(13.6) (11.52) (60.6) | #<0.0006 | (518) (511) (486) '
CD11b -
67 8% 816 83.9 *0.0014 407§ 399 1701* $BQD§§(?1
(43.9) (15.25) (23 8) $0.046 (223) (331) (1268) | 220 0001
CD54 713 262 66 *<0 0001 73 33 147+ *0.0001
(212) (37.0) (10.9) | $<0.0001 (58) (48) an #0.0012
cDé2L 310 233 499 0384 94 68 723* | *0.0005
(15 3) (58 8) (41 4) : (121) (400) (519) | #<0.0001
CXCR2 100 99.9 985 0741 2031 2482 2839 0438
(0.2) (0.1) (1.6) : (1600) (1415) (2839) '
CXCR4 96.7 93.9 543% | *<0.0001 | 1724% 1917 1090 T
(9.07) (16.4) (35.0) | #<0.0001 | (@177) (4039) (1376) :
CD66b 998 997 97 6 0.208 186 324 16317 | *<0.0001
(0.3) (0.5) (1.6) : (161) (367) (1493) | #<0.0001
CD11c 99.9 99.2 76.1%% | *<0.0065 | 1148 292 4197 | *<0.0001
(1.05) (2.9) 645) | #<0.0001 | (670) (2120) (6040) | #<0.0001
PD-L1 A
98 63.8 874 | *<0.0001 707§ 193 524" $<%‘%%% 1
(27.9) (32) (129) | #<00001 | (132) (210) (264) 10,0006
HLA-DR *0.0024
46 8°% 247 1.9%% : 122 44 B
(38) (29) (1.8) ’E‘E}%{’O{;OJ (510) (387) 3sg) | 06497

Table 6.1 Percentage of cells expressing and MFI of isolated neutrophil cell surface markers
as measured by flow cytometry in AMC (n=26), COVID-19 patients (n=34) or CAP patients
(n=16). Data displayed as median (IQR (Q3-Q1)). Data analysed by individual One Way
ANOVA with multiple comparisons. Green square indicates significance where * vs. AMC, #
vs. COVID-19 and $ vs. CAP.
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There was a reduction in neutrophil expression of the activation marker CD11b (AMC 82%
(15) vs. COVID-19 68% (44), p=0.0014), and its surface expression (median AMC MFI (Q3-
Q1): 399 (331) vs. COVID-19 40 (223), p=0.0026,) in COVID-19 compared to AMC. There
was a reduction in CD11b expression in COVID-19 patients compared to CAP patients (median

CAP % expression (Q3-Q1): 83.9% (24), p=0.046; CAP MFI:1701 (1268), p<0.0001,).

There was an increased percentage of neutrophils expressing CD54, a marker of reverse
transmigration in COVID-19 compared to both AMC and CAP neutrophils (median expression
(Q3-Q1): AMC 26% (37) vs. COVID 71% (21), p<0.0001; vs. CAP 7% (11), p<0.0001,). There
was increased expression HLA-DR, a major histocompatibility complex (MHC)-II cell surface
receptor which interacts with the T-cell receptor (TCR), on COVID-19 compared to both AMC
and CAP neutrophils (median expression (Q3-Q1): COVID-19 47% (38), vs. AMC 25% (29),

p=0.0024; vs. CAP 1.9% (1.8), p<0.0001,)

We observed no change in the percentage of neutrophils expressing or the surface expression
per neutrophil of CD66b, CD62L, CD10, CXCR2, CXCR4, orCDl1l1lc between AMC and
COVID-19. PDL1 surface expression per neutrophil was significantly reduced in COVID-19
patients compared to AMC and CAP (median MFI (Q3-Q1): AMC 193 (210) vs. COVID-19 70
(132), p<0.006; vs. CAP 524 (264), p<0.0001,), but there was significantly increased
percentage of neutrophils expressing PDL1 (median expression (Q3-Q1): COVID-19 98% (28)

vs. AMC 8.7% (13), p<0.0001,).

6.3.6 Day 3-5 follow-up

6.3.6.1 Clinical phenotype

12 patients were followed up with clinical data, clinical biochemistry, and neutrophil function as
they remained in-patients and consented to follow-up (n=12). There was a significant reduction
in NEWS score for patients who remained inpatients at day 3-5 (D3-5) compared to day 1

(baseline), (median baseline NEWS2 7.0 (6-7.8), D3-5 4.0 (3.3-5.8), p=0.0098, Figure 6.6A).
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There was a significant reduction in 4C score at follow-up (median baseline 4C 14.0 (13.3-
15.8), D3-5 12.5 (10.0-14.0), p=0.0068, Figure 6.6B). There was no increase in 4C for patients
that did not survive. There was no significant difference in vitamin D levels, NLR or CRP for

patients followed up, Figure 6.6C, D, E. Other parameters were not indicated clinically for
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Figure 6.6 Serial changes in clinical phenotype for COVID-19 patients followed up at day 3-
5 after recruitment, paired samples n=12, except CRP D3-5 n=10 and vitamin D baseline
(D1) n=11, as not deemed necessary for repeat clinically. Red lines and dots indicate
patients who did not survive hospital admission. Wilcoxon rank paired statistical analysis
carried out. A. NEWS B. 4C score C. Vitamin D D. Neutrophil lymphocyte ratio (NLR) E.
CRP . *p<0.05, **p=<0.01, ***p<0.001, ****p=<0.0001

6.3.6.2 Neutrophil function

There was no significant difference in phagocytic capacity at D3-5 compared to baseline in
terms of MFI or % phagocytosis, Figure 6.7A, B. n/mROS production after PMA stimulation
was not significantly different between D3-5 and baseline, but at D3-5 there was a greater but
not significant difference in cROS production compared to at D1, Figure 6.7C, D.
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Figure 6.7 Neutrophil phagocytosis compared between baseline (Day 1) and follow-up (Day
3-5) of labelled S. pneumoniae after 30 minutes, n=7. Results displayed as median (IQR).
Wilcoxon matched pairs signed rank test used for statistical significance as not normally
distributed. A. phagocytosis MFI B. percentage of cells undergoing phagocytosis. C. cROS
production after 30 minutes phagocytosis. D. n/mROS production after 30 minutes
phagocytosis. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001
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There was no significant difference in neutrophil migration between baseline and D3-5, Figure
6.8A. Serum cfDNA was significantly increased at D3-5 compared to baseline (median cfDNA
D1 974 ng/mL (722.6-1609), D3-5 1841 ng/mL (752.7-4196), p=0.0186, Figure 6.8D). There

were no significant changes to NETosis or DNase activity for patients followed up at D3-5,
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Figure 6.8 Neutrophil transwell migration and NETosis from COVID-19 patients compared
between baseline (Day 1) and follow-up (Day 3-5), n=9, Wilcoxon matched-pairs rank test
carried out for statistical analysis as not normally distributed. A. Neutrophil transwell migration
B. Fold change in NET formation after stimulation with PMA for 3 hours C. Serum cfDNA D.
DNase activity

166



6.3.6.3 Circulating inflammatory mediators

There were no significant differences in IL-6, VEGF, sSTNFR1, GM-CSF or MPO for patients

followed up at day 3-5 after hospital admission, Figure 6.9.
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Figure 6.9 Measured circulating inflammatory mediator expression from lithium-heparin

serum taken at Day 1 compared to Day 3-5 after COVID-19 admission for A. IL-6, B. VEGF,
C. sTNFR1, D. GM-CSF, E. MPO. Samples are paired, analysed by ELISA, n=12 except for
MPO n=10. Wilcoxon matched pairs-rank test carried out for statistical analysis as data not

normally distributed.
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6.3.6.4 Surface marker phenotype

There was a decrease in CXCR2 expression (median baseline CXCR2 MFI (Q3-Q1): 1960
(1601), D3-5 1126 (1262), p=0.0322, Table 6.2) and a significant increase in CXCR4
expression (median baseline CXCR4 MFI (Q3-Q1): 1785 (3951), D3-5 10248 (16483),
p=0.0273, Table 6.2) between baseline and D-35 follow-up. Surface marker expression assays

were not able to be carried out on all patient samples.

MFI
Receptors
D1 D3-5 value
(n=11) (n=11) P
cD10 96.7 96.2 00299
(7.0) (24.2) :
cb1ib 335 21.0
(68.3) (97.9) e
CD34 76.9 45.0 01457
(85.4) (69.9) :
CXCR2 1960 1126 00322
(1601) (1262) :
CXCR4 1785 10248 00273
(3961) (16483) :
CD11c 1258 1327 06705
(1218) (1729) :

Table 6.2 Median fluorescent intensity (MFI) of isolated neutrophil cell surface markers as
measured by flow cytometry compared between D1 and D3-5 paired samples (n=11). Data
displayed as median (IQR). Data analysed by paired t-test. Green square indicates
significance.
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6.4 Relationship of clinical phenotype to function

6.4.1 Clinical outcomes

Clinical outcomes for patients are important to determine if neutrophil function influences
course of patient admission. In-patient hospital mortality and length of stay were used as
clinical endpoints. Median length of stay was 5.5 days (3.0-12.0) in the COVID-19 cohort.
When compared to neutrophil effector functions, there was no significant difference in the %
phagocytosis or transwell migration for those patients that survived or died, across the COVID-
19 or CAP cohorts. There was no significant difference in NETosis or levels of serum cfDNA

after PMA stimulation between those patients that survived or died.
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Figure 6.10 Neutrophil effector functions in COVID-19 patients when stratified by in-hospital
patient mortality. Results displayed as full data spread with median. Statistical significance
calculated using Mann Whitney U as not normally distributed A. Neutrophil phagocytosis of
labelled opsonised S. pneumoniae after 30-minutes. (COVID-19 survived n=23, died n=5,
CAP survived n=14, died n=1). B. Neutrophil transwell migration towards CXCL8 after 90
minutes. (COVID-19 survived n=21 died n=8 CAP survived n=9, died n=1). C. NETosis after
PMA stimulation after 3 hours. (COVID-19 survived n=21, died n=9, CAP survived n=16, died
n=1). D. Circulating cfDNA measured in serum. (COVID-19 survived n=32, died n=9, CAP
survived n=26, died n=6)
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Circulating inflammatory mediators

There were significantly higher levels of IL-6 in patients that died compared with those that
survived admission (median survived IL-6 13.32 pg/mL (9.83-41.15), median died IL-6 60.19
pg/mL(38.49-87.26), p=0.0027, Figure 6.11A). sTNFR1 levels were significantly higher in
patients who died compared to those that survived admission (median survived sTNFR1 1003
pg/mL (826.1-1137), median died sTNFR1 1300 pg/mL (977.7-1437), p=0.0311, Figure
6.11C). There was no significant difference between MPO, GM-CSF, or VEGF levels between

patients that survived or died, Figure 6.11B, D, E.
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Figure 6.11 Circulating inflammatory mediators compared in COVID-19 patients who survived and died
during hospital admission, survived n=33, died n=9. Full data spread shown with median. Mann Whitney
U test used for statistical comparison as data is not normally distributed. A. IL-6 B. VEGF C. sTNRI1
D. GM-CSF E. MPO. *p<0.05, **p<0.01, ***p<0.001, ****p=<0.0001
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Time to admission

There was no significant difference in systemic inflammatory cytokines IL6, STNFRI, VEGF,
MPO or GM-CSF in COVID-patients admitted less than 7 days after symptom onset compared
to those admitted beyond 7 days. There was no significant difference in neutrophil function
between these groups across all experimental neutrophil functions. VEGF at admission was
significantly higher in CAP patients who were admitted more than 7 days after symptom onset
(<7 days VEGF 201.576 (19.142), = 7 days VEGF 297.337 (44.661), p=0.030). There were

no other significant differences in the CAP cohort noted.

6.4.2 4C score

Patients were stratified according to disease severity, using the validated 4C score. Patients
were classified as either high or low risk mortality based on score, <9 low risk, 29 high risk.
There was no difference in neutrophil phagocytosis between low and high 4C risk Figure
6.12A. There was no significant difference in neutrophil transmigration between low and high
risk 4C, Figure 6.12B. There was no significant increase in NETosis in patients with a 4C
score 29, and no significant difference in the serum cfDNA between these categories, Figure

6.12C&D.
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Figure 6.12 Neutrophil effector functions in COVID-19 patients when mortality is stratified
using the 4C score. 4C score <9 relates to in-hospital mortality risk of 9.9%, scores 29 relate
to in-hospital mortality of >31.4%. Data shown as full spread with median. Mann Whitney U
test was used for statistical analysis as data not normally distributed. A. Neutrophil
phagocytosis of labelled opsonised S. pneumoniae after 30-minutes. (4C <9 n=9 vs 4C 29
n=23). B. Neutrophil transwell migration towards CXCL8 after 90 minutes. (4C <9 n=7 vs 4C
29 n=22). C. NETosis after PMA stimulation after 3 hours. (4C <9 n=7 vs 4C 29 n=22). D.
Circulating cfDNA measured in serum. (4C <9 n=9 vs 4C 29 n=23). *p=<0.05, **p=<0.01,
***p<0.001, ****p<0.0001
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6.4.3 Circulating inflammatory mediators

In COVID-19 patients with more severe disease stratified by 4C there were higher levels of
circulating IL-6 (median IL-6 4C <9 9.87 pg/mL (9.499-13.12), 4C =9 35.15 pg/mL (10.98-
57.99), p=0.0059), Figure 6.13A. There was significantly higher circulating STNFR1 levels in
more severe COVID-19 (median sTNFR1 4C <9 856.3 pg/mL, (780.1-1026), STNFR1 4C 29
1070 (845.4-1311), p=0.0478), Figure 6.13B. There was no significant difference between

the circulating levels of VEGF, GM-CSF or MPO between different levels of disease severity,

Figure 6.13C, D, E.
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Figure 6.13 Circulating inflammatory mediators in COVID-19 patients stratified by disease severity
by 4C score, low 4C <9 n=11, high 4C =9 n=30. Results displayed full data spread with median.
Mann Whitney U test used for statistical analysis as data not normally distributed A.IL-6 B. VEGF
C. sSTNRF1 D. GM-CSF E. MPO. *p=<0.05, **p=<0.01, ***p<0.001, ****p=<0.0001
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6.4.4 ARDS

ARDS has been subdivided into those patients demonstrating a hyper-inflammatory phenotype

in non-COVID-19 related lung injury. An algorithm was developed based on routinely

measured clinical parameters (Sinha et al., 2020).

Only 2/41 COVID-19 patients were

categorised to the hyper-inflammatory group. In those patients with moderate to severe ARDS

as defined by the Berlin Criteria, higher IL-6 levels were recorded compared to mild patients

(median IL-6 ARDS 47.8 pg/mL (19.2-68.0), no ARDS 21.31 pg/mL (9.84-42.84), p=0.0468,

Figure 6.14).
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Figure 6.14 Circulating inflammatory mediators in COVID-19 patients stratified by the presence of
ARDS defined by SpO2/FiO2 conversion (Rice et al., 2007) ARDS n=8, no ARDS n=34. Results
displayed full data spread with median. Mann Whitney U test used for statistical analysis as data
not normally distributed A.IL-6 B. VEGF C. sTNRF1 D. GM-CSF E. MPO. *p<0.05, **p=<0.01,

***p<0.001, ****p<0.0001
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6.5 PI3K inhibition

6.5.1 Clinical phenotype

For the investigation of PI3K inhibition on neutrophil effector function, a subsequent cohort of
patients was required to be recruited as it was not possible to do the assays on the original
cohort. Demographics between the original COVID-19 cohort and the subsequent recruitment
after data analysis did not show any significant differences. This included biochemical data,
severity of disease as well as outcome measures such as length of stay and mortality. We
noted that treatment with dexamethasone was significantly decreased in the second cohort
(COVID-19 92.6%, second cohort 55.6%, p<0.05), a reflection of the refinement in treatment
protocols for hospitalised patients. The differences noted between the CAP and original

COVID-19 cohort persisted to the further 18 patients recruited.
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AMC cOoVvID-18 CAP COVID-18 PI3K

n=2& n=41 n=26 n=18
Male: Female 1016 2615 15:11 9:9
White: Non-white 24:2 31:10 233 135
Died (%) 0 (0%) 10 (24%) 2 (8%) 5(28%)
Age 70 (61.0-78.0) 71.5 (58.0-84.0) 67.5(54.5-85.0) 70.7 (51.0-83.0)
BMI (kg/m32) 26.4 (24 2-32 8) 279(23.3-41.1) 30.1(23.2-27 2)
Comorbidities
Cardiovascular 4 (15.3%) 12 (29.3%) 7 (26.9%) 7 (38.9%)
Respiratory 0 (0%) 1(2.4%) 4 (15.4%) 2 (11.1%)
Endocrine 10 (38.4%) 16 (39.0%) 3 (11.5%)" 9 (50.0%)
Hypertension 13 (50%) 19 (46.3%) 10 (38.5%) 9 (50.0%)
Other 11 {42 .3%) 24 (58.5%) 15 (57.7%) 8 (44.4%)
Biochemistry
WCC (x10%/L) 8.2(6.3-12.0) 13.4 {(10.7-16.4)"** 7.6(46-11.9)
MNeutrophils (x10%/L) 6.4 (44-86) 11.2 (7 8136 58(29-94)
CRP (mg/L) 103.0 (63.0-165.0) 119.0 (42 0-396.0) 74 (24 3-161.3)
NLR 5.4 (3.8-10.8) 8.5(59-52.7) 6.3(2.4-10.2)
HS Troponin I (ng/L) 145 (5.0-31.3) 17.5(4.0-318.0) 7.0(4.0-315)

D-dimer (ng/mL)

382.0 (218.0-829.9)

659.0 (270.5-1510.0)

493.0 (247.0-890.0)

Ferritin (ug/L)

1082 (428.3-1925.0)

110.0 {78.8-225.3)

291.9 (185.8-1230.3)

Vitamin D (nmol/L}

35.6 (23.0-51.8)

153 (23.8-73.2)

36.6 (22.660.1)

Admission

Worst NEWS2 6.0 (5.0-7.0) 5.0 (3.0-12.0) 6.0 (3.0-8.0)
ac 12.0 (9.0-14.0) 13 (11.0-15.8)
qSOFA 1.0 (1.0-1.5) 1.0 (1.0-1.0) 1.0 (1.0-1.0)
CURB-65 2.0 (1.0-3.0) 2.0 (2.0-2.0) 2.0 (2.0-3.0)
Length of stay (days) 55 (3.0-12.0) 4(3.0-75) 65 (3.5-14.8)

Table 6.3 Table of patients recruited for investigation of PI3K inhibition and inhibitor
experimentation collected at the time of enrolment. Height and weight measurements were
not able to be collected to calculate a BMI measurement for the recruited AMC. Comparisons
were calculated between cohorts of COVID-19 patients, AMC, or CAP patients. Results shown
with median (IQR Q1-Q3), statistical analysis performed using Kruskal-Wallis test as not
normally distributed. Other comorbidities were included if they caused a significant impact on
patient quality of life or regular medication — this included but not limited to: severe peripheral
vascular disease with ulceration, dementia, stroke, childhood polio, obesity, diverticulosis,
alcohol related liver disease, rheumatoid arthritis. WCC- white cell count; CRP- C-reactive
protein; NLR- neutrophil lymphocyte ratio, NEWS2- National Early Warning Score 2, data
collected was worst score in the 24 hours after admission; HS Troponin I- high sensitivity
troponin I. . *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001
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6.5.2 Neutrophil effector functions

6.5.2.1 Phagocytosis

There was no significant effect with any of the PI3K inhibitors on phagocytosis of S.

pneumoniae after 30 minutes. There was no change noted to the MFI or % phagocytosis

Figure 6.15.
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Figure 6.15 Isolated neutrophil phagocytosis from COVID-19 patients of S. pneumoniae (SP)

after 30 minutes, n=12. Full data spread shown with median.

Kruskal-Wallis test used for

multiple comparisons as data not normally distributed. Cells were incubated with PI3K inhibitor
for 30 minutes prior to exposure to labelled bacteria. Vehicle control of DMSO added. A. MFI
and B. % phagocytosis

6.5.2.2 Transwell migration

There was no observed effect on neutrophil transwell migration towards CXCL8 with the

addition of any PI3K inhibition for 30 minutes prior to neutrophil migration, Figure 6.16.

178



2.5

o0

N 2.07 o .

%)

P2 . . .

O 45— .

o . . P

g : ¢ ==

£ 1.0 - :

(&) 3 e —

E ... o .

LE 05_ * O °
00 | 1 1 1 1

CXCL8 DMSO PI3Ki PI3Kyi  PI3KSi

Figure 6.16 Neutrophil transwell migration towards CXCL8 chemoattractant after 90 minutes
from COVID-19 patients CXCL8 n=12, DMSO n=12, PI3Ki (pan PI3K inhibitor) n=5, PI3Kyi
(gamma PI3K inhibitor) n=11, PI3Kdi (delta PI3K inhibitor) n=12. Cells were incubated with
PI3K inhibitor for 30 minutes prior to migration. Vehicle control of DMSO added. Number of
neutrophils was measured by flow cytometry and then normalised to compare to neutrophils
migrating to CXCL8 control. Kruskal Wallis test was used for statistical analysis of not normally
distributed data.

6.5.2.3 NETosis

Incubation with PI3K delta (CAL101) and gamma (AS252434) inhibitors significantly
decreased PMA induced NETosis (PMA RFU 247 (228.5) vs. delta 207.5 (242.5), p=0.0129,

vs. gamma 216.5 (242), p=0.0156, Figure 6.17).
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Figure 6.17 COVID-19 neutrophils were pre-incubated for 30 minutes with PI3Ks inhibitor, and
NET release measured in response to PMA stimulation. Data shows fold change in
absorbance of PMA stimulated neutrophils compared to PMA control, n=20, except PI3Ki (pan

PI3K inhibitor) n=6. Full data spread shown with median. Kruskal-Wallis test used for statistical
analysis.

6.6 Effects of selected pharmacological agents on neutrophil function

There was no significant difference in neutrophil phagocytosis of labelled S. pneumoniae after

30 minutes incubation with the treatments (metoprolol, brensocatib, AZD9668) followed by 30

minutes phagocytosis time, Figure 6.18.
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Figure 6.18 Neutrophil phagocytosis of S. pneumoniae (SP) after 30 minutes. Cells were
incubated with inhibitor for 30 minutes prior to exposure to labelled bacteria. Vehicle control
of DMSO added. S. pneumoniae (SP) n=11, DMSO n=11, Brensocatib n=11, AZD9668
n=11, Metoprolol n=7. Data shown as full data spread with median. Kruskal Wallis test
used for multiple comparisons. A. median fluorescence intensity and B. % phagocytosis

There was no significant difference in viability after addition of treatments for 30 minutes,

Figure 6.19. There is no data for addition of metoprolol due to sample error.
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Figure 6.19 Viability of isolated neutrophils after 30 minutes incubation with treatments prior
to 30 minutes phagocytosis of labelled S. pneumoniae (SP). There was no significant
difference in viability. n=7. Data shown as full data spread with median. Kruskal-Wallis test
use for statistical analysis of not normally distributed data.
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There was no significant change to number of neutrophils migrated through the transwell
membrane on addition of the treatments, Figure 6.20A. There was no change to NETosis
after addition of the treatments for 30 minutes prior to addition of PMA for 3 hours, Figure

6.20A.
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Figure 6.20 Effect of treatments (Brensocatib n=13, Metoprolol n=8, AZD9668 n=13) on
neutrophil migration and NETosis on COVID-19 samples PMA/ IL8/ DMSO n=13. Results
shown as full data spread with median. Kruskal-Wallis test used for statistical analysis. A.
Neutrophil migration towards IL8 through a transwell membrane. B. Neutrophil NET formation
after 3 hours stimulation with PMA.
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6.7 Discussion

In summary, neutrophil changes observed in this ward based COVID-19 cohort are unique

compared to previously described CAP and sepsis patients.

Neutrophils isolated from these patients demonstrated increased migration, impaired
phagocytosis and n/mROS generation. There was an increase in NETosis with reduced
DNase activity. A unique pattern of surface marker expression was found from COVID-19

patients suggesting a distinct effect of the virus on neutrophils.

Addition of PI3K inhibitors to neutrophils from COVID-19 patients demonstrated decreased
NETosis but did not change other effector functions. There was no effect after addition of

metoprolol, brensocatib or AZD9668.

6.7.1 Cellular outcomes

We present novel findings, unique to neutrophils isolated from COVID-19 patients. Neutrophil
dysfunction affects all main effector functions compared to AMC and CAP patients. They
demonstrate increased migration and impaired anti-microbial responses, including reduced
phagocytosis and n/mROS generation after phagocytosis. Increased NETosis and decreased
DNase activity represent an exaggerated late-stage response. In addition, the surface marker
expression on neutrophils isolated from COVID-19 patients represents a distinct phenotype,
different from those previously described in purely activated, immature, senescent or anti-
inflammatory conditions. A summary of these changes is displayed in Figure 6.21. 1t is
unlikely that there would be alterations to the underlying bio-energetics of cell function, given
that there was an increase in some functions that require increased energy production (e.g.

increased migration levels).
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Figure 6.21 Summary of changes to cellular function. Compared to AMC, neutrophils from
ward based COVID-19 patients demonstrate increased migration, impaired phagocytosis, and
reduced nuclear/ mitochondrial ROS generation. An altered surface marker expression pattern
present, with raised CD54 and CD11c expression (markers of migration). COVID-19 patient
neutrophils display increased NETosis, and systemically increased pro-inflammatory
cytokines.
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Damage to lung parenchyma in viral infections can impair the physical barrier to further
pathogens. Following viral infections, secondary bacterial infections are not uncommon and
are associated with poorer outcomes and higher levels of mortality (Brundage, 2006). This
has been reported in influenza associated pneumonias (Brundage and Shanks, 2008).
Bacterial pneumonias in COVID-19 infection are associated with increased lung disease
severity and poor outcomes (Feldman and Anderson, 2021, Buehler et al., 2021). Neutrophils
isolated from COVID-19 patients here demonstrated impaired antimicrobial responses to
exposure to S. pneumoniae; the most common bacteria isolated in secondary bacterial
infection in COVID-19 (Zhu et al., 2020). In addition, decreased n/mROS generation in these
cells suggest impaired phagosomal activity, a key element of bacterial killing in neutrophils.
Together, this reduction in phagocytosis and bacterial killing may contribute to the increased

incidence of secondary bacterial infection and poorer outcomes.

The release of NETs from neutrophils has been implicated in several diseases, causing local
tissue damage and thrombotic disease events. Increased thrombotic events have been
reported in COVID-19 patients throughout the pandemic. The increased NETosis and serum
cfDNA that we report here has been reported in both COVID-19 and CAP patients before
(Ebrahimi et al., 2018). Compounding an increase in NETosis, would be a reduction in the
degradation of NETs through DNase activity. Our cohort of COVID-19 patients demonstrated
decreased serum DNase activity compared to AMC and CAP cohorts which is corroborated in
a previous study (de Buhr et al., 2022). Further, studies investigating the activity of DNase
inhibitors showed decreased activity of gelsolin in COVID-19 serum. Geloslin acts to
depolymerise filamentous actin, an inhibitor of DNase activity (Messner et al., 2020, Overmyer
et al., 2021). Increasing the negative regulation of DNase could lead to the impaired DNase-1

activity that was observed in this cohort of patients here.

A study in rodents showed that the administration of disulfiram, usually used in the treatment
of alcohol dependence, improved outcomes (Adrover et al., 2022). Disulfiram acts through
gasdermin D blockade, which is vital for NETosis. Gasdermin D is a pore-forming protein,
which when inhibited prevented NET formation (Chen et al., 2018b). Gasdermin D requires
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proteolytic activation through neutrophil proteases, and consequently feeds forward to affect
protease activation and genetic expansion for NETosis. Pulmonary manifestations such as
hyaline membrane formation associated with acute lung injury were reduced, with a reduction
in associated mortality. In rodents infected with SARS-CoV-2, there was a decrease in NET
formation, perivascular pulmonary fibrosis and downregulated inflammatory immune
pathways. Clinically, disulfiram has only been investigated as a COVID-19 treatment in a
single study (Fillmore et al., 2021). In this retrospective cohort study of US veterans who were
on a disulfiram prescription and diagnosis of alcohol use there were no deaths in the disulfiram
group compared to the general population rate of 5-6%. There are clearly limitations to this
study, with regards to design and population. However, this was not followed up further, and
clinically, the side effects of disulfiram in the non-alcohol use disorder patients may be

unacceptable.

Systemic circulating cytokine levels were altered in the COVID-19 cohort compared to AMC.
There was generally increased expression of inflammatory cytokines, in keeping with an
overall inflammatory state. Compared to CAP patients, there was only significantly increased
MPO in COVID-19. MPO is a lysosomal protein which is primarily produced in neutrophils,
although monocyte subsets are also capable of production (Thukkani et al., 2003). Given the
massive expansion in the neutrophil subset of the leucocyte differential, this would be in
keeping with an overall exaggerated neutrophil response. Overactivation of misdirected
migration of neutrophils could be misdirected leading excessive host tissue damage with

increased lung injury seen in COVID-19 infection.

Dexamethasone as a treatment in COVID-19 was established early in the pandemic (Horby et
al., 2021a). There is previous evidence from neutrophils isolated in healthy controls suggesting
that steroids can inhibit neutrophil migration towards inflammatory sites (van Overveld et al.,
2003, Zentay et al., 1999). As dexamethasone was standard of care at the time of patient
recruitment, over 90% of our patients were treated with dexamethasone on admission, prior to
recruitment. Validation work in Chapter 4 demonstrates that neutrophils isolated from healthy
controls demonstrated no significant difference in function compared to those without
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supplementation. Data from other studies investigating the effects of COVID-19 on neutrophils
prior to the use of dexamethasone show similar results (Leppkes et al., 2020, Masso-Silva et
al., 2021). This suggests that the results presented here are not solely the cause of treatment

effect.

The pattern of neutrophil dysfunction described in this cohort may suggest disruption to the
internal mechanosensing. Pseudopods are involved with migration and phagocytosis of
neutrophils (Lee et al., 2003). A decrease in pseudopod extrusion could lead to increased
migration and impaired phagocytosis. Previous studies have shown that reduced extrusion
leads to increased migratory speed (Andrew and Insall, 2007), and they have a key role in the

internal reorganisation of intracellular cytoskeleton for phagocytosis (Lee et al., 2003).

Phosphoinositide 3-kinase (PI3K) is an important intermediary intracellular signalling molecule
in cytoskeletal rearrangement, superoxide generation, and NETosis (Stephens et al., 2002,
Papayannopoulos, 2018). Disruption to PI3K signalling is linked to increased age; inhibition
of PI3K increased migration accuracy in the elderly and reduced NET formation ex vivo
(Erpenbeck et al., 2019). These findings in elderly neutrophils are similar to those described
in the COVID-19 cohort. As some function can be restored through inhibiting PI3K signalling
in these patients, it may be possible to achieve similar outcomes in COVID-19. Further
examination into manipulation of the PI3K pathway is therefore needed to determine if this

represents a treatable target.

Studies examining the effects of COVID-19 on neutrophil function to date have focused on
patients requiring intensive care admission. The data describing cellular dysfunction here
compliments this previously reported literature (Zuo et al.,, 2021, Skendros et al., 2020a).
Elevated NETosis has been demonstrated in comparison to control patients (Skendros et al.,
2020a, Middleton et al., 2020, Veras et al., 2020). One study demonstrated an overall increase
in neutrophil phagocytosis in intensive care COVID-19 patients although serial samples from
patients were combined to demonstrate this (Masso-Silva et al., 2021). Patients followed up
here after 3-5 days admission showed a significant change in neutrophil phenotype and

function, which suggests that evolution of the disease and host-response may occur on a more
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acute basis. Separation of admission samples (representing the most unwell and highest viral
load) and those from acute convalescence would therefore be indicated. Phenotype data from
another ICU cohort showed increased CD11b expression and ROS production with decreased

CD62L expression, suggestive of neutrophil exhaustion (Loyer et al., 2022).

6.7.2 PI3K inhibition

Based on our initial findings, we postulated that pseudopod dysfunction and aberrant activation
of PI3K signalling pathways may contribute to this novel neutrophil phenotype. In a further
cohort of COVID-19 patients PI3K blockade was investigated to determine if this could improve
migration and decrease NET formation as previously reported (Erpenbeck et al., 2019). Focus
for PI3K inhibition focused on an unselective pan-PI3K inhibitor, and two PI3K inhibitors with

higher affinity to disrupt v, and 6 signalling.

Inhibition of PI3K signalling with delta and gamma inhibitors decreased ex vivo NET production
in COVID-19 patients. As described previously, the increased incidence of thromboembolic
events in COVID-19 patients may be partly attributed to an increased tendency to form NETs
(Leppkes et al., 2020). Regulation of elevated NET production may help to prevent this and
reduce COVID-19 associated morbidity. This would suggest further clinical assessment using
established NETosis inhibitors (including methotrexate, prednisolone, diphenyleneiodonium
chloride (DPI)) and a trial to determine if these inhibitors may have patient benefits (Palma et

al., 2020).

PI3K signalling is involved with cytoskeletal rearrangement in neutrophils, which has a role in
pseudopod extrusion, phagocytosis and superoxide generation — the key effector function
roles. In the elderly, addition of PI3K inhibitors improved migration accuracy, restoring a
decline in chemotaxis and chemotactic index observed from the third decade of life onwards.
Neutrophil migration using a transwell model was dysregulated in COVID-19 patients

compared to AMC suggesting a likely viral specific interaction leading to alterations in
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migration. We were unable to alter the observed dysregulated migration by addition of PI3K

inhibitors, suggesting another mechanism is driving this effect in COVID-19 infection.

There was no improvement in phagocytosis of labelled S. pneumoniae with the addition of
PI3K inhibitors, which fits in with the lack of restoration of migration function with PI3K
inhibition. These cytoskeletal rearrangement processes are linked, and thus, the alterations

to both migration and phagocytosis are likely not underpinned by PI3K pathway disruption.

PI3K signalling disruption represented a potential mechanism to explain the neutrophil
dysfunction observed in COVID-19. Whilst there were modest improvements in reducing NET

formation after addition of PI3K inhibitors (pan-inhibitor, v, and 6 ), these did not restore the

other key disrupted neutrophil functions in COVID-19 infection. This suggests another
mechanism affecting neutrophil dysfunction. The overall defects observed in neutrophils from
COVID-19 patients is similar to that previously described in the elderly, with inaccurate
migration, and impaired phagocytic function (Sapey et al., 2014). However, combined with the
lack of restoration of function with PI3K inhibition and the different surface receptor expression
this suggests a different underlying mechanism. Cellular phenotype representing underlying

function has not been clearly studied (Faniyi et al., 2022).

Despite a study population in keeping with senescent neutrophils, PI3K inhibition was unable
to restore function which suggests COVID-19 causes an overwhelming effect, either leading
to synergistic functional impairment or a new neutrophil phenotype. It is possible that PI3K
signalling is disrupted, but the PI3K pathway is altered beyond restoration by the point of
symptom onset. Thus, in order to restore neutrophil function, manipulation of other neutrophil
processes must be explored. For instance, increased systemic thrombotic events observed in
COVID-19 suggest diffuse alveolar disease with fibrin thrombus formation (Carsana et al.,
2020, Menter et al., 2020). Alterations to the vascular endothelium have been demonstrated,
and in combination with alterations to circulating clotting factors such as NETs leads to an
increased clotting tendency as per Virchow’s triad (Dupont et al., 2021, Virchow, 2022).
Neutrophil migration is dependent on interaction with endothelial marker expression including

e-cadherin, L-selectin. Changes to expression can lead to altered migration, and abnormal
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flow may further disrupt neutrophil adhesion and arrest. This has been seen in trauma and the
blood brain barrier with neutrophil adhesion and COVID-19 has been shown to affect right and
left ventricular function (Scholz et al., 2007, Baruch et al., 2022). Thus, the changes observed
in migration may be as a response to microvascular disruption as opposed to intrinsic

neutrophil migration dysregulation as part of viral infection.

6.7.3 Effect of selected pharmacological agents

There were no observed improvements with the addition of any treatment (brensocatib,
metoprolol or AZD9668) on neutrophil function. This may indicate that neutrophil dysfunction
seen in COVID-19 patients is not mediated by impaired enzymes such as neutrophil elastase.
There has been improvement in COVID-19 patient outcomes with supplementation of these
treatments but it is likely they have multiple systemic affects. Patients recruited to the MARID-
COVID trial (metoprolol in COVID-19), were severely unwell, admitted to intensive care and
treated with invasive mechanical ventilation (Clemente-Moragoén et al., 2021). These patients
with established ARDS in the context of COVID-19 may demonstrate more benefit from IV
metoprolol. Furthermore, the beneficial effects seen in this study may be due to the
cardiovascular effects of metoprolol over any postulated impact on cellular function.
Compared to the ward-based patients recruited, the ongoing inflammatory response in
established lung parenchymal damage may be indicative of more inherent neutrophil

dysfunction. As a result, there would be more functional difference observed in this cohort.

Poorer outcomes with supplementation of brensocatib compared to placebo were seen in the
STOP-COVID trial and were not explained by the effects to neutrophil function. We did not
observe a significant change in neutrophil effector functions after supplementation with
brensocatib. Patients recruited here were similar to the patients in the STOP-COVID trial
(inclusion criteria: one risk factor for severe COVID-19 - radiographic infiltrates, clinical

evidence of infection, peripheral blood oxygen saturation <94%, or lymphopenia) (Chalmers et
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al., 2020). The difference in COVID-19 disease severity is unlikely to be the cause of the

change in neutrophil activity.

Many of these treatments mediate NE activity, which is required for migration through
connective tissue and the endothelium. There was no significant change in migration noted in
this model, which may be due to a lack of an epithelial membrane. Addition of an epithelial
membrane for migration may demonstrate decreased migration due to decreased NE activity.
Immunomodulatory prostaglandin release is increased by NE activity, and cleaves receptors
on T cells, monocytes and neutrophils to limit hyperinflammation (Domon et al., 2021, van den
Berg et al., 2014, Perng et al., 2003). Blockade of NE activity may reduce prostaglandin
release and then lead to increased inflammation and cytokine release. This may explain the

poor outcomes in the STOP-COVID trial.

Neutrophil dysfunction in COVID-19 has been demonstrated compared to CAP and AMC
patients recruited here. It is likely that neutrophil dysfunction plays a role in poor outcomes in
hospitalised patients. To restore neutrophils to that of AMC has not demonstrated any
significant improvement in function in vivo. Further research is required to determine what

mechanism drives neutrophil dysfunction in COVID-19 patients.

6.7.4 Limitations

Method limitations regarding handling of COVID-19 samples have been discussed in Chapter

3.

Migration was measured through a transwell model. This can determine migration towards a

chemoattractant through a 3.0 u m pore. Total number of cells migrated can be determined

through flow cytometry. This method can determine the change in number of cells migrating
but cannot quantify the overall neutrophil velocity. Rapid migration without accuracy presents

a different neutrophil response compared to those with accuracy. Whilst the number of
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migrated cells to the membrane suggests a degree of migrational directionality, this is only in
a single, gravity assisted plane. The use of Insall chamber (modified Dunn Chamber)
chemotaxis assay in determining migration would be a better model, as this is able to
determine the speed, velocity, persistence and chemotactic index of the migrating cells (Sapey
et al., 2014, Muinonen-Martin et al., 2010). The risk of exposing cells from COVID-19 patients
to shared laboratory equipment was determined too high at time of experimentation. Transwell
migration assay can be carried out in a self-contained tissue-culture hood in a category-3

laboratory prior to fixation with 4% (v/v) PFA.

Patients recruited were ward-based, and therefore may not be representative of the most
severe COVID-19 patients. Although these represent the majority of hospital admissions, less
severe disease may make teasing out cellular and clinical differences to AMC and CAP more
difficult. However, as they represent the in-patient burden and are underrepresented in
research and in our cohort had a significant proportion within the high risk 4C severity score.
Prevention of deterioration of these patients could reduce the ICU admission and improve

mortality.

AMC recruited for this study were recruited from hospital staff and elderly patients attending
regular, routine outpatient hospital appointments. Whilst recruitment and investigation
occurred before the rollout of COVID-19 vaccination, these AMC would have had exposure to
COVID-19 in the past. In addition, data was not collected if AMC had previously been infected
and symptomatic. Controlling for the time including severity, timescale from infection to
recruitment and recovery would have not been possible, and at time of recruitment there was

no established method of determining antibody response generated.

The patients recruited for the effects of PI3K inhibition on restoring neutrophil function in
COVID-19 were well matched demographically to the patients initially recruited. Similarly,
disease severity was not significantly different. However, due to the evolving nature of the
disease patients recruited for further investigation were infected with the delta SARS-CoV-2
variant (B1.617.2) compared to infection with the alpha SARS-CoV-2 variant (B.1.1.7)

described earlier in this chapter. There is insufficient published literature to determine if there
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is significant difference in neutrophil function between the strain types. Clinical phenotype of

delta COVID-19 would suggest a similar if not more severe disease (Torjesen, 2021).

6.7.5 Conclusion

Investigation into neutrophil function in COVID-19 shows that moderate-severe (WHO class 5)
disease is associated with a unique pattern of dysfunction. Increased migratory capacity, NET
formation, and impaired phagocytic capacity have been observed compared to both AMC and
CAP patients. Expression of surface receptors suggests altered intracellular signalling and
membrane trafficking leading to a pattern of expression which has not previously been
documented in health or disease states. Inaccurate migration and increased NETosis can lead
to increased inflammation which can cause host-mediated tissue damage and severe disease.
Inhibition of PI3K did not significantly restore neutrophil function to that seen in AMC and
treatments targeting NE and NSPs were also unable to do this. Targeting the underlying
dysfunctional processes in neutrophils may highlight potential future treatments in COVID-19
to prevent patient deterioration, as well as further research into understanding the interaction
between circulating neutrophils and altered microvascular endothelium. Isolated neutrophil
dysfunction by SARS-CoV-2 is unlikely to be the primary driver of this unique inflammatory

response, and a more systemic immune approach to treatment will be required.
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CHAPTER 7
COVID-19 VARIANTS
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7.1 Introduction

Since coronavirus disease 2019 (COVID-19) was declared a pandemic on 11" March 2020,
prevention of disease spread has continued to present a challenge to the world’s population.
In the three years from the first emergence of the virus in Wuhan in November 2019, there
have been eight significant variant changes with several subvariants. Major subvariant
classification was changed from initial naming based on initial location origin to sequential
Greek alphabet characters. Clinical phenotype observed in the NHS varied significantly
between infection strains. Waves of infection for alpha and delta variants correlated more

closely with mortality rates in comparison to the current prevailing omicron virus.

Outcomes reported from alpha variant infection ranged from mortality from acute respiratory
distress syndrome to asymptomatic patients. Patients who required ventilatory support and
therefore admission to intensive care accounted for 12% of all COVID-19 related hospital
admissions (Sapey et al., 2020). This varied presentation and outcome persists across all
COVID-19 variant subtypes, but the risk of death is lower in 2022 (at time of final patient
recruitment) compared to the beginning of the pandemic. The UK Office of National Statistics
(ONS) reported a 67% reduction in risk of death following infection with omicron variant
COVID-19 compared to delta (Statistics, 2022). Worldwide mortality rates echo this picture
seen in the UK with the 7 day average of new cases reported by the WHO was 700,000
worldwide to 12,300 deaths in January 2021 compared to September 2021 with 600,000 cases
to 9,500 deaths and April 2022 with 1,500,000 new cases and 4096 deaths (WHO, 2023b).
Several factors are likely to account for the mortality reduction, including vaccination strategy,
national and local lockdown implementation, and novel therapy introduction. Novel therapies
which involved repurposing of immunomodulatory drugs targeted common biochemical traits
of underlying pathways of inflammation such as raised interleukin-6 (IL-6) observed in the first

wave of patients.

However, the evolution of the virus and corresponding changes to mortality and clinical

presentation have not been mirrored in the ongoing therapeutic research. Treatments leading
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to significant patient symptom and outcome improvement in the first wave have been
implemented into guidelines but follow up and update considering viral shifts and their potential
differing host-immune responses have not. The change to clinical presentation suggests a
different underlying host response to the virus compared to its emergence in November 2019,
and therefore new treatment strategies may need to be considered. Similar to seasonal

influenza infection, treatments and vaccination may need to reflect the antigenic shift and drift.

Our initial work on the dysfunctional neutrophil response in COVID-19 infection centred around
patients recruited with the alpha variant (B1.1.7). We demonstrated in Chapter 6 of this thesis
that neutrophils in COVID-19 had increased migration, decreased phagocytic capacity, and
increased NET production. Additionally, there was an altered surface phenotype compared to

those previously characterised (Belchamber et al., 2022).

We hypothesised that the change in clinical phenotype of patients infected with subsequent

dominant COVID-19 strains was in part driven by changes to neutrophil function.

7.2 Aims of Chapter 7

1. To establish if the clinical phenotype of COVID-19 patients differs between COVID-19
variants.

2. To determine if alterations to neutrophil function previously seen in COVID-19 are
sustained with infection in less clinically severe variants.

3. To explore any correlations between neutrophil function and clinical phenotype in this

cohort.
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7.3 Additional patient recruitment

Patients were recruited as per the criteria in Chapter 3.

Additional patients were recruited for investigation for different COVID-19 variant strains.
Patients were recruited from a single hospital site, at different times, with PCR COVID-19 swab
carried out in certain in-patient admissions. Point of care testing was carried out for the

remaining patients to confirm presence of COVID-19.

Recruited patients for each variant: January 2021 (Alpha variant - B1.1.7): Patients were
recruited between 19" January 2021 and 3" March 2021. September 2021 (Delta variant -
AY4.2): Patients were recruited between 22" September 2021 and 13" January 2022. April
2022 (Omicron variant - BA2): Patients were recruited between 6™ April 2022 and 22" April

2022.
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7.4 Clinical phenotype

7.4.1 Patient demographics

87 non-ICU COVID-19 patients were recruited for this study. 41 patients with alpha COVID-19
(26M: 15F, mean age 71.5y (58.0-84.0)), 32 patients with delta variant COVID-19 (17M: 15F,
mean age 72.0y (51.8-83.0) and 14 patients with omicron variant COVID-19 (5M: 9F, mean

age 82.0y (72.5-93.8).

There were no significant differences between recruited variant groups in terms of BMI,
ethnicity or comorbidities recorded, as shown in Table 7.1. Omicron patients recruited were

significantly older than alpha and delta patients (p=0.0087, p=0.0107 respectively).

There was increased mortality in the omicron patients compared to the alpha cohort (p=0.05),
with a trend to increased mortality in the delta cohort (p=0.08). Vaccination data was only
collected for delta and omicron patients due to the timings of the roll out of the UK vaccination
programme. Comparison of patients receiving two or more vaccines between delta and
omicron variant patients was made as booster vaccinations were still being rolled out to the
general public at this time. There was a significantly higher proportion of patients with two or

more vaccinations in the omicron cohort than the delta cohort (p=0.0207).
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coVID-19 COVID-19
(ALL) {Alpha)
n=87 n=41
Male: Female 48:39 26:15
White: Non-white 66:21 31:10
COVID-19 Variant
Mortality (%) 17 10
(19.5%) (24%)
Age 704 715
(57.0-84 3) (58.0-84.0)
BMI (kg/m?) 286 26 .4
(23.4-32.6) (24.2-32.8)
Vaccinations
0
1
2
2+ booster
Comorbidities
Cardiovascular 28 (32.2%) 12 (29.3%)
Respiratory 7 (8%) 1 (2.4%)
Endocrine 39 (44 .8%) 16 (39.0%)
Hypertension 40 (46.0%) 19 (46.3%)
Other 50 (57.5%) 24 (58.5%)

COoVID-19 COovID-19

(Delta) o]l T B Significance

n=32 n=14
17:15 59
22:10 13:1

T Alpha vs omicron p=0.05

(22%) Delta vs omicron p=0.08
T2 Delta vs omicron p=0.0107

(51.8-83.0) AL B Alpha vs omicron p=0.0087
26.9 293

(23.2-31.9) (23.5-34.6)

17 (53%) 1 (7%)

0 (0%) 1 (7%)
10 (31%) 0 (0%)
4 (12.5%) 12 (85.7%) ESRVETelwljl=T

Delta vs Omicron p=0.0207

9 (28.1%) 7 (50%)
5 (15.6%) 1 (7%)

17 (53.1%) 6 (42.9%)
13 (40.6%) 8 (57.1%)
16 (50%) 10 (71.4%)

Table 7.1 Demographics from recruited patients for alpha, delta and omicron COVID-19
variants, collected at time of enrolment.
cohorts, as shown in Significance column using a Chi squared test or Kruskal-Wallis test.
Results shown as median (IQR). Other comorbidities were included if they caused a significant
impact on patient quality of life or regular medication — this included but not limited to: severe
peripheral vascular disease with ulceration, dementia, chronic kidney disease, stroke,
childhood polio, obesity, diverticulosis, alcohol related liver disease, rheumatoid arthritis.

Statistical comparisons were made between variant
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7.4.2 Biochemical correlations

Biochemically, differences were observed between the omicron cohort vs alpha and delta
variants. There were no differences observed between the alpha and delta cohorts. Routine
measures of inflammation were higher in omicron patients. WCC and neutrophil count were
higher compared to delta patients (p=0.0404, p=0.0221 respectively, Table 7.2). C-reactive
protein levels (CRP) were significantly lower in omicron patients compared to alpha (p=0.05).
Markers originally correlated to disease severity at the beginning of the pandemic such as
ferritin and NLR however were not significantly different between variant infections. High
sensitivity troponin | levels were higher in omicron patients compared to delta (p=0.05) and d-

dimer levels were higher in omicron compared to delta (p=0.0126).

Dexamethasone administration was not significantly different between patient cohorts.
Guidance for dexamethasone administration at QEHB Trust during recruitment was for
patients to receive dexamethasone if they were requiring supplemental oxygen to maintain

saturations of >90%.
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COVID-19 COVID-19
(ALL) (Alpha)
n=87 n=41
Biochemistry
WCC (x10%L) 10.3 82
(6.1-11.8) (6.3-12.0)
Neutrophils (x10%L) 7.4 6.4
(4.3-8.8) (4.4-8.6)
CRP (mglL) 111.0 103.0
(43.3-160.3) | (63.0-165.0)
NLR 94 54
(4.1-13.3) (3.8-10.8)
HS Troponin | (ng/L) 123.3 14.5
(7.5-36.5) (5.0-31.3)
D-dimer (ng/mL) 2005.6 3820
(252 .3-837.0) | (218.0-829.5)
Ferritin (pg/L) 1714.0 1082
(285.3-1489.8) [ (428.3-1525.0)
Vitamin D (nmel/L) 491 356
(24.6-62.9) (23.0-51.8)
Dexamethasone 67 (77.0%) 38 (92.6%)

COVID-19
(Delta)
n=32

6.7

(5.0-9.8)
52

(3.6-8.7)
81.0

(41.0-336.0)
6.1

(3.1-21.3)
8.0

(5.3-282.0)
4930

(241.3-833.0)
3535

(203.3-1752.0)
37.8

(23.362.3)
19 (59%)

COVID-19
(Omicron)

n=14

10.1

(8.0-13.7)
8.8

(6.4-12.1)
355

(24.5-59.8)
12.9

(6.8-17.4)
22.0

(22.0-26.0)
1365.5

(374.8-2496.0)
179.0

(133.0-207.5)
51.9

(26.2-64.9)
10 (71%)

Significance

Delta vs Omicron p=0.0404

Delta vs Omicron p=0.0221

Alpha vs omicron p=0.05

Delta vs omicron p=0.05

Delta vs omicron p=0.0126

Table 7.2 Biochemical data from recruited patients, collected at time of enrolment for alpha,

delta and omicron COVID-19 patients.

WCC- white cell count; CRP- C-reactive protein; NLR-

neutrophil lymphocyte ratio; HS Troponin I- high sensitivity troponin |; Statistical comparisons
were made between variant cohorts, as shown in Significance column using Kruskal Wallis
test for not normally distributed data. Data shown as median (IQR Q1-Q3).

Severity scoring for patients recruited was carried out similarly to that done in Chapter 5 for

patients initially recruited. All patients here were class 5 WHO progression score as per

previously recruited. 4C score was used for in-hospital mortality. There was no significant

difference between the patients recruited and classified by COVID-19 variant.

consistent with the calculated gSOFA and CURB-65 scores, Table 7.3.

This was

201



CcoVviID-19 COoVID-19 COVID-19 COVID-19
(ALL) (Alpha) (Delta) (ol {11} B Significance
n=87 n=41 n=32 n=14
Admission
Worst NEWS2 6.0 6.0 6.0 40
(4.0-7.0) (5.0-7.0) (3.0-12.0) (4.0-7.8)
4C 11.3 12.0 11.0 13.0
(9.0-14.0) (9.0-14.0) (5.8-13.2) (10.2-14.0)
qSOFA 1.0 1.0 1.0 1.0
(1.0-1.0) (1.0-1.5) (1.0-1.0) (1.0-1.0)
CURB-65 20 20 2.0 20
(1.0-3.0) (1.0-3.0) (2.0-3.0) (2.0-3.0)
Length of stay (days) 6.0 55 50 80
(3.0-12.0) (3.0-12.0) (3.0-11.5) {5.0-11.8)

Table 7.3 Clinical data from recruited patients, collected at time of enrolment for alpha, delta
and omicron COVID-19 patients. NEWS2- National Early Warning Score 2, data collected
was worst score in the 24 hours after admission; gSOFA- quick Sepsis-related Organ Failure
Assessment Score; CURB-65- Mortality in community acquired pneumonia. Statistical
comparisons were made between variant cohorts, as shown in Significance column using
Kruskal Wallis test for not normally distributed data. Data shown as median (IQR Q1-Q3).

There was no significant difference in length of hospital admission between COVID-19
variants. Patients were followed up for outcome at 28 days, 3 months, 6 months and 12 months
from recruitment. Readmissions at 28 days are shown in Table 7.4 with reasons documented.
There were no significant differences in mortality between patients admitted with different
strains. In addition to patient outcome, radiological changes were reviewed at 6 months and

12 months to determine if any changes persisted.
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Variant In-hospital 28 -day 3 month 6 month | 12 month
Mortality | Re-admission
Alpha Additional 10/41 0131 2 1131 2129 127
mortality (24%) {1 nen-related (3%) (79%) (4%)
infection, 1
worsening of
symptoms)
Cumulative 10/41 10/41 1141 13141 1441
mortality (24%) (24%) (27%) (32%) (34%)

Delta Additional 525
mortality {2 unrelated
presentation, 2
with
breathlessness

Cumulative 7132
mortality (22%)

Omicron Additional 014 143
mortality unrelated
presentation]
Cumulative 0/14
mortality

Table 7.4 COVID-19 patient clinical outcome data for alpha, delta and omicron COVID-19
patients. Mortality shown as additional deaths at each follow-up time point and as cumulative
mortality. Re-admission data was collected at 28 days only. Alpha readmissions: one non-
related cellulitis infection and one patient with worsening of COVID-19 symptoms — patient was
transferred to ICU care later on in admission. Delta readmissions: one fall, one generally
unwell, two presentations with increased breathlessness not treated as COVID-19. Omicron
readmissions one generally unwell, one fall, one AKI.

Both patients with follow up imaging at 6 months demonstrated longstanding ground-glass
inflammatory changes on CXR. A further 4 patients had a CXR completed at one year after

recruitment, with showed no persistent features of infection.

Patients were recruited within 48 hours of hospital admission, but there was considerable
variation in date of symptom onset to presentation (alpha median time to presentation 7 days
(range 0-19 days), delta 5.5 days (range 0-37 days), omicron 2.5 days (range 0-16 days).
However, there was not any significant difference in the length of stay between the three
cohorts. Median time to presentation across all cohorts is 6.0 days (3.0-12.0). Alpha variant
patients presenting less than 6 days after symptom onset were older (p=0.026), had a higher
CFS score (p<0.0001), lower vitamin D (p=0.05) and higher 4C score (p=0.004) at admission,

as described in Chapter 5. These were not observed in delta or omicron patients. There were
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no significant clinical biochemical differences in patients with different time to presentation for

delta or omicron patients. There was no change to length of stay outcome.

7.5 Functional assays

7.5.1 Phagocytosis

Phagocytosis of labelled S. pneumoniae by neutrophils isolated from COVID-19 patients
demonstrated significantly higher phagocytosis in delta variant patients compared to alpha and
omicron (alpha MFI 6.83 (0.30), delta 15.91 (1.20), omicron 5.59 (1.11), alpha vs delta
p<0.0001, omicron vs delta p<0.0001; alpha % phagocytosis 33.53% (1.96), delta 46.64%
(3.37), omicron 37.53% (2.03), alpha vs delta p=0.0012, omicron vs delta p=0.0209, Figure
7.1A, B). There was no difference in cROS production between variants, Figure 7.1C. There
was significantly reduced nfmROS production in omicron compared to alpha patients (MFI fold

change alpha 1.18 (0.07), omicron 0.87 (0.06), p=0.0014, Figure 7.1D).
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Figure 7.1 Isolated neutrophil phagocytosis of labelled S. pneumonia after 30 minutes
compared between COVID-19 variants, alpha n=33, delta n=12, omicron n=14. Data shown
as full data spread with median. Kruskal Wallis test used for statistical analysis or Mann
Whitney U as data not normally distributed. A. phagocytosis MFI B. % phagocytosis. C.
Cytoplasmic ROS generation compared between alpha and omicron COVID-19 patients. D.
Nuclear/ mitochondrial ROS generation compared between alpha and omicron COVID-19
patients. *p<0.05, **p<0.01, ***p<0.001, ****p=<0.0001
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7.5.2 Transwell migration

Neutrophils isolated from omicron patients exhibited significantly reduced transmigration
compared to those from alpha and delta patients (median fold change cells migrated alpha
31.7 (8.8-101.1), delta 22.0 (7.2-73.6), omicron 2.5 (1.4-8.5), alpha vs omicron p=0.0002, delta

vs omicron p=0.0129, Figure 7.2).
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Figure 7.2 Neutrophil migration through a transwell membrane compared between alpha
(n=28), delta (n=14), omicron (n=14) COVID-19 patients. Data shown as full data spread with
median. Significance calculated using Kruskal-Wallis test for not normally distributed data.
*p<0.05, **p=<0.01, ***p=<0.001, ****p=<0.0001

206



Fold change PMA (%)

7.5.3 NETosis

NET formation in response to PMA stimulation was significantly increased in alpha variant

patients compared to all other variants (mean alpha NETosis fold change 164.0 (8.7), delta

126.7 (3.1), omicron 121.4 (10.6), alpha vs delta p=0.0043, alpha vs omicron p=0.0043, Figure

7.3A). Circulating cfDNA was not significantly different between variants, Figure 7.3B. DNase

levels were not available for the delta or omicron patients due to prioritisation of experiments.
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Figure 7.3 NETosis and circulating cfDNA compared between COVID-19 variants from
isolated neutrophils, alpha n=36, delta n=25, omicron n=14. Data shown as full data spread
with median. Kruskal Wallis test used for statistical analysis for not normally distributed data.
A. NETosis after stimulation with PMA B. cfDNA measured was not significantly different
between COVID-19 variants. *p<0.05, **p<0.01, ***p<0.001, ****p=<0.0001
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7.5.4 Circulating inflammatory mediators

Plasma concentrations of vascular endothelial growth factor (VEGF) were significantly lower
in omicron patients compared to both alpha and delta variant patients (p=0.0002 and p=0.0284
respectively, Figure 7.4A). IL-6 concentrations were significantly higher in omicron patients
compared to both alpha and delta variant patients (p=0.0037 and p=0.0020 respectively,
Figure 7.4B). sTNFRL1 levels were significantly lower in omicron patients compared to both

alpha and delta variant patients (p=0.0027, p=0.0381 respectively, Figure 7.4C).
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Figure 7.4 Circulating inflammatory mediators, measured by serum ELISA, compared
between COVID-19 variants, alpha n=43, delta n=32, omicron n=14. Full data spread shown
with median, one-way ANOVA used for statistical analysis of normally distributed data. A.
VEGF B. IL-6 C. sTNFR1 *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001
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7.5.5 Surface marker phenotype

Surface marker expression conveying phenotype was compared between alpha and omicron
patients. Expression was normalised to AMC cohort and expressed as fold change difference.

Percentage receptor expression, MFI values and significance are shown in Table 7.5.

In omicron patients compared to alpha there was significantly reduced expression of CD10 (%
expression alpha vs omicron p=0.0001, MFI p=0.0004), CD11b (% expression alpha vs
omicron p=0.0081, MFI p=0.0607), CD62L (% expression alpha vs omicron p<0.0001, MFI
p=0.0013), CXCR2 (% expression alpha vs omicron p=0.0126, MFI p=0.0001), and CD11c (%
expression alpha vs omicron p=0.0008, MFI p<0.0001). There was a reduction in the
percentage expression fold change of CXCR4 (% expression alpha vs omicron p<0.0001) and
PD-L1 (percentage expression alpha vs omicron p=0.0002), but there was no significant
difference in MFI fold change for these surface markers. MFI fold change of CD54 was

significantly reduced in omicron (MFI alpha vs omicron p=0.0015).
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0, .
% Expression fold change from | mF1 fold change from AMC
Receptors
Alpha Omicron Alpha Omicron
(n=25) (n=14) p value (n=25) (n=14) p value
cD10
1.00 0.47 1.25 0.59
0.9-1.0) NOEREIM 00001 | (41047) EOEEXIN 00004
el 0.83 0.46 0.11 0.38
06-1.1) NOEREM %81 | 0o.07) NUEXNSW 00607
CD54
2.18 2.48 3.44 14
(1.824) EERETIM O137% | (1745) QKRR 00015
cD62L
157 0.39 15 0.4
(1.32.1) OREON <00 | (0525 OB ©0013
CXCE: 0.99 K . | 082 149  [NNS
(1.0-1.0) EHUIEY) ; (0.5-1.1) EFEE) :
CXCR4
1.00 0.41 0.78 0.9
0.9-1.0) [NOERENE <0-0001 | 505 5) IUEREINE 02340
CD66b
1.00 0.99 0.72 0.65
0.9-1.0) [NOXEEOM 09865 | (051.1) ECEREIN 06138
CD11c
1.00 0.65 52 11
0.9-1.0) MUENEN %% | (4.17.1) RUESEW <000
PR 0.85 0.30 0.45 1.47
0.7-1.2) OPEE %0002 | 02.10) EOERON 08446

Table 7.5 Fold change of omicron COVID-19 surface receptor expression compared to alpha
COVID-19 of percentage of cells expressing and MFI of isolated neutrophil cell surface
markers as measured by flow cytometry in alpha (n=25) and omicron (n=14). Data displayed
as median (IQR). Data analysed by individual One Way ANOVA with multiple comparisons.
Green square indicates significance.
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7.6 Relationship of clinical phenotype to function

7.6.1 Clinical outcomes

Length of hospital admission was used as the primary clinical outcome for comparison between
COVID-19 cohorts. In-hospital mortality was not used for comparison as all omicron patients
survived admission. Median length of stay across all COVID-19 variants was 6.0 days (3.0-
12.0). Omicron patients admitted for 6 days or longer had significantly reduced neutrophil
migration compared to alpha patients admitted for 6 days or longer (alpha median migration
fold change 53.14 (12.7-209.1), omicron 2.67 (1.4-12.3), p=0.0360, Figure 7.5B). Otherwise,
there was no significant difference between phagocytosis, transwell migration, NETosis or

cfDNA levels between variants when separated by length of stay, Figure 7.5.
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Figure 7.5 Neutrophil effector functions when stratified by length of stay, split between below
median (<6 days) and above median (=6 days) hospital admission for COVID-19 patients with
different variant infection. Results shown as full data spread with median. Kruskal Wallis test
used for statistical analysis of non parametric data. A. Phagocytosis of labelled S. pneumoniae
after 30 minutes (alpha <6 n=15, =6 n=15; delta <6 n=7, =6 n=7; omicron <6 n=5, =6 n=9).
B. Neutrophil transwell migration towards CXCL8 after 90 minutes (alpha <6 n=13, >6 n=15;
delta <6 n=9, >6 n=10; omicron <6 n=5, >6 n=9). C. NETosis after PMA stimulation after 3
hours (alpha <6 n=15, =6 n=17; delta <6 n=16, =6 n=13; omicron <6 n=5, =6 n=9). D.
Circulating cfDNA measured in serum (alpha <6 n=21, >6 n=20; delta <6 n=17, =6 n=15;
omicron <6 n=5, =6 n=9).
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Symptom onset

The mean time from symptom onset to presentation was 6 days (3.0-10.8) across all COVID-
19 variants. NETosis was significantly lower in omicron patients presenting <6 days after
symptom onset compared to alpha patients presenting in this time (alpha median NETosis fold
change 1.54 (1.3-2.1), omicron 1.04 (0.9-1.5), p=0.0103, Figure 7.6C). There were no other
significant neutrophil functional differences between variants when separated by time from

symptom onset to presentation, Figure 7.6A, B, D.
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Figure 7.6 Differences in neutrophil effector functions from different COVID-19 variant
infections when stratified by time from symptom onset to presentation, separated by median
overall time to presentation split between below median (<6) and above median (=6) days
hospital admission. Results shown as full data spread with median. Kruskal Wallis test used
for statistical analysis of not normally distributed data A. Phagocytosis of labelled S.
pneumoniae after 30 minutes (alpha <6 n=12, >>6 n=18; delta <6 n=9, >>6 n=5; omicron <6
n=3, >>6 n=11). B. Neutrophil transwell migration towards CXCL8 after 90 minutes (alpha
<6 n=10, >=>6 n=18; delta <6 n=9, >>6 n=9; omicron <6 n=3, >>6 n=11) C. NETosis after

PMA stimulation after 3 hours (alpha <6 n=13, >>6 n=19; delta <6 n=14, >>6 n=15; omicron

<6 n=3, >>6 n=11). D. Circulating cfDNA measured in serum (alpha <6 n=16, >>6 n=25;
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When stratified by time to presentation, circulating VEGF was higher in alpha patients
presenting within 6 days compared to both delta and omicron patients (alpha median VEGF
267.2pg/mL (165.8-441.7), delta 123.6pg/mL (82.6-228.5), omicron 104.9pg/mL (61.3-161.3),
alpha vs delta p=0.0284, alpha vs omicron p=0.0023, Figure 7.7B). sTNFR1 was significantly
lower in omicron patients presenting within 6 days compared to both alpha and delta patients
(alpha median sTNFR1 1187pg/mL (861.4-1410), delta 1005pg/mL (919.8-1162), omicron
763.5pg/mL (642.0-849.7), omicron vs alpha p=0.0005, omicron vs delta p=0.0113, Figure
7.7A). There was no significant difference in IL-6 levels between patients presenting within 6

days or longer than 6 days Figure 7.7C.
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Figure 7.7 Differences in circulating inflammatory mediators from different COVID-19 variant
infections when stratified by time from symptom onset, separated by median overall time to
presentation, split between below median (<6 days) and above median (26 days) hospital
admission (alpha <6 n=16, =6 n=26; delta <6 n=16, =6 n=16; omicron <6 n=3, =6 n=11). Full
data spread shown with median. Kruskal Wallis test used for statistical analysis of not normally
distributed data A.sTNFR1 B. VEGF C. IL-6
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7.6.2 4C

Patients were stratified according to disease severity using the 4C score validated against
initial COVID-19 disease caused by wild-type virus. Patients were classified as either high-or
low-risk mortality based on score, <9 low-risk, 29 high-risk. There was no significant difference
in neutrophil phagocytosis across variants when split by 4C score. Neutrophil migration was

significantly reduced in high-risk omicron patients compared to high-risk alpha patients

(median alpha fold change cells migrated 4C =9 36.88 (9.0-205.2), omicron 4C =9 2.67 (1.2-

11.0), p=0.0256, Figure 7.8B). NETosis was increased in low-risk alpha patients compared

to high-risk delta patients (median alpha NETosis 4C <9 1.78 (1.3-2.8), delta =9 1.20 (1.2-1.3),

p=0.0318, Figure 7.8C). NETosis was significantly higher in both low- and high-risk alpha

patients compared to high-risk omicron patients (median alpha NETosis 4C <9 1.78 (1.3-2.8),

alpha =9 1.46 (1.2-1.8), omicron =9 1.04 (0.9-1.5), alpha 4C <9 vs omicron p=0.0060; alpha

4C =9 vs omicron p=0.0224). There were no significant differences in circulating cfDNA

between variants or when sub-stratified by 4C score, Figure 7.8D.
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Figure 7.8 Differences in neutrophil effector functions from different COVID-19 variant
infections when stratified by 4C in-hospital mortality risk, split 4C score <9 and 29. Results
shown as full data spread with median. Kruskal Wallis test used for statistical analysis of not
normally distributed data. A. Neutrophil phagocytosis to labelled S. pneumoniae (alpha 4C<9
n=7, 4C>9 n=23; delta 4C<9 n=2, 4C>9 n=12; omicron 4C<9 n=3, 4C>=9 n=11). B. Neutrophil
transwell migration towards CXCL8. (alpha 4C<9 n=6, 4C>9 n=22; delta 4C<9 n=9, 4C>9
n=9; omicron 4C<9 n=3, 4C>9 n=11. C. NETosis after 3 hours PMA stimulation, alpha 4C<9
n=7,4C=9 n=25; delta 4C<9 n=8, 4C>9 n=21; omicron 4C<9 n=3, 4C>9 n=11). D. Circulating
cfDNA measured in the serum (alpha 4C<9 n=11, 4C>9 n=30; delta 4C<9 n=10, 4C>9 n=22;
omicron 4C<9 n=3, 4C>9 n=11)
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7.6.3 Vaccination status

The UK vaccination program for COVID-19 was not rolled out during the alpha wave. At the
time of recruitment of omicron patients those admitted had the same vaccination status. The
delta wave of recruitment represents the only cohort where there is significant grouping of
patients unvaccinated and vaccinated. Patients who received a vaccine were more likely to

be Caucasian and older (p=0.0207 and p=0.0004 respectively), Table 7.6.

COVID-19
No vaccine At least 1+ vaccine dose

n=17 n=14
Male: Female 9.8 7T
\White: Non-white 9:8 13:1*
Age 56.0 (42.4-72.0) 81 (73.8-97.0)**
BMI (kg/m?) 27.2 (22.1-32.4) 256 (23.3-31.2)
Died 98 7T

Table 7.6 Table showing demographics of vaccinated vs unvaccinated patients. Data shown
as median (IQR). Fisher’s exact test and t-test used for not normally distributed categorical
and normally distributed data respectively.

CRP was significantly higher in patients with 2 or more vaccinations (mean CRP no vaccine
48.5 mg/L (37.5-95.5), 2+ vaccinations 157 mg/L (72.3-210), p=0.0471,). CFS was
significantly higher in patients with 2 or more vaccinations (median CFS no vaccine 1.0 (1.0-
3.2), 2+ vaccinations 5.0 (2.0-5.5), p=0.0103,). 4C score was significantly higher in patients
with 2 or more vaccinations (median 4C score no vaccine 7.0 (3.0-12), 2+ vaccinations 12.0
(10.0-16.0), p=0.0024,), Table 7.7. Circulating VEGF was significantly lower in patients with
2 vaccinations (mean VEGF no vaccine 218.7 pg/mL (24.9), 2+ vaccinations 143.2 pg/mL
(19.0), p=0.0339,). There were no significant differences between unvaccinated and

vaccinated patients in terms of neutrophil effector functions.
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COVID-19

Mo vaccine At least 1+ vaccine dose
n=17 n=14

WCC (x10°/L) 57 (4867) 96 (7.3-153)"
Pleuirophils (x10%/L) 42(34-53) 86 (46-104)
|CRF" (mg/L) 48 5 (37.5-955) 157 (72.3-210.0)*
FNILR 4.3 (2.6-86)) 6.7 (48-145)

HS Troponin | (ng/L) 7.0 (4.5-12.5) 15.5 (6.8-90.0)
p-dimer (ng/mL) 462 0 (252 5-676.3) 490.0 (227 .0-834.0)

[Ferritin (ug/L)

1393.0 (230.8-15007)

298.5 (185.8-769.5)

Vitamin D (nmol/L)

30.1 (22.9-66.1)

38.0 (28.9-63.4)

lac 7.0 (3.0-12.0) 12.0 (10.0-16.0)*
Worst NEWS2 50 (3.0-7.5) 6.5 (3.0-10.0)
laSOFA 1.0 (1.0-1.0) 1.0 (1.0-2.0)*
[Length of stay (days) 50 (3.0-11.5) 7.5(2.8-21.0)

Table 7.7 Table showing biochemical and severity scoring data for vaccinated and
unvaccinated COVID-19 patients. Data shown as median (IQR) and Mann Whitney U test
used for statistical analysis of not normally distributed data.
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7.7 Omicron comparison to AMC and CAP

Omicron patients compared to AMC were older (median age omicron 82 years (72.5-93.8),
AMC 70 years (61.0-78.0), p=0.0009), and had a higher incidence of cardiovascular co-
morbidities (omicron 7/14 (50%), AMC 4/26 (15%), p=0.0292), as in Table 7.8. Omicron
patients had a higher incidence of endocrine comorbidities than CAP (omicron 6/14 (43%),

CAP 3/26 (12%)).

Biochemically CRP was significantly higher in CAP compared to omicron (omicron median
CRP 35.5 (24.5-59.8), CAP 119.0 (42.0-396.0), p=0.0715) and no CAP patients were
administered dexamethasone, Table 7.9. There was no significant difference in scoring

disease severity or length of stay between omicron and CAP patients, .

COVID-19
AMC CAP
(Omicron) Significance
n=26 h=26
n=14
Male: Female 5:9 10:16 15:11
White: Non-white 13:1 24:2 23:3
Mortality (%) 0 0 (0%) 2 (8%)
(0%)

Age 82 70 67.5 Omicron vs AMC p=0.0009

(72.5-93.8) (61.0-78.0) (54.5-85.0)
BMI (kg/m?) 29.3 27.9

(23.5-34.8) (23.3-41.1)
Vaccinations
0 1(7%)
1 1(7%)
2 0 (0%)
2+ booster 12 (85.7%)
Comorbidities
Cardiovascular 7 (50%) 4 (15.3%) 7(26.9%) |Omicron vs AMC p=0.0292
Respiratory 1 (7%) 0 (0%) 4 (15.4%) |Omicron vs CAP p=0.0444
Endocrine 6 (42.9%) 10 (38.4%) 3 (11.5%)"
Hypertension 8 (57.1%) 13 (60%) 10 (38.5%)
Other 11 (42.3%) 15 (57.7%)

Table 7.8 Demographic data for omicron, AMC and CAP with significance shown. Data
displayed as median (IQR) for non-parametric data. Statistics calculated using Kruskal Wallis
test for multiple comparisons of not normally distributed data.
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COVID-19
(Omicron) CAP Significance
n=41 =
WCC (x10°/L) 10.1 (8.0-13.7) 13.4 (10.7-16.4)
Neutrophils (x10°/L) 8.8 (6.4-12.1) 11.2 (7.8-13.6)
CRP (mg/L) 35.5 (24.5-59.8) 119.0 (42.0-396.0)* p=0.0715
NLR 12.9 (6.8-17.4) 8.5 (5.9-52.7)
HS Troponin I (ng/L) 22.0(22.0-26.0) 17.5 (4.0-318.0)
D-dimer (ng/mL) ECCREyL RS LN )N 659.0 (270.5-1510.0)
Ferritin (pg/L) 179.0 (133.0-207.5) 110.0 (78.8-225.3)
Vitamin D (nmol/L) 51.9 (26.2-64.9) 45.3 (23.8-73.2)

Table 7.9 Biochemical data for omicron and CAP patients with significance shown. Data
displayed as median (IQR) for non-parametric data. Statistics calculated using Mann Whitney

test for non-parametric data. No biochemical data was recorded for AMC.

CoVID-19
CAP
(Omicron)
n=26
n=14
Worst NEWS2 4.0 (4.0-7.8) 5.0 (3.0-12.0)
4C ENORRERENON 11.0(5.3-13.0)
qSOFA 1.0(1.0-1.0) 1.0(1.0-1.0)
CURB-65 2.0(2.0-3.0) 2.0 (2.0-2.0)
Length of stay (days) 8.0(5.0-11.8) 4.0 (3.0-7.5)

Table 7.10 Disease severity scoring and length of stay for omicron and CAP patients — no
significance is shown as there is no significant difference in these parameters. Data displayed
as median (IQR) for non-parametric data. Statistics calculated using Mann Whitney test for

non-parametric data. No biochemical data was recorded for AMC.

Comparison of neutrophil functions showed no significant difference in % phagocytosis of

labelled S. pneumoniae, but significantly higher MFI in omicron vs AMC (MFI omicron 6.55

(3.5-7.0), AMC 1.69 (1.1-2.4), p=0.0312, Figure 7.9B). n/mROS production was significantly

higher in AMC compared to both omicron and CAP (n/mROS fold change omicron 0.81 (0.7-

1.0), AMC 1.41 (1.3-1.7), CAP 0.93 (0.7-1.2), omicron vs AMC p<0.0001, CAP vs AMC

p=0.0011, Figure 7.9D).
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Figure 7.9 Neutrophil phagocytosis of labelled S. pneumoniae and reactive oxygen species
(ROS) generation compared between omicron COVID-19, AMC and CAP, omicron n=14, AMC
n=26, CAP n=26. Full data spread shown with median. Kruskal Wallis test used for statistical
analysis of not normally distributed data. A. Neutrophil % phagocytosis of labelled S.
pneumoniae after 30 minutes. B. Neutrophil phagocytosis MFI of labelled S. pneumoniae after
30 minutes, C. Cytoplasmic ROS production after 30 minutes phagocytosis. D. Nuclear/
mitochondrial ROS production after 30 minutes phagocytosis,

There was significantly reduced omicron neutrophil migration compared to AMC and CAP
(omicron fold change migration 2.55 (1.4-8.5), CAP 20.29 (3.9-39.7), AMC 11.99 (4.4-51.8),

omicron vs CAP p=0.0114, omicron vs AMC p=0.0051, Figure 7.10A). NETosis was
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significantly decreased in omicron compared to AMC (omicron fold change NETosis 103.9
(95.1-148.4), AMC 127.9 (116.5-144.7), p=0.0290, Figure 7.10B. There was no significant
difference in circulating cfDNA, Figure 7.10C. Circulating inflammatory mediators were

significantly different in omicron compared to AMC and CAP as shown in Table 7.11.

*
[ 1
* %k *
150  — 250  —
°
2 _—
® i 200 . .
m .
Bl < .
€ 100- . = :
(7] e .
3 r ) 150 .-: :
b z —t— :
<) . 8 . St ———
(] 3] 100 —emt— L $3s.
2 ' 7] oo s .
c 50 - H
= o
O ‘ o3e e
ke ] .
3 . o =2 50
u ——
0 . ti an 0 T l .
Omicron AMC CAP Omicron AMC CAP
6000
= 4000
E
<)
£
< H
4
e .
© 2000+ e
i 3 ..
: U H
e®ev,00d0
0 T T T
Omicron AMC CAP

Figure 7.10 Neutrophil transwell migration, NETosis after PMA stimulation and serum cfDNA
comparison between omicron COVID-19, AMC and CAP. Full data spread shown with median.
Kruskal Wallis test used for statistical analysis of not normally distributed data A. Neutrophil
transwell migration, Omicron n=14, AMC n=20, CAP n=15. B. NETosis after PMA stimulation
for 3 hours, Omicron n=14, AMC n=24, CAP n=25. C. Circulating cfDNA measured by ELISA.
Omicron n=14, AMC n=24, CAP n=25
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Omicron AMC CAP Significance
(n=14) (n=28) (n=28)
VEGF 110.2 1185 223.0 Omicron vs CAP p=0.0078
(66.7-195.7) (80.9-187.0) (158.5-285.2) | AMC ws CAP p=0.0011
IL-6 56.2 10.39 26.48 Omicron vs AMC p<0.0001
(48.2-74.5) (9.5-12.1) (15.6-56.5) |[AMC vs CAP p<0.0001

sTNFR1 827.7 620.7 980.9 AMC vs CAP p<0.0001
(FENELLM  (30.9-731.7) | (852.8-1151)

MPO 46.4 80.4 103.2 Omicron vs CAP p=0.0003
(38.2-58.3) (22.4-142.2) | (86.1-123.2)

Table 7.11 Circulating inflammatory mediators in omicron COVID-19, AMC and CAP as
measured by ELISA. Data displayed as median (IQR). One-way ANOVA used for statistical
analysis of normally distributed data.

Neutrophil surface marker expression in omicron patients was significantly different to AMC,

MFI and percentage expression with significance values shown in Table 7.12.
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Receptors

CD10

CD11b

CD54

CD62L

CXCR2

CXCR4

CD66b

CD11c

PD-L1

% Expression fold change from

Omicron
(n=14)

0.47
(0.3-0.9)

0.46
(0.3-0.8)

2.48
(1.7-3.0)

0.39
(0.1-0.6)

0.99
(1.0-1.0)

0.41
(0.3-0.8)

0.99
(0.9-1.0)

0.65
(0.5-0.8)

0.30
(0.2-0.5)

AMC
(ﬁrzcé) p value
(0.19910.0) 00000
(0_19?10_0) <0.0001
(0.16‘;?10.6) <0.0001
(0_15?10_ 4 | 00057
a _10'?10_0) 0.0080
(0_19?1?0) 0.0008
e .16?10.0) >0.9999
’ _10'?10_0) 0.0332
(0_18;?10_2) 0.0003

Omicron
(n=14)

0.59
(0.5-0.8)

0.38
(0.3-0.7)

1.4
(1.0-1.7)

0.4
(0.2-0.5)

1.49
(1.2-1.9)

0.9
(0.8-1.1)

0.65

(0.5-0.9)

1.1
(0.8-1.3)

1.47
(0.4-0.6)

MFI fold change from AMC
(ﬂ"z%) p value
(0'19'?10‘ 4 | 00023
(0%29_2) 0.0800
(0_16?20_ 1) | >0-0000
(0_15?10_ gy | 00102
(0_17'?10_2) 0.0180
(0_16'?20_ 3) | >09999
(0_15?10_3) 0.4344
(0%?13'9) >0.9999
(0.16?10. 4y | 01768

Table 7.12 Fold change of omicron COVID-19 surface receptor expression compared to AMC
of percentage of cells expressing and MFI of isolated neutrophil cell surface markers as
measured by flow cytometry in omicron (n=14) and AMC (n=26). Data displayed as median
(IQR). Data analysed by individual One Way ANOVA with multiple comparisons. Green square
indicates significance.
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7.8 Discussion

7.8.1 Clinical outcomes

Omicron patients had lower mortality than either alpha or delta patients recruited, reflecting the
observational literature of less severe omicron infection (OurWorldinData, 2022). This is
despite an increased mean age compared to both alpha and delta cohorts. Most biochemical
differences were between the omicron cohort and the alpha/ delta patients. Higher WCC,

differential neutrophil count and lower CRP were noted in omicron patients.

Patients recruited to represent alpha, delta and omicron variant COVID-19 were well
demographically matched, with an increased age noted for the omicron admissions.
Collectively, the changes observed with COVID-19 variant progression suggest a milder
inflammatory state in omicron infected patients compared to alpha. Although the severity of
patients recruited according to the 4C score was not significantly different between the
recruited cohorts, the overall mortality in the omicron cohort was significantly lower despite an
overall older patient group. Validation of the 4C score has been repeated in omicron patients,
which confirms its use with the current dominant strain (De Vito et al., 2023). However,
mortality rates in each of the categories was reduced 22.5% lower (53.8% vs 47.1%) in the
very high risk of death group (De Vito et al., 2023). This supports the data from the omicron

cohort here.

7.8.2 Cellular outcomes

Neutrophil dysfunction in alpha COVID-19 has been documented in Chapter 6. Neutrophils
isolated from these patients demonstrated significant changes across all effector functions,
with decreased phagocytic capacity, increased migration, increased NETosis and altered
surface marker expression (Figure 7.11). It is likely that neutrophil dysfunction played a role
in the clinical outcomes that were observed with this variant infection. From clinical
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observational data and epidemiological worldwide data, the subsequent omicron variant
displays less severe COVID-19 infection. Examination of neutrophils from patients infected
with omicron variant COVID-19 was therefore important to determine if infection severity may

be linked to restoration of neutrophil function.

Phagocytosis in the delta variant patient was significantly increased compared to neutrophils
isolated from both omicron and alpha patients. The delta variant was shown to have increased
transmissibility compared to the previous alpha variant (Hart et al., 2022). Patients infected
with the delta variant COVID-19 displayed a higher viral load during illness and potentially a
different response to vaccination compared to other variants (Duong, 2021). There was no
significant difference in neutrophil effector functions between patients who are vaccinated and

unvaccinated in the delta cohort.

Impaired phagocytosis can lead to a prolonged secondary bacterial infection leading to
associated tissue damage. This can cause more severe disease and lead to mortality.
Phagocytosis in omicron patients was not significantly different to alpha patients but mortality
was lower in the omicron cohort. Combining this with cytokine and neutrophil phenotype
differences between these cohorts suggests there may be less host mediated tissue damage

and therefore reduced impact and invasiveness of secondary bacterial infection.

Migration was reduced compared to alpha patients, which was higher than in AMC and CAP
comparators. Although migration in omicron was lower than AMC and CAP, this may suggest

more accurate neutrophil migration compared to the alpha cohort.

NETosis was significantly decreased compared to alpha variant neutrophils, which may
account for the fewer thromboembolic events noted (Khalafallah et al., 2016, Cui et al., 2020).
In addition, NETs play an important role in the amount of systemic inflammation, which again
may be contributing to the overall dampened inflammatory phenotype of omicron infection.
When compared to AMC and CAP, NET formation levels were more similar to those in CAP.

Omicron COVID-19 as a milder lower respiratory tract infection phenotype would fit with this.
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It was not possible to examine the effects of vaccination across all COVID-19 variants, due to
the rollout of the vaccination program during recruitment. It was possible to examine the
differences in vaccinated and unvaccinated patients in the delta cohort as this coincided with
the rollout of vaccination. Vaccinated patients had a higher CFS score and 4C score compared
to those unvaccinated. This reflects the targeted vaccination programme towards the elderly
and those at risk or frailer. This would be in keeping with a successful vaccination effect as
unvaccinated patients who are less frail requiring hospital admission would suggest a more
severe infection response. Higher 4C scores in vaccinated patients might suggest that those
who are vaccinated with lower scores had reduced clinical symptoms and therefore did not
seek medical advice or require hospital admission. The most common presenting symptoms
of COVID-19 have been reported as pyrexia, cough, shortness of breath (2020). Measurement
of SpO./FiO; ratio was used as a surrogate for breathlessness and temperature on a mission
was used as a surrogate for pyrexia. Patients who are unvaccinated had higher temperatures
on admission compared to vaccinated patients, but there was no difference in SpO,/FiO; ratio.

This may mean that symptoms prior to admission are less severe in those vaccinated.

7.8.3 Compared to AMC and CAP

A summary of the changes observed between AMC, alpha COVID-19 and omicron COVID-19
is detailed in Figure 7.11. Neutrophil functions are clearly altered compared to both alpha and
AMC neutrophils. Objectively there are fewer differences between omicron COVID-19
neutrophils and those from AMC, suggesting there is some restoration of function. However,
the differences from AMC neutrophils suggest that there is an ongoing effect of the SARS-

CoV-2 virus on underlying function.
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Figure 7.11 Summary of changes to cellular function. Compared to AMC, neutrophils from
alpha and omicron COVID-19 demonstrated significantly altered neutrophil effector functions.
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Comparison of omicron patients to AMC and CAP showed differences in demographics in
terms of age and presence of cardiovascular disease. It was not possible to do further
breakdown and analyse as per alpha patients due to a smaller omicron cohort size. Neutrophil
effector function changes showed there was decreased n/mROS production compared to AMC
and CAP. Percentage of neutrophils undergoing phagocytosis in omicron patients was similar
to that of AMC and CAP, with a raised MFI. Neutrophils undergoing phagocytosis were
therefore more efficient. Migration and NETosis was decreased in the omicron cohort. There
was decreased circulating VEGF and MPO with increased IL-6 in omicron. Circulating MPO
can be used as a marker of neutrophil degranulation, with lower levels suggesting decreased
activation. Itis possible that vaccination may lead to expansion of a neutrophil subset polarised
towards antigen presentation, seen in a rhesus macaque SIV trial (Musich et al., 2018b). This
would be in keeping with decreased phagocytosing fraction and circulating MPO. Decreased
activation of phagocytic neutrophils would be in keeping with decreased VEGF and NETosis
in omicron compared to AMC. NETs act as an endothelial scaffold for trapping erythrocytes
and platelets to lead to thrombus formation (Savchenko et al., 2014). From this, platelet-

derived thrombin can subsequently increase VEGF secretion (Maragoudakis et al., 2002).

Raised IL-6 in omicron patients compared to alpha, AMC and CAP may relate to overall
systemic inflammation and an altered response after vaccination. IL-6 is also involved in the
release of neutrophils from the bone marrow and can act as a chemoattractant in acute
inflammation (Florentin et al., 2021), (Fielding et al., 2008). High IL-6 may be responsible for
the increased neutrophil count seen in omicron patients. IL-6 itself has been targeted as a
potential treatment in COVID-19, with tocilizumab approved by NICE. Tocilizumab can cause
a transient neutropenia post administration, but effector functions are not affected by treatment
(Wright et al., 2014). Decreasing neutrophil release may have reduced dysfunctional
inflammation in alpha COVID-19, but the raised IL-6 in omicron infection may contribute to

restoration of appropriate neutrophil migration.
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7.8.4 Limitations

Method limitations regarding handling of COVID-19 samples have been discussed in Chapter

3.

For continuity and validity of comparison, delta and omicron variant patients recruited were
ward-based, similar to that of alpha patients. As with alpha infection, these patients represent
the majority of the in-patient burden and remain under-represented in research. Early

intervention to prevent deterioration in this cohort remains important.

Differences in vaccination status between patients recruited representing different COVID-19
variants add an additional confounding factor to interpreting results. It is not possible to make
direct comparisons between variants and the efficacy of the vaccines due to the timeframe of

recruitment.

Owing to time and sample constraints, it was not possible to compare surface marker
expression in the delta variant patients collected. However, as most of the significant changes
in neutrophil function are most pronounced between alpha and omicron patients, and as
omicron infections remain the prevailing strain, this comparison remains the most valid.
Limited numbers of experiments were able to be carried out on a particular patient sample
without compromising result integrity and due to time constrictions. As a result, further
comparison between neutrophils to determine trends with ROS production would have been
interesting to observe, but were not deemed a priority over investigating potential treatment

and mechanisms of underlying disease documented in Chapter 6.

7.8.5 Conclusion

The disease caused by SARS-CoV-2 variants has clinically evolved along with the knowledge

of effective treatments. Neutrophils from alpha COVID-19 patients demonstrated a unique
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pattern of dysfunction. Comparison with neutrophils isolated from delta and omicron COVID-
19 patients showed a shift in function with those from omicron having restored phagocytosis,
reduced migration and NETosis with different surface marker expression. More accurate
migration, effective phagocytosis and reduced NET formation could account for some of the
decreased severity of clinical disease. Alterations in neutrophil function with changing variant
infection suggests that neutrophils play a key role in SARS-CoV-2 host immune responses and
dysfunctional responses can contribute to disease. Future viral disease pandemics should

focus research on neutrophil function early for treatment targets to improve patient outcome.
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CHAPTER 8
GENERAL DISCUSSION
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8.1 Overall findings

This thesis aimed to describe and investigate a population of ward-based COVID-19 in-
patients from both a clinical and neutrophil effector function perspective. In addition, it
investigated neutrophil function as a potential underlying cause of the clinical changes
observed with evolving COVID-19 variants. The COVID-19 pandemic represented a time of
uncertainty with patient treatments and transmissibility of the virus. Thus, it was paramount to
researcher safety for all experiments to be carried out in a category laboratory with appropriate
safety precautions. The data in Chapter 4 presents the alterations to standard working
protocols required to do this. Some of these represent significant necessary changes that
limited the investigations and data e.g. transwell migration vs our gold standard Insall chamber
chemotaxis. However, validation of alternative methods demonstrated little difference in
results compared to convention in healthy controls. Comparison of AMC, CAP and COVID-19

patients were also valid as all samples were processed in the same manner.

Data from Chapter 6 showed that neutrophils isolated from non-ventilated COVID-19 patients
demonstrated increased migration and NET formation, with impaired phagocytic capacity and
decreased n/mROS production. These alterations in neutrophil function may lead to migration
to healthy areas, and therefore increased tissue damage and inflammatory exudate. In
addition, increased NET deposition is associated with immune thrombus formation, potentially
contributing to the increased embolic phenomena seen in COVID-19 (Whyte et al., 2020,
Papayannopoulos, 2018). Alterations to surface marker expression suggest a unique
phenotype compared to those described in CAP, sepsis, and ageing. It is likely that altered
neutrophil function may contribute to the clinical picture associated with COVID-19 and
deterioration in certain patients. In an attempt to restore neutrophil function to that seen in
AMC, investigation into PI3K pathway inhibition was investigated. PI3K inhibition reduced NET
formation but did not restore other effector neutrophil functions. Addition of treatments which

affect neutrophil enzymatic function also did not restore normal neutrophil effector function.
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Investigation into different neutrophil responses to COVID-19 variant infections demonstrated
that the dysfunction seen in alpha COVID-19 patients did not persist in neutrophils from

patients with delta or omicron infection.

The data from this thesis generally supports the hypothesis that neutrophil dysfunction in
COVID-19 contributes to the clinical symptoms observed in COVID-19 disease, with function
normalising with the evolution of less severe subsequent strains. The wider immune response
e.g. circulating IL-6 is likely due to systemic viral effects potentially affecting other immune
cells. Treatments investigated here did not restore neutrophil function, and the changes do

not appear to have been due to dysregulation of PI3Kinase pathway signalling.

8.1.1 Clinical

Patients recruited were all clinically managed in normal hospital wards and classified as Class
5 on the WHO severity scale. This is a unique cohort as the literature predominantly
investigates patients managed on intensive care units. Severe ward-based patients have the
potential to prevent deterioration and require advanced support if appropriate. Anti-
inflammatory therapeutics such as dexamethasone, anti-IL6 and barcitinib have shown to
improve clinical outcomes (Manoharan and Ying, 2022, Abani et al., 2021). Validation work
determined that there was not a significant effect on the specific neutrophil functions examined
in this thesis with dexamethasone treatment. It has been suggested that intracellular signalling
of SARS-CoV-2 and the internalised glucocorticoid receptor are highly connected. This
includes cytoskeletal rearrangement and cell cycle arrest at G2/M (V’kovski et al., 2021,
Suryawanshi et al., 2021, Chrousos and Kino, 2005, Kino, 2018). Impediment of normal
cellular processes would in theory prevent normal glucocorticoid signalling and thus improving
outcomes rather than being immunosuppressive. Higher viral burden would amplify this e.g.

in patients with an oxygen requirement.

236



Demographic and clinical associations with more severe disease were increasing age and CFS

being associated with earlier hospital admission after symptom onset.

COVID-19 in-hospital mortality risk as derived from the 4C score was not significantly different
between variants. However, observed mortality from the cohorts recruited demonstrated a
significant decrease in the omicron variant despite an older patient group. This may be in part

due to the uptake of COVID-19 vaccination between recruitment periods.

8.1.2 Neutrophil effector functions

Neutrophil phagocytosis is important to prevent development of severe secondary bacterial
infections after initial injury (Brundage, 2006). The recruitment and design of this study did not
allow for prolonged temporal follow up of recruited patients to examine the development of
bacterial pneumonia. Due to restrictions with investigations and resources during the
pandemic, not all patients had blood cultures taken on admission. As the time from symptom
onset to presentation varied from one to 14 days, it is possible patients were co-infected with
COVID-19 and CAP. In order to fully assess the effect of neutrophil dysfunction and secondary
bacterial infections in COVID-19, separate study is required. Alpha variant patients
demonstrated decreased phagocytic capacity compared to AMC. In omicron patients there
was no significant difference in phagocytosis with AMC or CAP. Migration was increased in
alpha patients which may suggest inaccurate migration leading to excessive host-mediated
lung tissue damage. Reduced migratory accuracy has been associated with poor patient
outcomes and increased tissue damage due to obligate proteolysis (Sapey et al.,, 2011).
Migration was significantly lower in omicron variant patients, even when compared to AMC and
CAP. The ARDS presentation seen during the early part of the COVID-19 pandemic has not

been as clinically apparent in omicron infected patients (Van Goethem et al., 2022). This may
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reflect more accurate neutrophil migration reducing excessive tissue inflammation and

damage.

NET formation and release is associated with immune-thrombotic events, and embolic events
were common in alpha COVID-19 (Skendros et al., 2020a). Along with the cohort recruited
here, other studies documented increased NETosis in severe COVID-19 (Middleton et al.,
2020, Skendros et al., 2020a, Veras et al., 2020). Reduction in NETosis in omicron patients
in this cohort again correlates with the observed more favourable clinical outcomes for that

variant (Bayrakgi, 2023).

8.1.3 Surface marker expression

Surface marker expression can convey the prevailing neutrophil phenotype at the time of blood
collection. Neutrophils isolated from alpha variant patients displayed high levels of CD54
(associated with reverse transmigration) and reduction in CD11b (marker of neutrophil
activation). These changes are not associated with neutrophil senescence or sepsis states.
Neutrophils from omicron variant patients had decreased CD62L (shed during activation), with
an increased expression of CXCR2 and decreased CXCR4 (indicative of bone marrow
mobilisation). This phenotype is more in keeping with activation of neutrophils, although other
markers of activation (CD10 and CD11b) were reduced in both alpha and omicron patients
compared to AMC. Omicron patients had higher levels of circulating IL-6 compared to other
SARS-CoV-2 variants, AMC and CAP. Higher IL-6 may be responsible for driving more
targeted chemotaxis as well as neutrophil deployment from the bone marrow leading to the
change in effector functions and surface marker expression (Florentin et al., 2021, Fielding et
al., 2008). The change in surface marker expression on neutrophils with viral evolution is again
suggestive of a less dysfunctional neutrophil response to infection and correlates with the
clinical phenotype returning towards a response expected in severe lower respiratory tract

infections.
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8.1.4 Mechanisms and treatments

Based on results from the initial alpha cohort, PI3K pathway as a mechanism for COVID-19
mediated disruption of neutrophil function was examined. Inhibition has been shown to restore
migration accuracy in the elderly, and signalling is related to NETosis (Sapey et al., 2014).
However, addition of PI3K inhibitors to neutrophils from COVID-19 patients did not alter
migration and did not fully reduce NETosis to that of AMC. NSP activity blockade through the
use of the drugs metoprolol, brensocatib and AZD9668 failed to alter neutrophil effector
functions suggesting that NSP dysfunction is not driving increased inflammation or decreased

phagocytosis.

8.2 What does this study contribute to the field?

This study contributes insights into neutrophil dysfunction in the largest population of in-
hospital patients affected with COVID-19 reported outside of the ITU setting. Severely unwell
ward-based COVID-19 patients demonstrated minimal difference to those admitted to
intensive care, suggesting the viral effect on neutrophils is established early in disease rather
than evolving with disease progression. Furthermore, this study demonstrates that neutrophil
dysfunction is not driven by PI3K disruption. This is the first time a comparison of neutrophils
from different SARS-CoV-2 variants has been carried out and this thesis demonstrates that
neutrophil response to infection associates with the change in clinical severity. There are
further clinical implications from this which suggest that therapies that are currently used may
need re-evaluating given the significant change observed in host response to different COVID-
19 variant infection. This not only has implications in the acute setting but potentially on the
longer-term changes in neutrophil effector function that may influence post infectious sequalae

or post-COVID syndrome.
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8.3 Clinical implications

Investigation of PI3K and NSP blockade as potential treatments in COVID-19 has implications
for other diseases affecting neutrophil function. The randomised control trial of brensocatib vs
placebo showed worse outcomes in the brensocatib arm; and here there was no effect on
neutrophil function in COVID-19, suggesting a different underlying disease process to

bronchiectasis (Chalmers et al., 2017).

Whilst COVID-19 does not present the same challenges to global healthcare as in March 2020,
investigation of its ongoing evolution remains important. COVID-19 treatments remain largely
unchanged from initial trials, yet both the observed clinical phenotype and the cellular
phenotype described here have evolved with the virus. In order to ensure that treatments
recommended by NICE and international health bodies remain valid and effective, ongoing
research is required in current prevailing SARS-CoV-2 strains. Furthermore, the most likely
patients to now be hospitalised are frail, elderly and co-morbid and therefore identifying

potential targets for therapy to prevent further deterioration and death is of clinical importance.

8.4 Study strengths

Neutrophil ex vivo experiments require delicate technique with precision to prevent
unintentional cell activation. The method of neutrophil isolation used here with dextran
sedimentation followed by a Percoll® density gradient has been shown to reduce neutrophil
disruption compared to the use of techniques requiring red blood cell lysis (Vuorte et al., 2001).
This technique is widely used, and thus allowing for comparisons with other studies to be
made. High yield, purity and viability were achieved through practice with healthy blood donors

prior to any experimentation with samples from recruited patients and AMC.
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This is the first COVID-19 study to examine neutrophil function in ward-based patients.
Previous literature focuses on the intensive care patient population and preventing further
deterioration. Hospital in-patients not treated in intensive care represented both the largest
population of admitted patients with COVID-19 as well as the most likely to deteriorate and
require intensive care treatment (Sapey et al., 2020). By investigating this cohort of patients,
we can determine if the neutrophil dysfunction seen in ICU patients is driving COVID-19 or if

this develops after deterioration occurs.

Treatments for COVID-19 were investigated on a clinical outcome basis, based on limited
primary research into COVID-19. Outcomes based on clinical parameters usually occur after
insight into underlying mechanisms, which was not possible with the COVID-19 pandemic.
This thesis examined potential failed treatments in clinical practice to determine if the
underlying therapeutic mechanism had basis for investigation into alternative related
therapeutics. This study was able to test these therapeutics from cells isolated from patients
with active COVID-19 infection and determine the poor clinical outcomes persisted to a cellular

level.

Investigation into neutrophil dysfunction was able to be done in parallel with CAP control
patients to examine the differences in other respiratory tract infections. AMC provide a good
control group, but recruitment of CAP patients at the same time allowed for identical

investigation procedures to be carried out in patients with a similar clinical disease severity.

8.5 Study limitations

Methodology limitations due to COVID-19 present the biggest limitations to this study.
Validation work in Chapter 4 has determined that the precautions taken for investigator safety
largely do not compromise the validity of the results obtained. However, limitations of working
with hazardous samples outside the CAT2 laboratory reduced the achievable amount of data

e.g. Insall chamber chemotaxis.
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The rapid pace of research into treatments for COVID-19, coupled with unprecedented vaccine
development complicated patient recruitment and comparison of results from different COVID-
19 variants. Patients were recruited prior to administration of novel therapies, but approval of
drugs for the treatment of COVID meant that several patients were excluded having received

immunomodulatory medications.

Investigation into the restoration of the dysfunction observed in neutrophils would be an
interesting time point — which had ethical approval. However, patient follow-up in a healthcare
setting during waves of infection where the public were encouraged to remain at home was

not deemed morally correct.

The labelled S. pneumoniae used for phagocytosis experiments did show signal loss over the
two years of patient recruitment of this thesis, but this was not statistically significant. Labelling
fresh heat-killed bacteria may have prevented this signal loss but would have increased
difficulty in batch variability. The use of labelled bioparticles such as pHrodo™ may have
prevented this, but there are reports of inter-batch variability with these. In addition, they are
less physiologically representative of bacterial phagocytosis compared to labelled heat-killed

opsonised bacteria.

Due to the nature of the pandemic, it was not possible to investigate a known respiratory viral
illness in parallel e.g. influenza and review the effects on neutrophil function. Recruitment of
a fourth cohort of influenza patients was attempted in winter 2022, but there were insufficient
patients to recruit who were not already treated with antiviral medication such as
neuraminidase inhibitors (oseltamivir). These have been shown to affect neutrophil function

in a murine model of COVID-19 (de Oliveira Formiga et al., 2020).

Investigation of neutrophil dysfunction in alpha patients is more informed after omicron
recruitment and experiments. However, it is not possible to further investigate mechanisms of
the effect of the virus on neutrophil function as there were no further alpha SARS-CoV-2
infections. In addition, neutrophil lifespan ex vivo is not sufficient to be able to have stored

cells for further work. The rapidly evolving nature of both virus and treatments meant selection
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of pathways and mechanisms to investigate was limited and it was not possible to explore all

avenues.

8.6 Future directions

The work presented in this thesis details the neutrophil changes in patients with active COVID-
19 infection. Whilst the acute danger from COVID-19 has cleared, there is a significant
proportion of the population who have long term effects after infection. From the patients with
follow up radiological imaging in this cohort, persistent physical changes to the lung
parenchyma in the form of fibrosis or ground glass changes are not the norm (Diaz et al., 2022,
Fabbri et al., 2023, Touman et al., 2022). There are no cellular or detailed clinical studies or
trials in patients diagnosed with long-COVID. Investigation of underlying cellular immune
causes may expose a treatable cause. Persistent neutrophil changes may suggest underlying
alterations to immune cell development and activation (George et al., 2022). Recruitment of
patients with long-COVID correlating qualitative and quantitative symptoms with biochemical
and cellular experiments may provide insight into what is currently an unknown disease

process.

Validation of experimental methods in potentially infectious samples will allow for future work
to be done in samples where researcher safety must be taken into account. Demonstration
that alternative methods can be used to reliably generate results when examining neutrophil
effector functions. This is more crucial in neutrophil work due to the fragile nature of

maintaining cell viability ex vivo.

Treatments investigated early in the pandemic focussed on treatments of systemic
inflammation (Group, 2020, Wilkinson, 2020, Beigel et al., 2020). The investigation of
neutrophils throughout different SARS-CoV-2 variant infections has shown that the observed
dysfunction appears to be associated with disease severity. Future pandemics are inevitable,
whether it be related to a known pathogen with a novel mutation e.g. influenza, new resistant
bacterial species or subspecies or a zoonotic infection. The insights into the way the immune
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system responds to respiratory viral infections can be used in the future to help more rapidly

develop targeted treatments (Mahoney and Sridhar, 2023, Pericas et al., 2023).
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8.7 Conclusions

The SARS-CoV-2 pandemic represented an unprecedented time of global health burden,
health research and collaboration. It enabled vast research to be conducted in record time
and led to the development of a successful vaccination programme. In parallel to this, this
thesis explored the cellular effects of the virus on neutrophil function, an innate immune cell
key to the initiation and resolution of inflammation. Neutrophils from COVID-19 patients
exhibited altered effector functions with decreased phagocytic capacity, increased NETosis
and migration, and surface marker expression not in keeping with those previously described.
Evolution of the virus and further patient recruitment demonstrated some resolution of
neutrophil functions with decreased NETosis, migration and normalised phagocytic capacity.
This correlates with the milder clinical phenotype of omicron patients; supported by systemic
metabolomic data. Investigation of the PI3K pathway and NSP dysfunction as a mechanism

of altered function did not demonstrate alteration to these pathways.

This thesis has validated neutrophil experimentation in hazardous samples, and highlighted
the importance of early and on-going investigation into the innate immune system as an

evolving target for treatment in future pandemics.
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