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Abstract

Background: In the first year since its emergence, the novel coronavirus SARS-CoV-2

caused over 79 million infections and 1.7 million deaths. Understanding risk factors for

exposure and severe disease remain crucial for our pandemic exit.

Aims: This thesis explores the potential for nosocomial amplification of SARS-CoV-2

transmission and the significance of immunocompromised states to COVID-19 outcome

and immunisation.

Methods: Evaluation of 2,508 adults hospitalised with molecularly-confirmed COVID-

19 across 18 hospitals during the first wave, supported by systematic review and meta-

analysis (PROSPERO: CRD42021249023). Establishment of COVID-19 ENLIST study

(REC: 20/YH/0309), including determination of anti-SARS-CoV-2-Spike-IgG response

in up to 1077 kidney transplant recipients, 156 individuals with predominant-antibody

deficiency, 134 haemodialysis-recipients, and 33 healthy volunteers following receipt of

up to 4 COVID-19 immunisations.

Results: The risk of all-cause inpatient mortality was 1.24 times greater in individ-

uals with nosocomial SARS-CoV-2, relative to community-acquired admissions (95%

CI: 1.06 to 1.42) in Wales. Internationally, mortality risk was twice as high amongst

immunocompromised individuals with nosocomial infection, compared to community-

acquired COVID-19 (RR: 2.14, 95% CI: 1.76 to 2.61). Despite high vaccine uptake

(�90%) amongst immunocompromised individuals, failure to mount a detectable hu-

moral response following two COVID-19 vaccines occurred in approximately one-third

of individuals with predominant-antibody deficiency. After four vaccines, one-fifth of

kidney transplant recipients failed to mount a detectable humoral response, compared

to 1.7% of haemodialysis recipients. Pilot testing of 20 persistently seronegative individ-

uals identified one previously undiagnosed hypogammaglobulinaemia case (IgG 3.2g/L).

Discussion: Nosocomial transmission of respiratory infections, including SARS-CoV-2,

remains a barrier to safe and efficient healthcare delivery. Immunocompromised individ-

uals demonstrated vaccine hypo-responsiveness, suggesting ongoing vulnerability. Risk

mitigation strategies, including pre-exposure measures such as inpatient vaccination,

and early post-exposure therapeutics guided by serosurveillance are suggested. Failure

to mount a detectable anti-SARS-CoV-2-Spike-IgG response despite serial COVID-19

vaccination may indicate wider humoral immunodeficiency.
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penter B, Hough R, Haraldsson Á, Heimall J, Grimbacher B, Abinun M, Gennery

AR.

Journal of Clinical Immunology. 2021 Jul;41(5):934-943, (19 ).

6) High-throughput STELA provides a rapid test for the diagnosis of telomere biology

disorders.

Norris K, Walne AJ, Ponsford MJ, Cleal K, Grimstead JW, Ellison A, Alnajar

J, Dokal I, Vulliamy T, Baird DM.

Human Genetics. 2021 Jun;140(6) 945-955, (20 ).

7) Hematopoietic Stem Cell Transplant For Norovirus-Induced Intestinal Failure In

X-Linked Agammaglobulinemia.

Shillitoe BMJ and Ponsford M, Slatter MA, Evans J, Struik S, Cosgrove M,

Doull I, Jolles S, Gennery AR. Haematopoietic Stem Cell Transplant for Norovirus-

Induced Intestinal Failure in X-linked Agammaglobulinemia.

Journal of Clinical Immunology. 2021 Oct;41(7):1574-1581, (21 ).



vi

Related Presentations:

1) “The burden of nosocomial covid-19: results from the Wales multi-centre retro-

spective observational study of 2508 hospitalised adults”. Oral presentation.

Cardi� University 35th Annual Post-Graduate Researchers Day.

Virtual Event. 16th April 2021.

UK Covid-19 Immunology Consortium: A UK-CIC Conference.

Virtual event. 29th April 2021.

Royal College of Physicians Poster Conference.

Virtual event. 8th October 2021.

2) “Covid-19 vaccine responses in immunocompromised individuals: using serosurveil-

lance to direct precision therapy”. Keynote presentation.

Welsh External Quality Assessment Service Annual Conference.

Mercure Hotel, Cardiff, Wales. 7th December 2021, (22 ).

3) “The burden of hospital-acquired COVID-19: the Welsh and international experi-

ence”. Poster presentation.

Medicine 2022 Conference.

Royal College of Physicians, London. 8th January 2022, (23 ).

4) “Immune response following COVID-19 vaccination in immunosuppressed adults:

preliminary results from the COVID-19 ENLIST study”.

Kidney Wales Patient Group Annual Research Meeting.

Invited speaker. Virtual event. 8th October 2021.

Medicine 2022 Conference. Poster presentation.

Royal College of Physicians, London. 8th January 2022, (24 ).

5) “Viral persistence as a key outcome in SARS-CoV-2 infection”. Oral presentation.

Grand Round Higher Trainee Case Presentation Competition.

University Hospital of Wales, 23rd February 2022.

Available: https://www.youtube.com/watch?v=dygJtfwbd9Y

6) “A PhD in the time of COVID-19” - invited oral presentation. Oral presentation.

Cardi� University 36th Annual Post-Graduate Research Day.

Cardiff University, 22nd April 2022.

https://www.youtube.com/watch?v=dygJtfwbd9Y


vii

7) “Failure to mount a detectable humoral vaccine response – a new diagnostic tool

to support diagnosis of hypogammaglobulinaemia?”. Poster presentation.

20th Biennial Meeting - European Society for Immunode�ciencies.

Gothenburg, Sweden, 12-15th October 2022.

Prizes:

• Association of Clinical Pathologists (UK) Career Development Award: £9,940,

awarded 2nd October 2020.

• Silver Medal Winner for Royal College of Pathologists’ Trainee Research Awards,

September 2022.

• First place in Grand Round Higher Trainee Case Presentation Competition, Febru-

ary 2022.

• First place oral presenter award at Cardiff University 36th Annual Post-Graduate

Researchers (PGR) day.

• Second place at Royal College of Physicians Virtual Poster Conference, October

2021.

• Third place oral presenter award at Cardiff University 35th Annual Post-Graduate

Researchers (PGR) day.



viii

Press releases:

Cardiff University issued the following press releases related to research undertaken by

me as part of my PhD study:

• “Smoking and obesity increase risk of severe Covid-19 and sepsis, new

study suggests” 24 September 2020.

https://tinyurl.com/mrhrczzc

• “Non-routine testing of patients with suspected Covid-19 ‘of little ben-

e�t’ to assess risk". 15 October 2020.

https://tinyurl.com/ye4zmz8a

• “Study highlights ’vital 30-day window’ for hospital inpatients to get

COVID-19 jab”. 23 July 2021. https://tinyurl.com/3u45k6b2/

• “Scientists use vaccination to successfully treat COVID-19 for �rst time”.

https://tinyurl.com/p5388kjm. Featured across multiple news outlets includ-

ing BBC: https://www.bbc.co.uk/news/health-60621432

https://tinyurl.com/mrhrczzc
https://tinyurl.com/ye4zmz8a
https://tinyurl.com/3u45k6b2/
https://tinyurl.com/p5388kjm
https://www.bbc.co.uk/news/health-60621432


Acknowledgements

I gratefully acknowledge the Welsh Clinical Academic Training (WCAT) programme for

enabling me to undertake dedicated time out of clinical training to conduct this research,

and the Association of Clinical Pathologists for their Career Development Award, the

UK Coronavirus Immunology Consortium (UKCiC), and Kidney Wales Charity that

supported the consumables needed to deliver it.

I am indebted to the many mentors, colleagues, and friends who have supported this

journey, and whose specific contributions are recognised throughout the thesis wher-

ever relevant. In particular, I give tremendous thanks to my supervisors for their

guidance and enthusiasm: Professors Ian R Humphreys, Daniel Farewell, and Stephen

Jolles. Their expertise across virology, epidemiology, and clinical immunology has in-

spired me to ask better questions and fostered wider collaborations needed to answer

them. This has spanned clinical disciplines (Professors Argiris Asderakis, Christopher

Brown, Matt Wise, and Drs Simon Barry, Dipender Gill, Soma Meran, Simon Stone-

ham, and Thomas Ward), and academic groups (Professors Simon Jones, Paul Morgan,

David Price, Richard Stanton, Drs Chantal Colmont and Kristin Ladell), highlighting

the power of the pandemic to unite us. The Immunodeficiency Centre for Wales team

has proven a constant source of support and inspiration. I am very thankful to Profes-

sors Sheila Bird and Anthony Williams for volunteering their time and effort to read and

examine this thesis. Above all, I recognise the patients and volunteers who participated

in this work, because, without them this research would not have been possible.

Finally, to my family, whose love, support, and smiles are everything.

ix



Contents

Abstract i

Publications during enrolment ii

Acknowledgements ix

List of Figures xvi

List of Tables xix

Abbreviations xxii

1 Introduction 1
1.1 Publications related to this chapter . . . . . . . . . . . . . . . . . . . . . . 2
1.2 A brief history of coronaviruses . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Emergence and spread of a novel coronavirus, SARS-CoV-2 . . . . . . . . 6
1.4 Why did SARS-CoV-2 progress to a global pandemic? . . . . . . . . . . . 8

1.4.1 De�ning a pandemic . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.4.2 Viral characteristics favouring transmission . . . . . . . . . . . . . 9
1.4.3 Transmission ampli�cation within closed environments: lessons

from the Diamond Princess . . . . . . . . . . . . . . . . . . . . . . 10
1.4.4 Healthcare environments as potential ampli�ers of SARS-CoV-2

transmission . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
1.5 Overview of the immune response to viral infection . . . . . . . . . . . . . 15

1.5.1 Protective and pathogenic immune responses during SARS-CoV-2
infection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

1.5.2 Immunomodulation and antiviral medications in the treatment of
COVID-19 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

1.5.3 Potential for severe, recurrent, and persistent viral infections in
immunocompromised individuals . . . . . . . . . . . . . . . . . . . 20

1.5.4 Vaccine development and immunocompromised individuals . . . . 22
1.6 Hypotheses, aims, and objectives . . . . . . . . . . . . . . . . . . . . . . . 23

2 Overview of materials and methods 24
2.1 COVID-19 ENLIST Vaccine E�cacy Study . . . . . . . . . . . . . . . . . 24

2.1.1 Background to COVID-19 ENLIST research study . . . . . . . . . 24
2.1.2 Participant sample size and populations of interest - COVID-19

ENLIST Vaccine Arm . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.1.3 Participant identi�cation, enrollment and sampling . . . . . . . . . 27

x



Contents xi

2.2 Assessment of the humoral response to SARS-CoV-2 spike antigen . . . . 29
2.2.1 Serum sampling and initial processing . . . . . . . . . . . . . . . . 29
2.2.2 Enzyme-linked Immunosorbant Assay . . . . . . . . . . . . . . . . 30
2.2.3 Results linkage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
2.2.4 Assay reproducibility . . . . . . . . . . . . . . . . . . . . . . . . . . 32

2.3 Assessment of the T-cell response . . . . . . . . . . . . . . . . . . . . . . . 32
2.3.1 Peripheral blood mononuclear cell sampling and processing . . . . 32

2.3.1.1 Counting cells with Trypan blue . . . . . . . . . . . . . . 33
2.3.1.2 Cryopreservation of peripheral blood mononuclear cells . 34
2.3.1.3 Stimulation of peripheral blood mononuclear cells with

SARS-CoV-2 spike peptide . . . . . . . . . . . . . . . . . 34
2.3.2 Cell surface and intracellular staining . . . . . . . . . . . . . . . . 34

2.4 Data Management . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
2.5 Statistical methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3 De�ning the burden of nosocomial COVID-19 in Wales during the �rst
wave: results from a multi-centre retrospective observational study 37
3.1 Publications related to this chapter . . . . . . . . . . . . . . . . . . . . . . 38
3.2 Data Sources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.3 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.4 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.4.1 Study design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.4.2 Participants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
3.4.3 Data collection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.4.4 Bias . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.4.5 Data handling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.4.6 Outcomes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.4.7 Missing data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.4.8 Quantitative variables . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.4.9 Statistical methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.4.10 Research Permissions . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.5.1 Cohort description . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.5.2 Prevalence and mortality rates associated with nosocomial- and

community-acquired COVID-19 . . . . . . . . . . . . . . . . . . . . 47
3.5.2.1 Clinician-de�ned case type . . . . . . . . . . . . . . . . . 47
3.5.2.2 Nosocomial COVID-19 based on previously reported COPE-

study de�nition . . . . . . . . . . . . . . . . . . . . . . . 49
3.5.2.3 Application of random-e�ects model and competing risk

analyses across hospital sites . . . . . . . . . . . . . . . . 52
3.5.3 E�ect of varying the case de�nition for nosocomial COVID-19 on

reported burden . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
3.5.4 Characteristics of individuals with nosocomial SARS-CoV-2 infec-

tion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

3.6.1 Study strengths and limitations . . . . . . . . . . . . . . . . . . . . 57
3.6.2 Implications of this work . . . . . . . . . . . . . . . . . . . . . . . 58



Contents xii

4 A systematic review and meta-analysis of inpatient mortality associ-
ated with nosocomial and community COVID-19 exposes the vulner-
ability of immunosuppressed adults 61
4.1 Publications related to this chapter . . . . . . . . . . . . . . . . . . . . . . 62
4.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
4.3 Statistical Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.3.1 Eligibility Criteria . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
4.3.1.1 Participants . . . . . . . . . . . . . . . . . . . . . . . . . 65
4.3.1.2 Exposures . . . . . . . . . . . . . . . . . . . . . . . . . . 65
4.3.1.3 Comparators . . . . . . . . . . . . . . . . . . . . . . . . . 66
4.3.1.4 Outcomes . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
4.3.1.5 Study design . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.3.2 Search strategy to identify studies . . . . . . . . . . . . . . . . . . 66
4.3.2.1 Database search strings . . . . . . . . . . . . . . . . . . . 66
4.3.2.2 Restriction on publication type . . . . . . . . . . . . . . . 67
4.3.2.3 Study selection and screening . . . . . . . . . . . . . . . . 67

4.3.3 Data extraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
4.3.4 Assessment of risk of bias . . . . . . . . . . . . . . . . . . . . . . . 67
4.3.5 Data Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
4.3.6 Reporting bias assessment . . . . . . . . . . . . . . . . . . . . . . . 70
4.3.7 Certainty assessment . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
4.4.1 Study selection and characteristics . . . . . . . . . . . . . . . . . . 70
4.4.2 Study timing in pandemic course, location, and availability of uni-

versal RT-PCR testing . . . . . . . . . . . . . . . . . . . . . . . . . 77
4.4.3 Case de�nitions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
4.4.4 Risk of bias in studies . . . . . . . . . . . . . . . . . . . . . . . . . 79
4.4.5 Meta-analysis of inpatient mortality risk in patients with nosoco-

mial relative to community-acquired COVID-19 . . . . . . . . . . . 81
4.4.6 Meta-analysis of critical care admission . . . . . . . . . . . . . . . 83
4.4.7 Sensitivity analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
4.4.8 Reporting biases . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
4.4.9 Certainty of evidence . . . . . . . . . . . . . . . . . . . . . . . . . . 88

4.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
4.5.1 Strengths and limitations . . . . . . . . . . . . . . . . . . . . . . . 92
4.5.2 Implications of this work . . . . . . . . . . . . . . . . . . . . . . . 95

5 COVID-19 outcomes, vaccine uptake and immune response in patients
under care of the Immunode�ciency Centre for Wales: 2020-2021 98
5.1 Related Publications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
5.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

5.2.1 COVID-19 vaccination: evidence base in healthy adults and im-
munocompromised individuals . . . . . . . . . . . . . . . . . . . . 100

5.2.2 Vaccination uptake and e�cacy in individuals with primary and
secondary immunode�ciency in the pre-COVID-19 era . . . . . . . 103
5.2.2.1 Impaired vaccination e�cacy in individuals with primary

and secondary immunode�ciency . . . . . . . . . . . . . . 104



Contents xiii

5.2.2.2 COVID-19 vaccination uptake and e�cacy in immuno-
compromised individuals: evidence available prior to this
work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

5.2.2.3 Rationale for focus on humoral response to COVID-19
vaccination . . . . . . . . . . . . . . . . . . . . . . . . . . 107

5.3 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
5.3.1 Service Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

5.3.1.1 COVID-19 diagnosis and outcomes . . . . . . . . . . . . . 108
5.3.1.2 Vaccine uptake and e�cacy . . . . . . . . . . . . . . . . . 109

5.3.2 Determination of humoral and cellular immune responses in se-
lected individuals . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
5.3.2.1 T-cell responses . . . . . . . . . . . . . . . . . . . . . . . 110
5.3.2.2 Reverse Transcription Polymerase Chain Reaction . . . . 110

5.3.3 Determination of anti-SARS-CoV-2 spike IgG levels in immunoglob-
ulin replacement therapy, IgRT . . . . . . . . . . . . . . . . . . . . 111

5.3.4 Statistical Analyses . . . . . . . . . . . . . . . . . . . . . . . . . . 111
5.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

5.4.1 Vaccine uptake and safety . . . . . . . . . . . . . . . . . . . . . . . 111
5.4.1.1 Reasons for vaccine hesitancy . . . . . . . . . . . . . . . . 112
5.4.1.2 Vaccine coverage in household members . . . . . . . . . . 112

5.4.2 COVID-19 and infection-related mortality relative to vaccine uptake112
5.4.3 Persistent COVID-19 RT-PCR detection in an individual with

Wiskott-Aldrich Syndrome: A Case Report . . . . . . . . . . . . . 115
5.4.3.1 Case description . . . . . . . . . . . . . . . . . . . . . . . 115
5.4.3.2 Course of SARS-CoV-2 infection . . . . . . . . . . . . . . 116
5.4.3.3 Response to therapeutic vaccination . . . . . . . . . . . . 117

5.4.4 Assessment of vaccine e�cacy anti-spike SARS-CoV-2 IgG responses118
5.4.4.1 Cohort Description . . . . . . . . . . . . . . . . . . . . . 118
5.4.4.2 Multifactorial linear regression model for factors associ-

ated with humoral response to vaccination . . . . . . . . 123
5.4.5 Sero-surveillance provides clinically-actionable results: a clinical

vignette . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
5.4.6 Anti-spike SARS-CoV-2 IgG within immunoglobulin replacement

therapy products . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
5.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

5.5.1 Strengths and limitations . . . . . . . . . . . . . . . . . . . . . . . 130
5.5.2 Implications of this work . . . . . . . . . . . . . . . . . . . . . . . 132

6 COVID vaccine uptake, timing, and immunogenicity of an extended
immunisation regimen in solid-organ transplant recipients and adults
with end-stage renal failure on haemodialysis 135
6.1 Chapter overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
6.2 Related Publications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
6.3 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

6.3.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
6.3.2 Exaggerated risk of severe disease in kidney transplant recipi-

ents and haemodialysed individuals during the pre-vaccine era of
COVID-19 pandemic . . . . . . . . . . . . . . . . . . . . . . . . . . 139



Contents xiv

6.4 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142
6.4.1 Research permissions . . . . . . . . . . . . . . . . . . . . . . . . . . 142
6.4.2 Extraction and linkage of clinical and laboratory variables . . . . . 144
6.4.3 Laboratory assessment of the humoral response to COVID-19 vac-

cination . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144
6.4.4 Ex vivo peptide stimulation and assessment of CD4+ T-cell re-

sponses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
6.4.5 Outcomes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146
6.4.6 Confounders considered . . . . . . . . . . . . . . . . . . . . . . . . 148
6.4.7 Missing data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148
6.4.8 Statistical analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

6.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
6.5.1 Recruitment and cohort description . . . . . . . . . . . . . . . . . 149
6.5.2 Performance of anti-SARS-CoV-2 spike IgG ELISA assay . . . . . 152
6.5.3 Enhanced rates of seroconversion with serial COVID-19 immuni-

sations in vulnerable patient groups . . . . . . . . . . . . . . . . . 153
6.5.4 Baseline seropositive status and history of SARS-CoV-2 infection

prior to receipt of �rst immunisation . . . . . . . . . . . . . . . . . 156
6.5.5 Boosting and waning of humoral immunity following receipt of

serial COVID-19 immunisations . . . . . . . . . . . . . . . . . . . . 158
6.5.6 Immunisation uptake and delivery route across cohorts . . . . . . . 162
6.5.7 Evidence of adaptive cellular immunity to the COVID-19 vaccine

target in seronegative individuals . . . . . . . . . . . . . . . . . . . 170
6.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175

6.6.1 Strengths and limitations . . . . . . . . . . . . . . . . . . . . . . . 177
6.6.2 Implications of this work . . . . . . . . . . . . . . . . . . . . . . . 180

7 Clinical and laboratory correlates of failure to mount a detectable im-
mune response following serial COVID-19 immunisation in Solid Organ
Transplant and Haemodialysis recipients 182
7.1 Chapter overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182
7.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183
7.3 Materials and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187

7.3.1 Data sources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187
7.3.2 Determination of serum immunoglobulin IgG, IgA, IgM levels . . . 187
7.3.3 Outcomes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187
7.3.4 Statistical analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . 188
7.3.5 Development of a logistic regression model predicting individual

serostatus following at least 3 COVID-19 immunisations . . . . . . 188
7.3.5.1 Hypothesis-led feature selection . . . . . . . . . . . . . . 188
7.3.5.2 Data completeness and imputation of missing vaccine dates189
7.3.5.3 Assessment of assumptions necessary for logistic regres-

sion model . . . . . . . . . . . . . . . . . . . . . . . . . . 190
7.3.5.4 Assessment of model performance . . . . . . . . . . . . . 197

7.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197
7.4.1 Development of a multiple logistic regression model to predict in-

dividuals unable to mount a detectable humoral response following
at least 3 COVID-19 immunisations . . . . . . . . . . . . . . . . . 202



Contents xv

7.4.2 Speci�cation of candidate model . . . . . . . . . . . . . . . . . . . 203
7.4.3 Model performance in test set of 136 kidney transplant recipients . 205
7.4.4 Application of model to independent replication cohort of COVID-

19 ENLIST participants receiving in centre haemodialysis . . . . . 212
7.4.5 Relationship between a failure to seroconvert and serum immunoglob-

ulin G (IgG) levels . . . . . . . . . . . . . . . . . . . . . . . . . . . 217
7.4.5.1 Historical patterns of immunoglobulin test requesting . . 219

7.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 227
7.5.1 Strengths and limitations . . . . . . . . . . . . . . . . . . . . . . . 230
7.5.2 Implications of this work . . . . . . . . . . . . . . . . . . . . . . . 231

8 Discussion 232
8.1 Major �ndings of this research project . . . . . . . . . . . . . . . . . . . . 233

8.1.1 Hospitals as ampli�ers of SARS-CoV-2 transmission . . . . . . . . 233
8.1.2 Why prevention of nosocomial transmission of respiratory diseases

must remain an ongoing priority for healthcare providers . . . . . 234
8.1.3 Continued call for increased access to inpatient vaccination in hos-

pitalised individuals at risk of nosocomial viral respiratory infections237
8.1.3.1 Inequalities in vaccine access . . . . . . . . . . . . . . . . 239
8.1.3.2 Reduced protection against symptomatic re-infection with

novel SARS-CoV-2 variants . . . . . . . . . . . . . . . . . 239
8.1.4 Impaired immunogenicity and e�cacy of COVID-19 vaccination in

immunocompromised individuals: the unmet need for pre-exposure
prophylaxis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 241

8.2 Suggested pathway for prioritising access to agents for prevention and
treatment of SARS-CoV-2 in vulnerable individuals . . . . . . . . . . . . . 243
8.2.1 On the preferred methodology for vaccine assessment . . . . . . . . 248

8.3 Failure to respond to COVID-19 vaccination - a new warning sign for
immunode�ciency? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 249

A Appendix: COVID-19 ENLIST study vaccine arm supporting docu-
ments 251
A.1 Participant information sheets . . . . . . . . . . . . . . . . . . . . . . . . . 251
A.2 Informed consent form: all participants . . . . . . . . . . . . . . . . . . . 266

A.2.1 Favourable Research Ethics Committee (REC) review . . . . . . . 268
A.3 Heath Research Authority Decision Tool: COVID-19 vaccine uptake and

e�cacy in a national immunode�ciency cohort . . . . . . . . . . . . . . . 273
A.4 Supplementary material to Chapter 3 . . . . . . . . . . . . . . . . . . . . 273
A.5 Supplementary material to Chapter 4 . . . . . . . . . . . . . . . . . . . . 276

A.5.1 Risk of bias assessments used in systematic review: cohort studies 276
A.5.2 Risk of bias assessments used in systematic review: case series . . 280
A.5.3 Risk of bias assessments used in systematic review: studies dealing

with prevalence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 283

Bibliography 286



List of Figures

1.1 Routes of viral transmission. . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.1 Overview of the COVID-19 ENLIST study . . . . . . . . . . . . . . . . . . 29

3.1 Study 
owchart: Assessing the burden of nosocomial COVID-19 in Wales 47
3.2 Inpatient mortality rates by admitting hospital site. . . . . . . . . . . . . 50
3.3 Forest plot assessing the relative risk (RR) and 95% con�dence interval

(95% CI) of mortality in adults hospitalised with community-acquired
and nosocomial covid-19. . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.4 Competing risk analysis plot of nosocomial and community infection out-
comes of patients with COVID-19. . . . . . . . . . . . . . . . . . . . . . . 53

4.1 PRISMA Study Flow Diagram . . . . . . . . . . . . . . . . . . . . . . . . 68
4.2 Timing of studies included within primary meta-analyses, relative to con-

temporary COVID-19 rates within country of origin . . . . . . . . . . . . 78
4.3 Relative risk of mortality in hospitalized adults with nosocomial and

community-acquired COVID-19 . . . . . . . . . . . . . . . . . . . . . . . . 82
4.4 Relative risk of critical care admission in hospitalized adults with noso-

comial and community-acquired COVID-19 . . . . . . . . . . . . . . . . . 83
4.5 Sensitivity analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
4.6 Funnel plot with pseudo 95% con�dence limits showing the distribution

of relative risk of mortality across individual studies . . . . . . . . . . . . 86

5.1 Summary of thymic-independent and thymic-dependent immune responses105
5.2 Uptake of COVID-19 vaccination, molecularly-con�rmed cases, and COVID-

19-related mortality in a national immunode�ciency cohort . . . . . . . . 114
5.3 Temporal trends in nasal RT-PCR detection and immune response to

SARS-CoV-2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
5.4 Anti-SARS-CoV-2 spike IgG serum responses elicited by 2 doses of COVID-

19 vaccination in individuals under care of the Immunode�ciency Centre
for Wales (ICW) assayed using the semi-quantitative EUROIMMUN IgG
assay . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

5.5 Semi-quantitative determination of SARS-CoV-2 spike IgG reactivity of
immunoglobulin replacement therapy products in clinical use at time of
serosurveillance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

5.6 Anti-SARS-CoV-2 spike IgG titre measured using the EUROIMMUN as-
say across 3 product suppliers . . . . . . . . . . . . . . . . . . . . . . . . . 127

6.1 Schedule for serum sampling relative to vaccination in haemodialysis par-
ticipants of the COVID-19 ENLIST study . . . . . . . . . . . . . . . . . . 143

xvi



List of Figures xvii

6.2 Gating strategy for determination of SARS-CoV-2 spike reactive CD4+
T helper cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

6.3 Study 
owchart . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
6.4 Levey-Jennings chart showing repeated determination of anti-SARS-CoV-

2 Spike S1 IgG titres across 18 runs using a 3-level internal quality control 154
6.5 Proportion of individuals failing to mount a detectable anti-SARS-CoV-2

spike IgG response in haemodialysis and solid organ transplant recipients
following serial COVID-19 immunisation . . . . . . . . . . . . . . . . . . . 155

6.6 Repeated determination of anti-SARS-CoV-2 Spike S1 IgG titres in the
COVID-19 ENLIST haemodialysis cohort . . . . . . . . . . . . . . . . . . 160

6.7 Waning of humoral immunity following receipt of second COVID-19 im-
munisation in twenty initially seropositive kidney transplant recipients . . 162

6.8 Uptake of COVID-19 immunisation amongst healthy volunteers (health-
care workers), individuals receiving haemodialysis, and kidney transplant
recipients participating in the COVID-19 ENLIST study, relative to daily
UK COVID-19 rates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

6.9 Vaccine roll-out for �rst-dose amongst COVID-19 ENLIST cohorts . . . . 166
6.10 Vaccine roll-out for dose two amongst COVID-19 ENLIST cohorts . . . . 167
6.11 Vaccine roll-out of dose three amongst COVID-19 ENLIST cohorts . . . . 168
6.12 Vaccine roll-out for dose 4 amongst COVID-19 ENLIST cohorts . . . . . . 169
6.13 Representative 
ow-cytometry plots for determination of SARS-CoV-2

spike reactive CD4+ T-cells in kidney transplant recipients, individuals
receiving haemodialysis, and healthy volunteers . . . . . . . . . . . . . . . 173

6.14 Establishing a threshold to de�ne the presence of spike-speci�c CD4+
T-cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174

6.15 Detection of spike-speci�c CD4+CD154+IFN
 + T-cell responses in haemodial-
ysis recipients, healthy volunteers, and kidney transplant recipients fol-
lowing 2 COVID-19 immunisations . . . . . . . . . . . . . . . . . . . . . . 175

7.1 Directed acyclic graph showing suggested pathway linking immunosup-
pression use to reduction in total and speci�c immunoglobulin levels . . . 189

7.2 Data exploration examining assumption of linearity between candidate
predictor variables and logarithm of odds . . . . . . . . . . . . . . . . . . 192

7.3 Cook's distance indicates presence of in
uential outlier . . . . . . . . . . . 192
7.4 Standardised residual plot during initial data exploration . . . . . . . . . 193
7.5 Cook's distance values in 679 observations included within a logistic re-

gression model for seroconversion - following removal of in
uential outlier 193
7.6 Visualisation of relationship between numeric clinical and laboratory vari-

ables and modelled probability for seroconversion according to a logistic
regression model, following removal of in
uential outlier . . . . . . . . . . 194

7.7 Correlation matrix for continuous variables considered within the logistic
regression model for serostatus . . . . . . . . . . . . . . . . . . . . . . . . 196

7.8 Study 
owchart outlining development of candidate multiple logistic re-
gression model for prediction of individuals at increased risk of failing to
mount a detectable humoral IgG response following at least 3 COVID-19
immunisations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 198

7.9 Distribution of routinely assessed laboratory variables in relation to se-
roconversion status in 680 solid organ transplant recipients following at
least 7 days after 3 COVID-19 immunisation . . . . . . . . . . . . . . . . 207



List of Figures xviii

7.10 Univariate analysis of laboratory variables in relation to seroconversion
status in up to 680 solid organ transplant recipients assessed at least 7
days following receipt of a third COVID-19 immunisation . . . . . . . . . 208

7.11 Receiver Operating Characteristic (ROC) Curves for candidate prediction
model and example comparators . . . . . . . . . . . . . . . . . . . . . . . 209

7.12 Predicted probability of failure to seroconvert and observed serostatus fol-
lowing at least 3 COVID-19 vaccines, across kidney transplant recipients
within the training set (n=543) and test set (n=136) . . . . . . . . . . . . 211

7.13 Receiver operating characteristic (ROC) Curves for candidate predic-
tion model within independent replication cohort (individuals receiving
haemodialysis) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213

7.14 Predicted probability of failure to seroconvert and observed serostatus
following at least 3 or 4 COVID-19 vaccines within an independent cohort
of haemodialysis recipients . . . . . . . . . . . . . . . . . . . . . . . . . . . 214

7.15 Failure to seroconvert is associated with historically observed reduction
in serum immunoglobulin IgG, IgA, and IgM levels . . . . . . . . . . . . . 219

7.16 Example patterns of historical calculated globulin results . . . . . . . . . 223
7.17 Preliminary data using serological response to serial COVID-19 immuni-

sation or calculated globulin trends to support laboratory-led diagnosis
of immunoglobulin IgG de�ciency . . . . . . . . . . . . . . . . . . . . . . . 224

8.1 Suggested pathway for individualised patient care based on assessment of
vaccine response - for use in selected vulnerable cohorts . . . . . . . . . . 246

A.1 Health Research Authority (HRA) decision tool outcome, 2nd November
2021 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 274

A.2 Sensitivity analysis considering e�ect of varying case de�nitions for com-
munity and nosocomial COVID-19. . . . . . . . . . . . . . . . . . . . . . . 275



List of Tables

2.1 Schedule of events - COVID-19 ENLIST study . . . . . . . . . . . . . . . 28
2.2 Antibodies used for surface- and intra-cellular staining . . . . . . . . . . . 35

3.1 List of participating centres . . . . . . . . . . . . . . . . . . . . . . . . . . 41
3.2 Commonly used case de�nitions for probable COVID-19 origin . . . . . . 43
3.3 Summary of data capture rates by health board . . . . . . . . . . . . . . . 46
3.4 Demographics and clinical features at presentation . . . . . . . . . . . . . 48
3.5 Admission characteristics, strati�ed by age and sex . . . . . . . . . . . . . 49
3.6 Patient outcomes by clinician-de�ned admission source . . . . . . . . . . . 49
3.7 Monthly prevalence of nosocomial COVID-19 cases . . . . . . . . . . . . . 49
3.8 E�ect of varying diagnostic cut-o� on burden of nosocomial infection. . . 54
3.9 Mortality by age group and probable COVID-19 infection source . . . . . 55
3.10 Comparison of community-acquired and nosocomial-acquired COVID-19

patient characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
3.11 COVID-19 vaccination �rst phase priority groups in the United Kingdom 60

4.1 Pre-speci�ed sensitivity analyses . . . . . . . . . . . . . . . . . . . . . . . 70
4.2 Evidence summary table . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
4.3 Risk of bias assessment - cohort studies (n=8) . . . . . . . . . . . . . . . . 80
4.4 Risk of bias assessment - prevalence studies (n=8) . . . . . . . . . . . . . 80
4.5 Risk of bias assessment - case series (n=5) . . . . . . . . . . . . . . . . . . 80
4.6 Rates of mortality reporting in nosocomial COVID-19 outbreaks, by coun-

try of origin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
4.7 Grading of Recommendations, Assessment, Development and Evaluations

(GRADE) assessment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

5.1 Summary of inclusion and exclusion criteria for SARS-CoV-2 vaccine tri-
als for products licensed in the United Kingdom in December 2021 . . . . 102

5.2 Therapeutic options clinically accessible in May 2021 . . . . . . . . . . . . 117
5.3 Semi-quantitative anti-SARS-CoV-2 spike IgG responses assessed in 156

individuals under care of the Immunode�ciency Centre for Wales following
receipt of two COVID-19 vaccine doses . . . . . . . . . . . . . . . . . . . . 122

5.4 Linear regression model for predictors of anti-SARS-CoV-2 spike IgG re-
sponse in 154 individuals under care of the Immunode�ciency Centre for
Wales . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

6.1 Unadjusted analysis for the impact of vaccination and its ability to pre-
vent the most severe forms of COVID-19 in UK transplant recipients . . . 142

xix



List of Tables xx

6.2 Summary of individuals participating in the COVID-19 ENLIST vaccine
study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

6.3 Summary of vaccine usage and data completeness . . . . . . . . . . . . . . 151
6.4 Inter-assay precision for EUROIMMUN anti-SARS-CoV-2 Spike S1 IgG

ELISA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152
6.5 Timing of serum collection and COVID-19 immunisations by cohort . . . 156
6.6 Baseline anti-SARS-CoV-2 spike-S1 IgG serostatus and laboratory-con�rmed

SARS-CoV-2 infection history within the COVID-19 ENLIST haemodial-
ysis cohort . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

6.7 Semi-quantitative determination of anti-SARS-CoV-2 spike S1 IgG titres
in COVID-19 naive healthy volunteers participating in the COVID-19
ENLIST study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

6.8 Sensitivity analysis: seroconversion rates in kidney transplant recipients . 162
6.9 Location and timing for immunisation of individuals receiving in centre

haemodialysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
6.10 Vaccine deployment e�ciency in COVID-19 ENLIST cohort . . . . . . . . 165
6.11 Summary of characteristics for analysis of cellular responses to COVID-19

immunisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172
6.12 Relationship between spike-speci�c cellular and humoral responses de-

tected in kidney transplant recipient and haemodialysis subgroups . . . . 172

7.1 Relationship between routine laboratory result and timing of sample col-
lection for serostatus assessment . . . . . . . . . . . . . . . . . . . . . . . 190

7.2 Detection of multicollinearity with Variance In
ation Factor (VIF) score . 197
7.3 Characteristics of kidney transplant recipients in relation to serostatus

following at least 3 COVID-19 immunisations . . . . . . . . . . . . . . . . 201
7.4 Participant characteristics for the training vs test sets used for develop-

ment and evaluation of candidate logistic regression model . . . . . . . . . 203
7.5 Speci�cation of candidate multiple logistic regression model to support

identi�cation of kidney transplant recipients at increased risk of failure
to mount a detectable humoral IgG response despite serial COVID-19
immunisations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205

7.6 Confusion matrices showing model performance within the internal test
subset of 136 kidney transplant recipients . . . . . . . . . . . . . . . . . . 211

7.7 Model performance in independent haemodialysis cohort . . . . . . . . . . 215
7.8 A history of solid organ transplantation identi�es all individuals within

the haemodialysis cohort failing to mount a detectable humoral response
following 4 COVID-19 immunisations . . . . . . . . . . . . . . . . . . . . . 216

7.9 Contingency table showing the frequency of document hypogammaglobu-
linaemia and serostatus following receipt of at least 3 COVID-19 immuni-
sations amongst kidney transplant recipients participating in the COVID-
19 ENLIST vaccine study . . . . . . . . . . . . . . . . . . . . . . . . . . . 218

7.10 Frequency of historical test requesting for serum immunoglobulins (IgG,
IgA, and IgM) in relation to subsequent humoral response to COVID-19
immunisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220

7.11 Estimation of crude number needed to test (NNT) ratios for diagnosis of
hypogammaglobulinaemia and paraproteinaemia, based on historic serum
immunoglobulin and electrophoresis evaluation . . . . . . . . . . . . . . . 220



List of Tables xxi

7.12 Historical trends in calculated globulin results in 679 solid-organ trans-
plant recipients . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 222

7.13 Clinical and laboratory features of COVID-19 ENLIST haemodialysis par-
ticipants who failed to mount a detectable anti-SARS-CoV-2 Spike S1 IgG
response following at least 3 COVID-19 immunisations . . . . . . . . . . . 226

8.1 Unadjusted all-cause mortality rates by 28 days following initial diagnosis
of COVID-19 cases hospitalised in Wales by wave . . . . . . . . . . . . . . 237

A.1 Fisher's exact test: rates of mortality reporting in nosocomial COVID-19 285



Abbreviations

xxii



Abbreviations xxiii

Abbreviation What it stands for
ACE-2 Angiotensin-converting enzyme 2
APC Antigen-presenting cell
BAL Bronchoalveolar lavage

BIPAD Burden of infection in predominant antibody de�ciency
CAC Community-acquired COVID-19

CCP-UK Clinical Characterisation Protocol United Kingdom
CD Cell determinant

CCDC Chinese Center for disease control and prevention
CDC Center for disease control and prevention (United States)
CFR Case fatality rate
CFS Clinical frailty scale
CI Con�dence interval

COPE COVID-19 in older people study
COVID-19 ENLIST COVID-19 early novel laboratory insight study

CSV Comma-separated values �le
DC Dendritic cell

DMSO Dimethyl sulfoxide
DNA Deoxyribonucleic acid
DPP4 Dipeptidyl dipeptidase 4
EDTA Ethylene-diamine-tetra-acetic acid
ELISA Enzyme-linked immunosorbant assay

GISAID Global initiative on sharing avian in
uenza data
GLaMOR Global in
uenza mortality project

GP General practitioner
hCOV Human coronaviruses

ICNARC Intensive care national audit & research centre
IFN Interferon
IFR Infection fatality rate
IQR Inter-quartile range

ISARIC International Severe Acute Respiratory and emerging Infection Consortium
JAK Janus kinase
JCVI Joint committee on vaccine and immunisation
KB Kilobase

LIMS Laboratory information management system
MDA-5 Melanoma di�erentiation-associated gene 5

MERS-CoV Middle east respiratory syndrome coronavirus
MHC Major histocompatibility class
N95 Non-oil (respirator)
NC Nosocomial COVID-19

nCoV-2019 Novel coronavirus 2019
NHS National health service

NICE National institute for clinical excellence
NNT Number needed to test

nMAB neutralising monoclonal antibody
OR Odds ratio

PBMC Peripheral blood mononuclear cells
PPE Personal Protective Equipment
RBD Receptor-binding domain

Re E�ective reproductive number
REC Research Ethics Committee

RECOVERY Randomised evaluation of COVID-19 therapy
RIG-1 Retinoic acid-inducible gene 1
RLRs RIG-I like receptors
RNA Ribonucleic acid

Ro Basic reproductive number
ROC Receiver Operating Characteristic
rpm revolutions per minute

RPMI Roswell park memorial institute (cell culture medium)
RR Risk ratio

RSV Respiratory syncytial virus
RT-PCR Reverse transcription polymerase chain reaction

SADS-CoV Swine acute diarrhoea syndrome coronavirus
SARS-CoV Severe acute respiratory syndrome

SARS-CoV-2 Severe acute respiratory syndrome 2
SST Serum-separating tube

STAT Signal transducer and activator of transcription
STROBE Strengthening the reporting of observational studies in epidemiology

TAG Technical advisory group
TLR Toll-like receptors

TMPRS2 Trans-membrane protease serine 2
UK United Kingdom

UKHSA UK Health Security Agency
US United States

WHO World Health Organisation
WIMD Welsh index of multiple of deprivation

XLA X-linked agammaglobulinaemia



Chapter 1

Introduction

\Those that fail to learn from history, are doomed to repeat it" { Winston Churchill

The last 6 decades have documented the threat posed by newly emerging and re-emerging

coronaviruses to public health, livestock, and economic growth. During this period, de-

velopments in molecular biology and scienti�c collaboration have supported a growing

understanding of these large lipid-enveloped RNA viruses, recognising their ability to in-

fect a wide range of avian and mammalian species. This has provided a scienti�c toolbox

relevant to the present pandemic and informed the geo-political response, whilst hinting

at particular dangers within speci�c care settings and certain patient groups. This in-

troductory chapter summarises the emergence of the novel SARS-CoV-2 virus in 2020,

before comparing and contrasting the nature of pathogenic human coronaviruses and

humanity's response to their emergence, exploring the question:Why did SARS-CoV-2

cause a global pandemic, whilst SARS and MERS-CoV did not?Drawing instruction

from these forerunners of the present pandemic, I set out to identify particular patient

groups likely to be particularly threatened by SARS-CoV-2, in order to suggest strate-

gies for targeted risk mitigation. Deliberate focus is made on individuals with conditions

compromising their immune systems, re
ecting my specialist training and interest in car-

ing for such individuals. In combination with the nascent literature concerning the novel

pandemic coronavirus, SARS-CoV-2, this de�nes the core aims and objectives for this

thesis. Subsequent result chapters summarise major updates and opportunities that

have directed the continued evolution of this doctoral research project.

1
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1.2 A brief history of coronaviruses

The �rst human coronavirus was isolated in 1965 by Tyrell and Bynoe, using human

embryonic nasal and tracheal cell cultures to passage a virus isolated from nasal wash-

ings of an adult with common cold symptoms (25). The viral isolate was unrecognised

by serum containing immunoglobulins of speci�c reactivity to known human respiratory

pathogens, indicating a novel viral agent (26{ 28). Hamre and Procknow's 229E virus

demonstrated ether sensitivity, indicating the presence of a lipid-containing viral enve-

lope, and caused a mild cytopathic e�ect in vitro (26{ 28). Further characterisation of

the virions by electron microscopy revealed distinctive glycoprotein trimeric surface pro-

jections, resembling a crown or corona, leading to the proposed name for the novel virus

(29, 30). At least four endemic human coronaviruses have subsequently been recognised

(hCoVs: 229E, NL63, OC43, and HKU1) between 1965 and 2018, together accounting

for an estimated 10% to 30% of upper respiratory tract infections in adults globally (31).

These hCoV infections are predominately associated with upper respiratory infections,

occasionally causing pneumonia in infants and young adults (32{ 34), with rare instances

of severe disease amongst immunocompromised individuals (35). Sero-epidemiological

studies in the United States found antibodies reactive to hCoV 229E in up to 72% of

adults tested (36). These studies made use of a range of immuno-assays, including

complement �xation and haemagglutination-inhibition, capable of detecting antibodies

within serum samples with speci�city to the virus ( 27, 28). In addition, a novel neu-

tralisation assay was developed, in order to provide a sensitive and speci�c means for

the detection of antibodies within a subject's blood capable of preventing infection of a

susceptible cell line to a standardised dose of virusin vitro (27). Finally, in vivo human

challenge studies were performed, con�rming the presence of an infectious agent by the

development of cold-like illness in the majority of volunteers following viral inoculation.

Here, the presence of pre-existing antibodies within the blood of the volunteers was as-

sociated with a lower risk of symptom development following human challenge studies

(37). Callow et al. noted antibody titres slowly declined with time and were not always

su�cient to prevent re-infection when challenged with the same virus (37). Recent

analysis of serum serially collected from 10 healthy individuals over 3 decades found

increases in levels of antibodies speci�c to coronaviruses occurred annually, consistent

with seasonal re-infection with the same seasonal coronavirus (38). Thus, a range of in
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vitro , observational, and in vivo challenge studies indicate hCoVs are present with high

rates of endemicity and cause mild disease in the general population (30).

This perception of low pathogenicity was challenged in 2002 by the emergence of Severe

Acute Respiratory Syndrome (39), caused by a previously unrecognized animal coron-

avirus (SARS-CoV) exploiting opportunities for inter-species transmission provided by

wildlife markets in southern China (40). At such venues, a range of animals are sold

alive, often kept in conditions facilitating animal-to-animal and animal-to-human trans-

mission, including to intermediate animal hosts such as civet cats (41, 42). International

air travel and hospitals contributed to the rapid transition from a local outbreak into a

threatened global pandemic (40). A total of 8,098 probable SARS cases were reported to

the World Health Organization (WHO) across 29 countries, accompanied by 774 SARS-

related deaths (a case-fatality rate of 9.6%), predominantly in the Western Paci�c (43)).

The potential for global spread of SARS was quickly recognized by the WHO, with ac-

tivation of the Global Outbreak Alert and Response Network and volunteer deployment

to the most severely a�ected nations to support outbreak control and prevent spread

(44). Dr Shigeru Omi, the WHO regional director summarised the experience: \Se-

vere acute respiratory syndrome (SARS-CoV) was unique. It showed explosive power,

setting o� multiple outbreaks around the world, often zeroing in on hospitals, attacking

doctors and nurses and bringing some public-health systems to their knees. It buckled

economies, crippled international trade and travel, and sent stock markets into a slide"

(45). With public uncertainty came fear, and the WHO identi�ed a need for rumour

surveillance, with explicit recognition that information, often a mixture of truth and

untruth, could be rapidly spread around the globe (45). In countries with the highest

case rates, supply chains were challenged by panic buying and hoarding of foodstu�s, de-

spite government assurances that su�cient supplies were available. Remarkably, within

four months of the �rst reported case, on 5th July 2003 the WHO announced all known

human-to-human transmission chains had been broken (45). This was achieved primar-

ily thanks to public health infection control measures including contact tracing, case

isolation, and travel restrictions; in the notable absence of speci�c antiviral therapies or

approved vaccinations. Source investigation during the SARS-CoV epidemic led to a ban

on the sale of wildlife in markets within the Guangdong Province. Evidence of continued

cases following the reopening of these markets in 2004 (40) led some to conclude\It

is likely that the precursor of SARS-CoV has repeatedly crossed the species barrier but
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only occasionally has it succeeded in adapting to human-to-human transmission. This

adaptation clearly occurred in late 2002 and it may happen again in the future. But

given the present understanding and awareness about SARS-CoV, we expect that such

re-emergence is unlikely to lead to a global outbreak on the scale of 2003"(40). This

con
icts with a call from the World Health Organisation that lessons must be learnt

from SARS-CoV, including \the importance of changing animal husbandry practices"

otherwise \more viruses are likely to emerge from the animal world"(45). Cross-species

transmission of bat coronaviruses has continued, including a large-scale outbreak of

swine acute diarrhoea syndrome coronavirus (SADS-CoV), originating in close vicinity

to the origin of SARS-CoV (46). Indeed, in 2012 a further novel hCoV emerged, again

likely originating from bats but with a dromedary (camel) intermediate ( 47). This out-

break of Middle East Respiratory Syndrome coronavirus (MERS-CoV) was associated

with 2,499 laboratory-con�rmed infections and 858 deaths across 27 countries (48), with

approximately 80% of human cases reported in Saudi Arabia (49). Additional cases of

MERS-CoV continue to occur until the present day, but at low-level (50), typically in

individuals exposed to the virus through contact with dromedaries or their products (e.g.

after consumption of raw camel milk) with human-to-human transmission chains only

sustained amongst close contacts of the primary case (50, 51). Thus, whilst the �rst

global coronavirus epidemics of the 21st century were averted, close interaction between

human and zoonotic (animal) reservoirs of infection continue to provide opportunities

for the transmission of coronaviruses to humans. The Sword of Damocles would not

remain suspended inde�nitely.
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1.3 Emergence and spread of a novel coronavirus, SARS-

CoV-2

In late December 2019, clusters of severe respiratory illness of unknown cause were noted

in several local health facilities of China's Hubei Province. These cases were typically

adults without underlying illnesses and appeared similar in nature to the severe acute

respiratory syndrome (SARS-CoV), with high rates of admission to intensive care and

mortality. Extensive testing, including reverse-transcription polymerase chain reaction

(RT-PCR) evaluation of deep airway secretions against 18 viral and 4 bacterial pathogen

targets commonly associated with acute respiratory tract infection was negative (52).

On 31st December 2019, the Chinese Center for Disease Control and Prevention (CCDC)

dispatched a rapid response team to conduct an epidemiological and aetiological investi-

gation (52). By 2nd January 2020, at least 41 patients had been hospitalised, with one-

third of these requiring intensive care unit admission, and six deaths (53). Investigation

of these cases suggested an epidemiological link to the Wuhan Huanan live animal and

seafood wholesale market, with two-thirds of those hospitalized with pneumonia known

to have had contact with this location (53). RNA from bronchoalveolar lavage (BAL)


uid samples were used as a template to clone DNA and conduct genomic sequenc-

ing, revealing a novel betacoronavirus (52). The full sequence of the novel coronavirus

(nCoV-2019) was reported online via the Global Initiative on Sharing Avian In
uenza

Data (GISAID) platform on the 12th January 2020. Its large 30 kilobase single-stranded

positive-sense RNA genome, characteristic of coronaviruses, showed 80% and 50% ho-

mology to SARS-CoV and MERS-CoV, respectively (52, 54). Analysis of the viral

transcriptome showed a complex output, encoding approximately 29 genes, including

at least 4 structural proteins: spike (S), envelope (E), membrane (M), and nucleocap-

sid (N). Interspersed between these structural proteins were additional non-structural

transcripts encoding the RNA-dependent RNA polymerase and wider transcription and

replication machinery. On the basis of three complete genomes obtained from their

initial investigation, the Wuhan Institute of Virology team designed RT-PCR assays

to detect viral RNA in clinical specimens, providing a speci�c and sensitive means of

molecular diagnosis (52). By 20th January 2020, a total 278 con�rmed cases of the novel

coronavirus had been reported to the WHO within China (55). Strict restrictions on

movement were imposed for over 56 million residents within China's Hubei's providence
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from the 24th January (56), however 4 international cases with travel history to Wuhan

in Thailand (two cases), Japan (one case), and the Republic of Korea (one case) had

already been recorded (55). By 31st January 2020, almost 10,000 cases had been con-

�rmed globally, across 20 di�erent countries (54). With exponential spread, the WHO

formally declared a pandemic on 11th March 2020 (57), and designated the causative

virus as \severe acute respiratory syndrome coronavirus 2, SARS-CoV-2" and disease

caused by this virus as COVID-19. In the �rst year since its emergence, SARS-CoV-2

caused over 79 million infections and more than a 1.7 million deaths worldwide (58).

Although the majority of individuals experience a mild in
uenza-like illness, approxi-

mately 10 to 25% of those presenting to hospital progressed to severe or critical disease

(59, 60). To put this in context, analysis of deaths attributed SARS-CoV-2 across the

United States by April 2020 indicated between a 10- and 44-fold increased mortality

rate, compared to that observed over the past seven in
uenza seasons (61), con�rming

the heightened pathogenicity of the novel virus relative to seasonal in
uenza. Against

this backdrop, in April 2020 I re-focused my doctoral research to support the response

to the COVID-19 pandemic, beginning with these preliminary questions:

1. Who is at greatest risk of exposure, infection, and development of severe disease

associated with SARS-CoV-2?

2. Who is likely to have failed to mount an adequate immune response following

infection or vaccination, and so remain at heightened risk?

3. How can we identify and better protect such vulnerable individuals?

An appreciation of the mechanisms of viral transmission and pathogenicity, and the role

of immunity were explored, in order to frame these into clear aims and objectives.
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1.4 Why did SARS-CoV-2 progress to a global pandemic?

1.4.1 De�ning a pandemic

A pandemic can broadly be de�ned as\an epidemic occurring worldwide, or over a very

wide area, crossing international boundaries and usually a�ecting a large number of peo-

ple" (62). According to this epidemiological de�nition pandemics occur each year, as

seasonal in
uenza epidemics cross international boundaries and hemispheres, infecting

large numbers of people. However, such seasonal epidemics are not usually considered

pandemics (63). Perhaps surprisingly, a precise de�nition of pandemic from the World

Health Organisation remains elusive (63). The WHO's In
uenza pandemic prepared-

ness initiative characterised a pandemic arising when\a new in
uenza virus appears

against which the human population has no immunity, resulting in several simultane-

ous epidemics worldwide with enormous numbers of deaths and illness"(63). This is

illustrated by the Global In
uenza Mortality project (GLaMOR), which estimates a mor-

tality burden of 294,000 to 518,000 deaths each year associated with seasonal in
uenza

(64). By contrast, the 1918 in
uenza pandemic caused an estimated 17 million deaths

(65). Introducing the concept of disease severity alongside the classical epidemiological

de�nition of a pandemic recognises the substantial geo-political implications that accom-

pany such a declaration. These are summarised in the United States' national strategy

for pandemic in
uenza, which recognises the consequences of such a global public health

emergency capable of overwhelming the capabilities for healthcare systems, likely re-

sulting in hundreds of thousands of deaths and millions of hospitalizations, and leading

to hundreds of billions of dollars in direct and indirect costs (66). Thus, formal dec-

laration of a pandemic by national or global public health agencies might be viewed

as \crying wolf", pulling the trigger to enact surveillance and containment strategies

whilst implementing plans to provide surge capacity in healthcare. Predicting which

novel emerging infections are worthy of this call during the early period of transmission

is associated with considerable uncertainty (67), illustrated by the 2009 H1N1 in
uenza

A pandemic which caused little additional burden relative to seasonal in
uenza (68, 69).

Together, these factors may have contributed to the semantic distinction made by the

World Health Organisation between \global epidemics" of SARS-CoV and MERS-CoV,

and the designation of SARS-CoV-2 as a pandemic.
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1.4.2 Viral characteristics favouring transmission

At a population level, the distinction between outbreak, epidemic, and pandemic re
ect

the relative ease by which an infectious disease can spread (transmissability). This

re
ects various factors, including the infectivity of the pathogen and the contact patterns

between infected and susceptible individuals. These concepts can be summarised within

the basic reproductive number (R0), de�ned as the average number of secondary cases

caused by a single infectious individual during their entire infectious period within a

completely susceptible (immunologically naive) population of adequate size (70). Where

a primary case typically fails to infect at least one further contact during their period

of infectivity, R0 is less than 1.0, and sustained human-to-human transmission chains

will ultimately fail. This was the case with MERS-CoV, where R0 has been estimated

at 0.69 (95% con�dence interval, CI: 0.50 to 0.92) (71, 72), whilst estimates for R0

of SARS-CoV lay between 2.0 and 3.0 (73). Initial estimates for the R0 of SARS-

CoV-2 have ranged from 1.4 to 8.9 (73{ 78). Thus, the average R0 value of SARS-

CoV-2 is comparable, if not greater than, estimates for the 1918 pandemic in
uenza

(R0 2.0), whilst the wide range suggests that under certain conditions it can be highly

contagious (73). It is important to recognise inherent assumptions underlyingR0 may be

violated over time, for instance following introduction of public health control measures

such as contact tracing and isolation that disrupt the continued mixing of infectious

and susceptible individuals. When mitigation strategies are accounted for, the basic

reproductive number can be termed the e�ective transmission coe�cient (Re) (73).

When rapid diagnosis coupled with e�ective patient isolation were introduced to counter

SARS-CoV, the e�ective reproductive rate fell to approximately 0.49 (79). This prompts

the question: Why did such measures appear e�ective in controlling SARS-CoV, but not

SARS-CoV-2?

Although the SARS-CoV and SARS-CoV-2 viruses appear closely related (52), key

di�erences have emerged. At a molecular level, the adaption of zoonotic viruses to enable

e�cient human-to-human transmission is dependent on their ability to infect cells of a

new host. Particular focus has been made on the transmembrane spike (S) protein, which

plays a highly-conserved role across coronaviruses in mediating viral binding and entry

to host cells (80). This protein is composed of a glycosylated receptor-binding domain

(RBD), a fusion domain, and a transmembrane domain, and is one of the most variable
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regions of the SARS-CoV-2 genome (81). The spike protein of MERS-CoV binds to

the dipeptidyl dipeptidase 4 (DPP4) ( 82), a host enzyme predominantly expressed in

the lower airways but rarely detectable in the surface epithelium of the nasal cavity and

conducting airways of healthy individuals (83). By contrast, the spike proteins of SARS-

CoV and SARS-CoV-2 both bind to the Angiotensin-Converting Enzyme 2 (ACE2)

(84, 85), a protein widely expressed on the surface of multiple cell types throughout

the human body, including mucosal epithelia of the eye (conjunctiva), upper and lower

airway, and gastro-intestinal tract ( 86). Structural studies using high-resolution electron

microscopy reveal the SARS-CoV-2 spike glycoprotein binds ACE2 with 5-10 times

greater a�nity than that of SARS-CoV ( 85, 87), indicating SARS-CoV-2 virions are

more likely to attach to a host cell receptor at a given concentration than SARS-CoV.

Once bound to a host cell, cleavage of the spike glycoprotein is required to enable the

viral particle to fuse with the host cell and gain entry. This is a complex process involving

host cellular proteases, such as transmembrane protease serine 2 (TMPRS2), to initiate

fusion and endocytosis, and enable subsequent transcription and translation of the viral

genome within the infected host cell (88). The SARS-CoV-2 spike contains several

additional polybasic amino acid sites, relative to the SARS-CoV spike, marking these

regions for pre-cleavage by the host protease furin as the viral protein passes through

the endoplasmic reticulum and golgi apparatus of the host cell. This process partially

activates the SARS-CoV-2 spike to favour future fusion, before the virions are released

by exocytosis. In vitro and animal experiments con�rm these furin-cleavage sites endow

SARS-CoV-2 with a selective replicative advantage in primary human airway epithelial

cells, relative to SARS-CoV (89). Clinical observation identi�es nasal swabs typically

yield higher viral loads than throat swabs (90). The replication of SARS-CoV-2 within

the upper airway has been suggested to favour viral shedding and onward transmission

through respiratory droplet aerosol and surface (formite) routes (86).

1.4.3 Transmission ampli�cation within closed environments: lessons

from the Diamond Princess

The potential for explosive transmission of SARS-CoV-2 despite concerted attempts at

contact tracing and quarantine is illustrated by the case of the Diamond Princess cruise

liner. As the crew prepared to dock in the Japanese port of Yokohama a recently disem-

barked passenger was diagnosed with SARS-CoV-2 in Hong Kong, triggering recognition
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of a ship-board outbreak. In response, the Japanese government declined the disem-

barkation of passengers and mandated a 14-day health observation period, during which

all passengers were quarantined in their quarters. Surgical masks, gloves, alcohol-based

hand rub, and infection control precaution education were supplied to passengers and

crew; alongside the provision of some N95 respirators (91). Reverse transcription poly-

merase chain reaction testing was also implemented, initially prioritised to those with

symptoms such as fever, but subsequently widened to include all aboard (92). Despite

these measures, over 700 were to test positive for SARS-CoV-2, out of a total of 3,711

crew and passengers on board, (92, 93). Serial estimates for the e�ective transmission

coe�cient aboard the Diamond Princess suggestRe peaked at 6.1 on the 4th Febru-

ary 2020, falling to 1.5 following imposition of quarantine measures (94). Although

the spread of SARS-CoV-2 on board fell substantially once passengers were con�ned

to their cabins, the number of new infections amongst crew members continued to rise

(95). One explanation lies in the continued tasking of crew members with the provision

of general services to passengers, including care of potentially infected individuals (93).

The ability to accurately recognise infected individuals posed a particular challenge,

especially during the early outbreak period when capacity for RT-PCR testing was lim-

ited, and therefore prioritised to symptomatic individuals. Ship-wide testing of crew and

passengers was only implemented late into the 14-day quarantine period (92), when it

revealed around 18% of positive cases reported no active symptoms (95). At the time,

this accounted for more than half of all known cases of COVID-19 in the world outside

China, and was associated with 7 deaths (96). The proportion of deaths among molec-

ularly con�rmed cases (case fatality rate, CFR) was high (around 2.6%; 95% CI: 0.89

to 6.7) (96). Both the CFR and the infection fatality ratio (IFR, estimated based on

reported deaths amongst individuals with serological evidence of infection (97)) showed

the greatest risk of mortality was for individuals 70 years and older (IFR 6.4%; 95% CI:

2.6 to 13) and CFR of 13% (95% CI: 5.2 to 26) (96).

The rapid spread of SARS-CoV-2 infection through almost 20% of individuals on-board,

despite quarantine and infection control measures, has prompted examination of the

routes of viral transmission (summarised Figure 1.1). The initial position of the WHO

was that transmission of SARS-CoV-2 occurs primarily through respiratory droplets, and

direct and indirect contact routes, in keeping with respiratory viruses such as in
uenza.

Respiratory droplets are produced by the coughs and sneezes of infected individuals and
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can be expelled at high speed onto the eyes, nose, or mouth (mucous membranes) of po-

tential hosts. Droplets can also be deposited on surfaces which are subsequently touched

and transferred to the mucous membrane of a potential host (fomite transmission) (98).

Such droplets typically fall to the ground within 1 to 2 metres of the infectious person,

informing recommendations for interpersonal \social" distancing used by most public

health agencies (99). Physical barriers, such as wearing a surgical face mask or the use

of curtains, can also reduce exposure to droplet-related viral spread (100, 101). Simi-

larly, appropriate use of hand and surface washing can prevent contamination of surfaces

and interrupt fomite spread, when regularly and routinely practised. However, histor-

ical examples of aerosol transmission of SARS-CoV and MERS-CoV (102{ 104), have

prompted speculation regarding aerosol transmission of SARS-CoV-2. This has major

potential implications for infection control measures, as aerosols (particles smaller than

100 µm diameter) can remain suspended in the air for hours to disperse and cause in-

fection remote to the source (105{ 107). Whilst appropriately worn surgical face masks

can prevent droplet spread, they are ine�ective at reducing aerosol transmission of res-

piratory viruses (101). Instead, expertly �tted particulate respirators (including those

referred to as Filtering Face Pieces \FFP2", \FFP3"; and \N95" masks |suitable for

work in \Non-oil" environments with 95% particulate �ltration e�ciency) are required

to protect the mask user. The nature of the respirator's design impacts the protection it

a�ords to those in an infectious users' environment, notably the presence of an un�ltered

exhalation valve in some products which vents the user's exhaled breath into the wider

environment to prevent accumulation of exhaled gases and improve user comfort (108).

Whilst analysis of the ship's air conditioning and wastewater systems found no evidence

that these systems contributed directly to SARS-CoV-2 transmission (109), modelling

simulations based on epidemiological data collected aboard the Diamond Princess are

supportive of a wider contribution of aerosol transmission to SARS-CoV-2 spread aboard

the Diamond Princess (110).

The Diamond Princess also contributed to the recognition of asymptomatic or pre-

symptomatic individuals with molecularly-con�rmed SARS-CoV-2 infection ( 111). Pre-

symptomatic and asymptomatic infection is well recognised for other viral respiratory

infections, with up to 44% of molecularly-con�rmed in
uenza infections in adults oc-

curring without any symptoms. Crucially, such individuals appear capable of onward

transmission (112). Human challenge studies performed in infection- and vaccine-naive
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Figure 1.1: Routes of viral transmission. Transmission of respiratory viruses
occurs via four major routes: direct physical contact, indirect contact (fomite deposition
and transfer via a surface), large droplet, and �ne aerosol.Reproduced with permission
from Springer Nature from Transmissibility and transmission of respiratory viruses,

Leung N, Nature Reviews Microbiology, 2021(106)

adult volunteers have subsequently provided unique insights to the kinetics of SARS-

CoV-2 replication and the relationship with symptoms (113). Following inoculation of

a low concentration of virus into the nasal cavity of susceptible young adults, infectious

virions became detectable within 42 hours, and remained present up to 12 days later

(113). Mild-to-moderate symptoms typically developed two to four days following inoc-

ulation, with two (11%) participants remaining completely asymptomatic ( 113). This is

concordant with animal studies and observational clinical reports, which indicate peak

shedding of SARS-CoV-2 occurs early following exposure (114{ 117). This contrasts

with SARS-CoV, where the greatest viral loads (and peak infectivity) were documented

approximately 6 to 11 days following symptom onset (118). Together, this helps to

explain why symptom-based contact tracing and isolation proved e�ective at disrupting

transmission chains of SARS-CoV, where individuals had almost a week to be identi�ed

and isolated following exposure to a known case and typically manifested symptoms

before reaching peak infectivity. By contrast, the cryptic shedding of SARS-CoV-2

subverts these strategies, with modelling simulations suggesting pre-symptomatic and
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asymptomatic individuals contributed to over half of all transmissions during the initial

wave of the SARS-CoV-2 pandemic (119).

1.4.4 Healthcare environments as potential ampli�ers of SARS-CoV-2

transmission

It is important to recognise the case of the Diamond Princess represents a special case

of a closed population, with a high rate of virological testing and availability of follow-

up information for both sta� and passengers. This di�ers from the situation in the

general population, where only a small fraction is likely to be subject to diagnostic

testing, and such close con�nement is uncommon. However, similar environments such

as healthcare facilities exist on land - where healthcare sta� and patients parallel crew

members and passengers. Alarmingly, there is a clear precedent for enhanced trans-

mission of pathogenic coronavirus within healthcare environments. Whilst theRo of

MERS-CoV was typically low ( 71, 72)), this increased up to 5.0 within the hospital

setting (120). Furthermore, healthcare workers have appeared at high risk of infection

during both SARS-CoV and MERS-CoV outbreaks (121{ 123), accounting for almost

a �fth of all cases SARS-CoV globally (121). This led to a range of recommendations

from the WHO to reduce the risk of nosocomial infection associated with SARS-CoV,

including the use of isolation wards for triage, cohorting of acutely unwell and recu-

perating SARS-CoV patients, alongside training and monitoring of healthcare sta� in

infection-control procedures, and screening of healthcare workers for infection (121). In

2016, the UK's Department of Health formulated recommendations for persons entering

a room where a possible or con�rmed case of MERS-CoV was being cared for, stat-

ing personal protective equipment (PPE) should be worn by all healthcare sta�. Such

PPE was speci�ed to include long-sleeved 
uid-repellent disposable gown, gloves, eye

protection, and an FFP3 respirator (124). In contrast, guidance published by the UK

Government on 2nd April 2020 regarding personal protective equipment for NHS teams

stated \any clinician working in a hospital, primary care or community care setting

within 2 metres of a suspected or con�rmed coronavirus COVID-19 patient should wear

an apron, gloves, surgical mask and eye protection, based on the risk". Only when car-

rying out aerosol-generating procedures was it recommended clinicians should wear a

higher level of protective equipment, including use of FFP3 masks (125). In summary,

the historical examples of SARS-CoV and MERS-CoV suggest signi�cant potential for
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ampli�ed transmission of novel pathogenic human coronaviruses within closed environ-

ments, including hospitals. Consequently, it seems likely that in-hospital (nosocomial)

transmission of SARS-CoV-2 infection poses a major threat to patients and healthcare

workers. As individuals admitted to hospital may have a spectrum of acute and chronic

medical conditions, it seems plausible that such individuals may experience more severe

outcomes following SARS-CoV-2 infection. Consequently, a key aim of this thesis will

be to characterise the burden of nosocomial infection. Where possible, I will seek to

identify particular at-risk groups and suggest strategies for risk mitigation.

1.5 Overview of the immune response to viral infection

The public health response to the SARS-CoV-2 pandemic can broadly be divided into

an initial phase of rapidly-implemented generic measures aimed at slowing transmission,

through societal-level interventions including limitations on individuals' movement, so-

cial distancing, hand-washing, and mask wearing in addition to general supportive care

for sick individuals. This was gradually exchanged for a second phase with easing of soci-

etal restrictions as disease-speci�c interventions became available, notably rapid and spe-

ci�c diagnostic tools ( 2, 5), evidence-based therapeutics, and preventative approaches

to reduce the susceptibility of an individual to severe disease (such as vaccination).

These two phases of the public health response are analogous to our own bodies' im-

mune response to a novel viral threat. Just as the nature of the initial public health

measures have changed little over the last century (126), the innate immune system is

characterised by a rapid and invariant approach which controls or slows the spread of

infection until a speci�c \adaptive" immune response can be mounted. This begins with

recognition of pathogen-associated or damage-associated molecular patterns. Double-

stranded RNA viruses such as SARS-CoV-2 are subject to recognition by innate immune

sensors including the cytosolic RIG-I like receptors (RLRs) retinoic acid-inducible gene 1

(RIG-1) and melanoma di�erentiation-associated gene 5 (MDA-5), and endosomal toll-

like receptors (TLRs) such as TLR-7 and TLR-8. These are widely expressed across

epithelial tissues, enabling detection of pathogen-associated molecular patterns such

as the single-stranded RNA intermediates of viral replication, uncapped non-self RNA

sequences, double-stranded RNA hairpins, and RNA sequences rich in guanosine and

uridine characteristic of viral RNA ( 127). Receptor activation triggers pro-in
ammatory
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gene transcription and secretion of type I interferon family members (including IFN� ,

IFN � , and IFN! (128, 129)). These signalling molecules act via a cell-surface type I in-

terferon receptor, expressed by all nucleated cells, and the associated intracellular Janus

kinase (JAK) and signal transducer and activator of transcription (STAT) signaling cas-

cade, to induce an anti-viral state in the infected cell and its neighbours (130, 131).

The resulting shutdown of transcription and activation of viral restriction factors serve

to limit viral replication ( 131). In tandem, type I interferons promote wider mobilisation

of the innate and adaptive immune systems, including activation of natural killer cells

capable of recognition and killing of viral-infected cells (132). Type I interferons also

act on specialised antigen-presenting cells, such as dendritic cells, to enhance sampling

of possible pathogen antigens from the local tissue micro-environment, and initiate mat-

uration and migration of the dendritic cell to the draining lymph node ( 133{ 136). As

the dendritic cell migrates, protein antigens are processed by a specialised cellular appa-

ratus, the immunoproteosome, converting them into shorter peptide components which

can be presented on the cell-surface in the context of both major histocompatibility class

(MHC) I and II molecules ( 137). Within the lymph node, a single dendritic cell can

interact with up to 5,000 T-cells per hour (138), enabling screening of a large repertoire

of T-cell receptors and timely identi�cation of a cognate antigen-speci�c T-cell (139).

Following appropriate stimulation, the viral-speci�c T-cell becomes activated, prolifer-

ates, and migrates to the site of infection (140). All nucleated cells present products

of their protein synthesis pathway in the context of cell-surface MHC class I molecules,

allowing virus-speci�c e�ector \killer" CD8+ T-cells to interrogate and identify and

eliminate viral-infected cells (141). Viral-speci�c CD4+ \helper" T-cells support prim-

ing and e�ector activity of the CD8 T-cell response, and are required for the generation

of a high-a�nity neutralising antibody response by B-cells ( 142). Following primary

viral infection in humans, it typically takes 7 to 10 days to prime and expand the T-

and B-cell immune response (143). This coincides with the time taken for individuals

presenting with COVID-19 to either recover or progress to severe illness (144, 145).
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1.5.1 Protective and pathogenic immune responses during SARS-CoV-

2 infection

Age has emerged as a major determinant of susceptibility to severe disease (4, 146),

with children and young adults typically experiencing mild or asymptomatic SARS-

CoV-2 infection (147). One possible explanation for this is that frequent exposure to

seasonal human coronaviruses infections experienced by this demographic (148) might

prime the immune system against SARS-CoV-2. Dowell et al. (149) recently studied

the relationship between humoral and cellular immune responses to a range of seasonal

cold respiratory viruses and SARS-CoV-2 in 91 children and 154 adults (149). Antibod-

ies capable of binding the beta-coronaviruses HKU-1 and OC43 and the SARS-CoV-2

Spike S2 domain were frequently detected in serum from children but not adults. This is

consistent with independent reports of antibodies capable of neutralising SARS-CoV-2

within pre-pandemic serum samples from children (150). By using enzyme-linked im-

munosorbent spot (ELISpot) analysis to study cellular responses to overlapping peptide

pools representing the SARS-CoV-2 spike protein alone, or in combination with nucleo-

capsid, membrane, and envelope viral proteins, Dowell et al. went on to examine T-cell

responses to SARS-CoV-2. This revealed a similar frequency of T-cell responses to

SARS-CoV-2 across age groups, with the magnitude of the cellular response against the

SARS-CoV-2 spike appearing 2.1-fold greater amongst children. Furthermore, marked

di�erences in their pattern of cytokine secretion were evident, with greater production

of IL-10 by T-cells derived from children compared to an IL-2-dominated response by

adult T-cells (149). This mirrors �ndings in healthy adults following asymptomatic

SARS-CoV-2 infection, which showed greater secretion of IFN
 and IL-2, relative to T-

cells of individuals who developed symptomatic COVID-19 (151). Remarkably, cellular

responses to the SARS-CoV-2 spike protein were also present in 60% of children who

had tested seronegative using 3 di�erent serology platforms, a �nding con�rmed by anal-

ysis of pre-pandemic samples (149). Stimulation of peripheral blood mononuclear cells

from SARS-CoV-2 seronegative donors using peptide pools representative of the alpha,

beta seasonal, and SARS-CoV-2 coronaviruses led to expansion across these conditions -

consistent with a T-cell response with broadly reactivity against coronaviruses. Similar

\cellular sensitization without seroconversion" has been reported in adults, including

healthcare workers (152{ 154). The study of such elite controllers of SARS-CoV-2 in-

fection is of signi�cant interest to the design of strategies to treat and prevent disease.
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Together, a broad picture emerges in which individuals who remain asymptomatic de-

spite exposure to SARS-CoV-2 virions display potent immune responses, characterised

by the ability to mount a highly functional virus-speci�c cellular immune response (151),

commonly accompanied by an antibody response capable of neutralising viral entry to

host cells (155). In other words, an e�ective immune response to SARS-CoV-2 can be

characterised by delivery of a rapid \knock-out punch" before the virus can establish

systemic infection, potentially primed by recent encounters with seasonal coronavirus.

By contrast, the cellular response of individuals who developed symptomatic infection

is often characterised by disproportionate secretion of in
ammatory cytokines (IL-6,

TNF- � , and IL-1� ) (151). Excessive in
ammation is a common feature associated

with ageing of the immune system, sometimes termed \in
ammageing"; a phenomenon

closely associated with morbidity, frailty, and premature mortality ( 156). Observational

studies comparing the pattern and kinetics of immune responses across individuals with

di�erent severities of COVID-19 also revealed sub-optimal type I interferon activation

accompanies greater viral loads and in
ammatory response (157). Together, this high-

lights the importance of a coordinated immune response to control of SARS-CoV-2

infection (155). Consequently, the �ne balance between antiviral and in
ammatory

features may be disrupted as a consequence of age or comorbidities, pre-disposing to

excessive immunopathology and more severe manifestations of COVID-19. Indeed, indi-

viduals hospitalised with COVID-19 display immune hyper-activation, including marked

elevation of pro-in
ammatory cytokines ( 4, 53, 158), complement activation (17), and

thrombosis (159).

1.5.2 Immunomodulation and antiviral medications in the treatment

of COVID-19

Recognition of the potential contribution of an excessive immune activation to pathology

and mortality associated with COVID-19 suggested strategies to reduce in
ammation

may o�er clinical bene�t ( 160). By early 2021 over 2,400 clinical trials investigating

potential therapeutic agents and strategies for COVID-19 had been registered globally

(161), considering a range of immunosuppressant and putative anti-virals. One of the

most successful of these initiatives has been the UK-led \Randomised Evaluation of

COVID-19 Therapy" (RECOVERY) study ( https://www.recoverytrial.net/ ). This

provided the �rst robust evidence demonstrating the e�cacy of immunosuppression with
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high-dose dexamethasone in reducing the risk of death amongst adults hospitalised with

COVID-19 ( 162). Subsequent reports demonstrate that addition of monoclonal antibod-

ies blocking the pro-in
ammatory cytokine IL-6 (such as tocilizumab or sarilumab) can

increase the chances of survival in individuals who remain severely ill with COVID-19

despite corticosteroid therapy (163, 164). Additionally, use of the Janus kinase inhibitor

baricitinib, originally licensed for the treatment of rheumatoid arthritis, has been shown

to reduce 28-day mortality amongst individuals hospitalised patients with COVID-19

(165).

Antiviral therapies o�er an alternative approach to immunosuppression, aiming to halt

viral entry or replication to reduce peak viral load and minimise subsequent immunopathol-

ogy (166). The �rst antiviral with demonstrable clinical e�cacy in individuals hospi-

talised with COVID-19 was the nucleoside-analogue remdesivir. Following intravenous

administration, this pro-drug is metabolised in the body into its active triphosphate

metabolite form which binds and inhibits the RNA polymerase of multiple human coron-

aviruses (including SARS-CoV-1, SARS-CoV-2 and MERS-CoV) to terminate transcrip-

tion ( 167, 168). Remdesivir became clinically available for the treatment of COVID-19

in the United Kingdom in May 2020, followed by orally administered antiviral medica-

tions in 2022. The potential for viral-speci�c antibody therapy has also been suggested

by historical observations regarding the use of convalescent plasma therapy in the set-

ting of viral pneumonia (169). Several studies found use of convalescent plasma in

hospitalised adults with SARS-CoV to be associated with a shorter duration of hospital

admission and lower mortality, compared to similar patients who did not receive con-

valescent plasma therapy (170{ 172). However, these should be interpreted cautiously,

given their small size and non-randomised nature. Initial experience using convalescent

plasma therapy in hospitalised COVID-19 patients when used as a therapeutic modality

(173, 174) supported its safety and suggested promise. In addition to their small size

and uncontrolled nature, it is notable that these studies used convalescent plasma either

16.5 days following symptom onset (174), or as a therapy of last resort (173). This

contrasts with animal studies, where transfer of serum from MERS-CoV survivors has

been shown to protect mice from challenge with the MERS-CoV virus (175), highlight-

ing the importance of neutralising antibodies in protection from disease and suggesting

the possible use of convalescent plasma therapy to protect individuals from disease when

administered before or during the early time period following infectious exposure. This
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is consistent with early human challenge studies using seasonal coronaviruses (176)

and opportunistic study of correlates of protection from symptomatic reinfection during

SARS-CoV-2 outbreaks aboard �shery vessels (177). Together, these reports highlight

the existence of a speci�c antibody response to be associated with protection from in-

fection and disease against coronaviruses (176, 177). Encouragingly, a randomised

double-blind placebo-controlled trial has supported the utility of convalescent plasma

therapy in older adult patients, when administered within 72 hours after the onset of

mild COVID-19 symptoms (178). In addition to human-donor-derived plasma-based

therapies, a range of recombinant antibody-based therapeutics are under development

(179), including neutralising monoclonal antibodies against the viral spike protein with

the ability to block viral entry to host cells ( 180, 181). The evolving clinical evidence

and availability of neutralising monoclonal antibody therapies will be discussed during

the course of this thesis.

1.5.3 Potential for severe, recurrent, and persistent viral infections in

immunocompromised individuals

The importance of coordinated adaptive immune response for e�ective control of SARS-

CoV-2 (155) suggests that individuals with inherited or acquired conditions associated

with impairment of their adaptive immune response will be at greater risk of COVID-

19. As a specialist trainee in Clinical Immunology, I help care for a national cohort

of immunocompromised individuals across Wales. Diagnoses associated with antibody

de�ciency constitute the most common form of primary immunode�ciency ( 182, 183),

and occur secondary to an increasing range of medications (184, 185). Such individuals

are at increased risk of infections, commonly involving the sinopulmonary tract (186{

188). Colonel Ogden Bruton �rst recognised the signi�cance of antibody de�ciency in

a boy with X-linked agammaglobulinaemia (XLA) in 1952 and pioneered immunoglob-

ulin replacement therapy (IgRT) as an e�ective means of reducing the associated infec-

tion burden (187, 189). Immunoglobulin replacement has remained the cornerstone of

treatment for primary and most secondary antibody de�ciencies (188, 190). Despite this

treatment, immunocompromised individuals with predominant antibody de�ciency have

been reported to display ongoing vulnerability to recurrent and prolonged viral infections

of the respiratory (7, 15, 191, 192), central nervous system (193), and gastrointestinal

tracts (21, 194). I recently coordinated a prospective 12-month observational study
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performing fortnightly nasal swab surveillance for 19 pathogen targets in 44 patients

with predominant antibody de�ciency and 42 healthy volunteers (15), representing one

of the largest studies to examine this burden in the pre-COVID-19 era within this pa-

tient group. This found the odds of detecting a viral pathogen to be more than twice

as common amongst patients than for controls (odds ratio, OR: 2.73, 95% CI: 2.09-

3.57), despite standard of care interventions such as use of immunoglobulin replacement

therapy and prophylactic antibiotic. The single-stranded RNA human rhinovirus was

the most commonly identi�ed viral pathogen (OR: 3.60, 95% CI: 2.53-5.13) (15). Viral

detections were associated with worsening symptom scores, relative to a participant's

baseline, for both patients and household controls |supporting the notion of infection

over carriage. In addition, individuals with predominant antibody de�ciency reported

greater daily symptom scores and lower overall well-being, based on validated multi-

dimensional respiratory quality of life questionnaires (15). The gulf in infection- and

symptom-related quality of life between immunocompromised and healthy individuals

was re
ected in adherence to social distancing informally reported by patients partic-

ipating in this study, as a means to reduce their risk of exposure (15). This pattern

of recurrent respiratory viral infections is reminiscent of speci�c immune defects asso-

ciated with impairment of viral sensing (195, 196) and interferon response pathway

defects (197). This suggests the hypothesis that immunocompromised individuals may

be at risk of recurrent or persistent SARS-CoV-2 (15, 21, 191, 194). Conversely, the

demonstration that immunosuppression can improve outcomes for individuals with se-

vere COVID-19 (162) has led some to suggest that a pre-existing immunocompromised

state may o�er some protection from COVID-19 related mortality ( 198). Similarly, ini-

tial experience during the pandemic has suggested that individuals with congenital forms

of agammaglobulinaemia may experience only asymptomatic or milder disease, relative

to individuals with less clearly de�ned antibody-de�ciency states (199). However, a

rapid literature review of this subject in 2021 identi�ed individuals with XLA remain

susceptible to severe disease or death following SARS-CoV-2 infection (7). Together,

this illustrates the requirement for further work to understand the impact, nature, and

burden of SARS-CoV-2 infection in immunocompromised individuals. Accordingly, this

will form a second theme of my doctoral research.
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1.5.4 Vaccine development and immunocompromised individuals

Development of candidate vaccines against SARS-CoV-2 has moved at an unprecedented

pace following publication of the genetic sequence of the novel SARS-CoV-2 virus in

early January 2020 (200). By September 2020, ten SARS-CoV-2 vaccine candidates

had already entered phase III trial, having completed initial assessments of safety and

dosing optimisation and con�rmed immunogenicity in earlier parallel phase I and II tri-

als (201). Safe and e�ective vaccinations became available during the period of doctoral

study and proved pivotal in controlling the COVID-19 pandemic. This contrasts with

the timeline for traditional vaccine development, which may take decades to progress

from pre-clinical discovery phase to large-scale production and distribution of an ap-

proved vaccine (201). Nevertheless, impaired vaccine immunogenicity and e�cacy are

hallmarks of immunode�ciency (183, 202{ 204), suggesting that their e�cacy in certain

patient groups is likely to be substantially impaired. Therefore, post-marketing evalu-

ation of vaccine uptake and e�cacy in immunocompromised patient groups will form a

third theme of my doctoral research.
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1.6 Hypotheses, aims, and objectives

ˆ Hypothesis 1: Hospital environments will serve as ampli�ers of SARS-CoV-2,

leading to elevated rates of infection and associated mortality of individuals as a

result of nosocomial transmission.

ˆ Aim 1: To describe the burden of associated with adults hospitalised with COVID-

19 during the �rst wave of the novel coronavirus pandemic.

ˆ Objective 1: To describe inpatient mortality rates following a diagnosis of community-

acquired or hospital-acquired SARS-CoV-2 infection nationally in Wales, and as-

sess the relevance of these �ndings in the context of the international peer-reviewed

literature.

ˆ Hypothesis 2: Individuals with inherited or acquired forms of immunocompro-

mise are likely to manifest atypical presentations when infected with SARS-CoV-2,

compared to the general population.

ˆ Aim 2: To explore the vulnerability of immunocompromised individuals to severe

or persistent infection with SARS-CoV-2.

ˆ Objective 2 : To document infection and mortality rates, and chart if SARS-CoV-

2 viral persistence is a feature of infection in immunocompromised individuals.

ˆ Hypothesis 3: Individuals with inherited or acquired forms of immunocompro-

mise will show an impaired response to vaccination, with the extent re
ecting the

type and degree of immunode�ciency.

ˆ Aim 3: To perform post-marketing surveillance of the licensed COVID-19 vacci-

nations in immunocompromised patient cohorts.

ˆ Objective 3 : To describe the uptake, immunogenicity, and e�cacy of COVID-

19 vaccine responses in immunocompromised individuals, uncovering mechanistic

determinants and predictors of vaccine failure.
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Overview of materials and

methods

I have authored and structured results chapters included within this thesis in accordance

with the relevant international consensus guidelines for strengthening conduct and re-

porting of observational studies (205), systematic review and meta-analysis (206), or

development and validation of prediction models (207). Therefore, description of data

sources, materials and methods are presented alongside consideration of their strengths

and limitations within each results chapter. The present chapter describes the observa-

tional COVID-19 ENLIST study, including the laboratory materials and methods used

to generate, handle, quality control, and protect the resulting data sets, which together

underpin delivery of multiple results chapters.

2.1 COVID-19 ENLIST Vaccine E�cacy Study

2.1.1 Background to COVID-19 ENLIST research study

In April 2020 I began work on the COVID-19 Early Novel Laboratory Insight Study

(COVID-19 ENLIST) protocol, to respond to the threat posed by the novel pandemic

SARS-CoV-2. Initially, this focused on facilitating access and analysis of samples and

routinely-collected data from patients with suspected and con�rmed COVID-19 pre-

senting to hospital within the Cardi� & Vale University Health Board. The stated

24
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primary aim was to identify key features that predict individuals at high risk of progres-

sion to severe disease, through linkage of results of novel laboratory bio-marker testing

with routinely collected clinical, laboratory, and outcome data held by the health board

(10). This received favourable consideration from the Bradford Leeds Research Ethics

Committee (REC) on the 11th November 2020 (REC: 20/YH/0309). This arm of the

COVID-19 ENLIST study contributed primarily to collaborative published outputs, and

is not considered further within this chapter (10, 12).

With the advent of vaccinations to the novel pandemic SARS-CoV-2 virus that appeared

safe and e�ective in the general population, I authored a substantial amendment to the

COVID-19 ENLIST study, enabling assessment of the immune response to vaccination in

immunocompromised patient groups poorly represented within clinical vaccine trials to

date. This received REC approval on the 4th March 2021, with con�rmation of capacity

provided on the 25th March 2021 by the sponsor (Cardi� & Vale University Local Health

Board). I compiled a further non-substantial amendment to enable recruitment from

individuals receiving maintenance haemodialysis in the Swansea Bay University Health

Board, which was granted con�rmation of capacity and capability on 23rd November

2021. Copies of relevant REC-approved study documents (including patient information

sheets, informed consent form, record of favourable REC review) are included in the Ap-

pendix. A core principle when constructing the COVID-19 ENLIST study was to make

use of routinely-collected healthcare data and excess or stored biological samples wher-

ever possible. Access to pseudo-anonymised routinely-collected patient-level outcome

and laboratory results for individuals under care of the Cardi� & Vale University Local

Health Board was enabled by creation of a collaborative agreement between Cardi� &

Vale University Health Board and Cardi� University, for which I gratefully acknowledge

input from the National Health Service Information Technology governance (Mr James

Webb and Mr Philip Clee) and Health Board Information Technology (Mr Leitchan

Smith) teams. This was mirrored for establishing a second recruitment centre for indi-

viduals receiving Haemodialysis, with a tripartite material and data transfer agreement

between Swansea Bay University Local Health Board (responsible for the clinical care

of this patient cohort), Public Health Wales (holder of stored serum aliquots), and the

study sponsor (Cardi� & Vale University Local Health Board).
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2.1.2 Participant sample size and populations of interest - COVID-19

ENLIST Vaccine Arm

The eligibility criteria for the vaccine arm of the Early Novel Laboratory Insight Study

are outlined here:

ˆ Inclusion criteria: Immunocompromised individuals

{ Aged at least 18 yearsAND

{ Ability to provide informed consent AND

{ Clinician-documented immunode�ciency, including:

* Primary immunode�ciency disorder

* Solid-organ transplant recipient (or on waiting list)

* End-stage renal failure

* Haematological malignancy

ˆ Exclusion criteria: Immunocompromised individuals

{ Aged under 18 years

ˆ Inclusion Criteria: Healthy volunteers

{ Aged at least 18 yearsAND

{ Ability to provide informed consent

ˆ Exclusion criteria: Healthy volunteers

{ Medical diagnosis associated with immunode�ciency

{ Taking medication likely to cause immunode�ciency

{ Pregnancy

{ Diagnosis of anaemia

{ Blood donation (with volume exceeding 550ml) within the last 8 weeks

Recruitment was open to all kidney-transplant recipients under care of the Cardi�

Transplant Unit. This is the only transplant centre in Wales, serving a population

of 2.3 million people over a broad geographic area of approximately 14,000 km2
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(208), caring for approximately 1,000 transplant recipients. Individuals receiving

maintenance in-centre haemodialysis at the Swansea Haemodialysis Centre were

also invited to participate (approximately 200 adults). Individuals under care

of the Immunode�ciency Centre for Wales with a diagnosis of primary or sec-

ondary immunode�ciency were also considered eligible. In the event doubt existed

regarding eligibility, the chief investigator or delegated representative provided

clari�cation based on review of medical and drug history and literature.

An initial recruitment target of 1,000 immunocompromised individuals, with a

minimum sample size of 250 immunocompromised individuals. These targets

were empirically determined by the study team. In addition, an upper limit

for recruitment of 50 healthy volunteers was set. Approval for samples extrac-

tion from the Kidney Wales Research Tissue Bank (REC: 09/WSE02/48+5) was

also obtained to facilitate timely assessment of vaccine responses within individ-

uals already participating in this project. Healthy volunteers including health

care workers, household members of patients, or participants of the Healthwise

Wales scheme (https://www.healthwisewales.gov.wales/for-researchers/ )

were deemed eligible.

2.1.3 Participant identi�cation, enrollment and sampling

Study participants with chronic medical conditions were identi�ed via clinical

databases or registries maintained by the NHS clinician-investigators responsible

for their care. Approach, invitation, and subsequent sample and data collection

were performed by a member of their routine clinical care team, as summarised

in the schedule of events (Table 2.1 and Figure 2.1). On the day of their clinic

appointment an eligible individual was approached by a member of the clinical

team and asked \are you willing to participate in this research study". If so, the

study was further described to them and they were given the opportunity to ask

any questions. The individual was then invited to provide written consent, us-

ing the relevant REC-approved informed consent form. Following this, additional

blood samples for research were obtained. Blood sampling was performed along-

side routine phlebotomy wherever possible, to minimize discomfort and risks for

the participant. A maximum of 60mls (approximately 4 tablespoons) of blood was
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Time point Events Duration Activities

Pre-enrolment
Study explanation (at routine clinical visits for patients)

Voluntary attendance by healthy controls 5-10 minutes Provide participant information sheet.

Enrolment Study consent 5 minutes Complete consent form.
Baseline sampling
(where possible)

At routine clinical assessment (patients).
Voluntary attendance by healthy volunteers. 1-5 minutes Up to 60ml blood draw.

Post-vaccine sampling
Blood sampling alongside routine clinical blood (patients).

Voluntary attendance by healthy volunteers. 1-5 minutes
Up to 60ml blood drawn, up to monthly intervals

(conducted alongside routine phlebotomy where possible)

Pre-analysis
Linkage of clinical, laboratory, and

vaccine regimen information < 5 minutes Remote data collection

Table 2.1: Schedule of events- COVID-19 ENLIST study

permitted to be drawn for research per month, in line with international guid-

ance for a maximum of 550ml in any eight week period in adult humans (209).

The principle of minimising blood sampling beyond that required to answer the

research question was applied. Accordingly, consent was also sought for stored or

otherwise discarded samples taken in the course of routine clinical evaluation to be

requested for extraction and used in this research, provided this did not interfere

with their routine clinical care. In addition, a dried blood spot method for blood

sampling was included within the participant information sheets as a possible op-

tion that may be o�ered to support longer term monitoring of the post-vaccine

immune response (3). This was included as a contingency for low participation

rates, however was not ultimately required within the present study.

I invited healthy volunteers to participate on an opportunistic basis. If willing

to participate and meeting the eligibility criteria, the study was further described

to them with provision of the REC-approved participant information sheet for

healthy volunteers. Individuals were given the opportunity to ask questions and

to document written consent, using the REC-approved version of the informed

consent form. Following consent, additional blood samples were then obtained

by the author and background information collected including age, gender, and

immunisation history.
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Figure 2.1: Overview of the COVID-19 ENLIST study

2.2 Assessment of the humoral response to SARS-CoV-

2 spike antigen

2.2.1 Serum sampling and initial processing

Serum samples (approximately 4ml) were collected into serum-separating tubes

(Becton Dickinson, SST II Advance vacutainer) tubes following consent, using

aseptic non-touch technique. Tubes were gently agitated before being allowed to

clot for at least 30 minutes at room temperature. Samples were returned to the

local clinical laboratory where they were assigned a unique laboratory episode num-

ber linked to their identi�cation, date, time, and sample type within the Welsh

Laboratory Information Management System (LIMS). For patient samples, this

was performed by members of the local clinical immunology (kidney transplant
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recipient cohort) or microbiology (haemodialysis cohort) teams; for healthy volun-

teers, this was performed by the author. Serum processing was performed at the

local centre according to standard laboratory protocols and standards. Samples

were spun and the serum was extracted and stored at -20� C (+/- 4 � C) prior to

antibody testing. Prior to analysis samples were allowed to defrost gradually at

+4 � C overnight, before equilibration to room temperature

2.2.2 Enzyme-linked Immunosorbant Assay

Semi-quantitative determination of anti-SARS-CoV-2 Spike S1 IgG titre was made

using the EUROIMMUN Enzyme-linked Immunosorbant Assay (ELISA), accord-

ing to the manufacturer's instructions and reagents included within the kit: 96-well

plate coated with target antigen, sample dilution bu�er, conjugate solution, wash

bu�er, chromogen-substrate (Tetramethylbenzidine/ H 2O2, and stop solution (0.5

molar sulphuric acid). Kit calibrator, positive, and negative controls were sup-

plied with quality control certi�cates ( 210). The Dynex DSX® 4-Plate ELISA

processing system was employed to automate the process (211), in line with the

ELISA manufacturer recommendations (210), as outlined:

1. Sample dilution : 5� L of internal quality controls and patient samples

were transferred into individual dilution wells, and diluted at 1 : 101 with

sample diluent (500� L). The �nal volume was mixed well by pipetting.

2. Sample incubation : 100� L of diluted sample was transferred from each

dilution well into individual microplate wells, then incubated for 60 minutes

at 37� C.

3. Washing step : The wells were washed three times with 450� L of wash

bu�er. The wash bu�er was left in each well for 30 { 60 seconds per washing

cycle before aspiration.

4. Conjugate incubation : 100� L of conjugate was transferred into each of

the microplate wells, then transferred for incubation for 30 minutes at 18 to

25� C (protected from direct sunlight).

5. Washing step : The wells were washed three times with 450� L of wash

bu�er. The wash bu�er was left in each well for 30|60 seconds per washing

cycle before aspiration.
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6. Substrate incubation : 100� L of substrate was added to each of the

microplate wells. The plate was transferred for incubation at 30 minutes at

18 to 25� C (protected from sunlight).

7. Stopping reaction : 100� L of stop solution were added to each of the

microplate wells in the same order and at the same speed as the substrate

solution was introduced.

8. Measurement : The ELISA plate was agitated to ensure a homogeneous

distribution of the stop solution. Spectrophotometric absorption at a wave-

length of 450nm was determined within 30 minutes of adding the stop solution

(subtracting absorption obtained using a reference wavelength).

2.2.3 Results linkage

The Dynex DSX system and REVELATION DSX software supported positive

sample identi�cation through scanning of each sample's unique laboratory episode

number (in barcode format), which was linked to the relevant result. Brie
y, pri-

mary serum tubes labelled with the barcode and numerical laboratory episode

number identi�cation were loaded into the 96-well sample tray by the operator

and each tube scanned and the laboratory episode number linked to the position

of the sample. If a barcode was missing or failed to scan, the author inputted

the episode number manually. TheREVELATION DSX software automatically


agged duplicate entries within the proposed run, minimising potential errors asso-

ciated with manual transcription. Following completion of the ELISA protocol, the

raw optical density and optical density ratio (relative to the kit calibrator) for each

sample were generated by theREVELATION DSX software. Prior to linkage of

the DSX results to the laboratory information management system, results sheets

containing the unique laboratory episode number, optical density ratio, and details

of the run, were exported as a comma-separated values (.csv) �le. The author sep-

arately extracted the laboratory episode number and participant details from the

laboratory information management system and collated these as a .csv �le. The

pseudo-anonymised results were then linked to the participant's study identi�er

and clinical-demographic details in R/Rstudio using the merge function, using the

numerical laboratory episode number as the primary key. A data quality check

was performed by the author, con�rming the expected number of linked results
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were available for each run. Additionally, the author performed additional manual

con�rmation that randomly selected results for approximately 10% of participant

samples within each run had retained the correct laboratory episode number and

assay batch details, and that clinical identi�ers had been correctly assigned in the

�nal output.

2.2.4 Assay reproducibility

The EUROIMMUN anti-SARS-CoV-2 Spike S1 IgG ELISA assay is CE-marked,

indicating the manufacturer a�rms the goods' conformity with European health,

safety, and environmental protection standards. The performance of this assay

has been extensively validated in the setting of diagnosis of natural infection with

SARS-CoV-2 by Public Health England (now the UK Health Security Agency)

(212). Full veri�cation and validation of this assay for routine clinical use in a

clinical immunology laboratory was considered beyond the scope of the present

research. However, in order to evaluate and support future potential adoption of

this assay to the repertoire of assays o�ered by the clinical laboratory (213), I

conducted additional assessments of performance. Batch-to-batch reproducibility

was monitored through inclusion of 3-level internal quality control within each run,

consisting of serial dilutions of an immunoglobulin-replacement therapy product

with detectable levels of anti-SARS-CoV-2 Spike S1 IgG. The mean, standard

deviation, and coe�cient of variation were calculated for these internal quality

standards across runs to create Levey-Jennings charts (214), presented in Chapter

6 (Figure 6.4).

2.3 Assessment of the T-cell response

2.3.1 Peripheral blood mononuclear cell sampling and processing

Peripheral blood obtained from participants in the COVID-19 ENLIST Vaccine

Study were collected into a sterile vacutainers containing the anti-coagulant Ethylene-

diamine-tetra-acetic acid (EDTA, Becton Dickinson). Samples were processed us-

ing a density gradient to isolate peripheral blood mononuclear cells (PBMC) as

per standard operating procedure for the Price Group (Henry Wellcome Build-

ing, Cardi�) within a Class II Bio-safety cabinet. The protocols for processing
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and storage of biological samples described herein were used by the author and

shared for use by the Kidney Wales Research Tissue Bank team to supporting

standardisation of laboratory sampling handling.

The following media were used to process and cryopreserve cells:

{ R10 : Roswell Park Memorial Institute medium-1640 (RPMI-1640) supple-

mented with 10% heat inactivated foetal calf serum (FCS), 2mM L-glutamine,

100 units/ml penicillin and 100� g/ml streptomycin.

{ R0 : RPMI-1640 medium supplemented with 2mM L-glutamine, 100 units/ml

penicillin and 100� g/ml streptomycin.

{ Freezer mix : Foetal calf serum supplemented with 10% sterile dimethyl

sulfoxide (DMSO; Sigma-Aldrich, Poole, U.K.).

Brie
y, for 40ml of EDTA-whole blood, the following approach was used: 20ml

of Histopaque® (Sigma-Aldrich, catalogue reference 10771) was into each of two

50ml Falcon tubes (Corning Life Sciences). Twenty millitres of whole blood was

then gently layered on top of the Histopaque, using a Pasteur pipette. This was

spun for 20 minutes at 2000 revolutions per minute (rpm), with the brake o� (Her-

aeus megafuge 1.0 R, Bucks, UK). The resultant bu�y coat (visualised as a thin

white layer) was carefully aspirated with a sterile Pasteur pipette and transferred

into a sterile 50ml Falcon tube. The bu�y coat was washed twice using RPMI-R0

media and centrifuged at 1500rpm for �ve minutes, followed by 1500rpm for ten

minutes, with the brake on. After the �nal wash, the supernatant was removed

and cell pellet re-suspended in two millilitres of RPMI-R10 media.

2.3.1.1 Counting cells with Trypan blue

Cells were enumerated and analysed for viability by combining 10� l of cell sus-

pension with an equal volume of 0.1% (w/v) Trypan blue (Sigma-Aldrich) in a

96-well plate with pipetting before and being loaded on to a Neubauer haemocy-

tometer (Weber Scienti�c International Limited, Lancing, U.K.). On inspection

with a light microscope (Nikon Eclipse TS100) at 100 times magni�cation, viable

cells remain colourless whilst non-viable cells appear blue. The number of total

cells counted that remained white equates to the viability and density of the cell

suspension.
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2.3.1.2 Cryopreservation of peripheral blood mononuclear cells

Between 2|10 � 106 PBMCs were centrifuged at 389g for �ve minutes then re-

suspended in one millilitre of freezer mix and transferred to a cryovial (Nunc)

and labelled with the participant study ID (e.g. COVID-ENV-HV-001), sample

type, and date collected. Cryovials were placed in 100% isopropanol (Mr.Frosty—,

ThermoScienti�c, UK) storage containers at -80°C for 48 hours before being trans-

ferred for long term storage in liquid nitrogen. When required, PBMC cryovials

were rapidly thawed at 37°C to minimize cell death, washed once in RPMI-R10

media to remove the DMSO, and re-suspended in appropriate culture media for

counting of viable cells.

2.3.1.3 Stimulation of peripheral blood mononuclear cells with SARS-

CoV-2 spike peptide

Cells were rested overnight in RPMI-R10 the presence of DNase (215). Once

rested, PBMCs were exposed to overlapping peptide sequences of the SARS-CoV-2

spike protein (Miltenyi peptivator) in the presence of 1 � l/ml brefeldin A (Gol-

giPlug; Sigma-Aldrich), 0.7 � l/ml monensin (GolgiStop; BD Biosciences) and ac-

tivating antibodies to the human co-stimulatory cell-surface receptors CD28 and

CD49d (BD Biosciences, Catalogue 347690) at 1� g/ml in R10-RPMI media for 6

hours at 37°C in a 96-well plate. Additional PBMCs were identically treated with-

out peptide stimulation (\background"), and in the presence of human T-activator

anti-CD3/CD28 Dynabeads (Thermo�sher, Catalogue 11131D) samples (\positive

control"). Following stimulation, the plate was spun at 2000 rpm for 2 minutes

and washed twice using Dulbecco's phosphate bu�ered saline (PBS).

2.3.2 Cell surface and intracellular staining

Cell viability staining was performed by addition of LIVE/DEAD —Fixable Aqua

Stain (Thermo�sher, Catalogue L34957) to each well and incubation at room tem-

perature for 10 minutes. A master mix of 
uorescent conjugated anti-human anti-

bodies for detection of cell surface protein expression was then added to each well

(Table 2.2), mixed, and incubated at 4°C for 20 minutes. Cells were washed again

three times in PBS, and re-suspended in 100� l BD cyto�x/cytoperm solution (BD
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Manufacturer Target Fluorochrome Catalogue ID Target
BD Biosciences CCR7 FITC 561271 Cell surface

Beckman Coulter CD45RA ECD B49193 (IM2711U) Cell surface
Biolegend CD95 PE Cy5 305610 Cell surface
Life tech CD4 PECy5.5 35-0047-42 Cell surface

BD Biosciences CD14 V500 561391 Cell surface
BD Biosciences CD19 V500 561121 Cell surface

Biolegend CD8 BV785 301046 Cell surface
BD Biosciences IL-2 APC 554567 Intracellular
BD Biosciences IL-17 PE 560438 Intracellular
BD Biosciences IFN 
 PECy7 557643 Intracellular
BD Biosciences IL-4 BV421 500826 Intracellular

Biolegend CD154 BV711 310838 Intracellular

Table 2.2: Antibodies used for surface- and intra-cellular staining

Biosciences, Catalogue 554714) and incubated at 4°C for 20 minutes before wash-

ing with BD perm/wash solution. A second master mix of 
uorescent conjugated

anti-human antibodies for detection of intra-cellular proteins expression was then

added to each well (Table 2.2), mixed, and incubated at 4°C for 30 minutes. Each

well was washed with BD perm/wash solution, before re-suspension in 200� l PBS

and analysis using a FACSAria II 
ow cytometer (BD Biosciences). Data were

analyzed with FlowJo software (Tree Star), as described in Chapter 6.

2.4 Data Management

Clinical data were collected by delegated members of the clinical research teams

and entered into a study spreadsheet (Microsoft Excel) using a unique study identi-

�er as the primary identi�er. This was held separately from the individual's name,

date of birth, and NHS number on encrypted and password-protected servers and

stored in line with the Data Protection Act and the principles of Good Clinical

Practice. Physical records, including consent forms, will be stored in secured and

lockable cabinets for 5 years after completion of study. Following this time, all

patient identi�able documents will be destroyed, rendering individual participant

records and results stripped of all identi�able information.

All investigators and study site sta� participating in the study agreed to uphold the

principles and requirements of the General Data Protection Regulation (GDPR)

and Data Protection Act 2018 with regards to the collection, storage, processing

and disclosure of personal information.

The datasets generated contained pseudoanonymised patient-level information, in-

cluding potentially sensitive details of admission dates, dates of inpatient mortal-

ity, and details of test results including COVID-19 RT-PCR outcomes, and are
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stored within a secure NHS information technology environment. The risk of ac-

cidental disclosure of this information was minimised by compliance with existing

good practice information security policies laid out by Cardi� University for han-

dling such data. Should disclosure occur, the pseudoanonymisation and modular

database structure was intended to further mitigate the risk of identi�cation of

individual patients, unless signi�cant prior knowledge of their admission date or

date of death was held.

2.5 Statistical methods

In order to select an appropriate statistical method for description and comparison

of continuous variables between groups of interest (e.g. age, calculated globulin

level), I performed the Shapiro-Wilk test to the distribution of variables of interest

using GraphPad Prism, version 6.0, speci�cally to test for normality. Wherever

the calculated p-value wasp < 0:05, the data were taken to be non-normally dis-

tributed and a non-parametric testing used (such as the Mann-Whitney U test),

with use of the median and the inter-quartile range to summarise the variable. Oth-

erwise, parametric testing was applied with description of the mean and standard

deviation. Additional methods, such as application of random e�ect meta-analysis,

linear or logistic regression, are described in the the relevant chapters.
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De�ning the burden of

nosocomial COVID-19 in Wales

during the �rst wave: results

from a multi-centre

retrospective observational

study

During the �rst wave of the COVID-19 pandemic many countries witnessed a

devastating mortality toll amongst care and nursing home residents, illustrating the

convergence of epidemiological risk factors (age, frailty, co-morbidities) may confer

signi�cant vulnerability. This chapter investigates if outbreaks within hospitals

(nosocomial infection) might be associated with a similar e�ect, thus suggesting a

need for greater preventative measures during future waves. All the work presented

here is my own, unless otherwise indicated in the text.

37
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3.1 Publications related to this chapter

{ The burden of nosocomial COVID-19: results from the Wales multi-

centre retrospective observational study of 2508 hospitalised adults .

Ponsford MJ, Je�eries R, Davies C, Farewell D, Humphreys I, Jolles S, Fair-

bairn S, Lewis K, Menzies D, Benjamin A, Thaivalappil F, Williams C, Barry

S. Thorax . 23 July 2021. doi: 10.1136/thoraxjnl-2021-216964. (6)

3.2 Data Sources

The National Pathway for Managing COVID-19 Infections in Secondary Care in

Wales initiative ( www.COVID-19hospitalguideline.wales.nhs.uk )

3.3 Introduction

Health-care-associated (nosocomial) infections represent an enduring and serious

threat to patient safety in hospitals and healthcare facilities, a�ecting 1 in 10

patients admitted to hospital ( 216, 217). This has been estimated to cost the Na-

tional Health Service £1 billion each year (218). The transmission of respiratory

viruses such as in
uenza within the healthcare environment is a well-recognised

cause of signi�cant morbidity and mortality at the individual patient level ( 219).

The short incubation periods of in
uenza A and B (median of 1.4 days, 95% CI

1.3{to 1.5; and median 0.6 days, 95% CI 0.5 to 0.6 days, respectively) (220)),

combined with their highly infectious nature, results in both community and noso-

comial outbreaks. In the setting of a hospital patient cohort with potential for

serious underlying illnesses, in
uenza is regarded as more lethal in the nosocomial

setting (221). Similarly, during previous novel coronavirus outbreaks including

SARS-CoV and MERS-CoV, hospital-acquired infection of patients and medical

sta� have been estimated to account for 36% to 56% of cases (222).

During the �rst wave of the COVID-19 pandemic, early estimates suggest ap-

proximately 10% of care and nursing home residents had laboratory-con�rmed

SARS-CoV-2 infections, with a case fatality rate of 36% (223). This high mor-

tality rate likely re
ected a combination of risk factors, including advanced age,
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comorbidities, and increased dependence on care support. These factors are im-

portant contributors to the concept of frailty; which can be explicitly de�ned as

\a state of increased vulnerability resulting from age-associated declines in physi-

ological reserves and function across multiple organ systems, such that the ability

to cope with everyday or acute stressors is compromised"(224, 225). Between

19 to 76% of care and nursing home residents meet commonly-used clinical de�-

nitions for for frailty ( 226), with a similarly high rates of frailty documented for

many patients admitted to hospital. A national survey conducted in 2019 by 129

UK acute hospitals classed over 56% of admissions aged 70 years or older as frail

(227). Thus, the devastating consequences of COVID-19 outbreaks in care and

nursing homes raise considerable concern with regards the burden of nosocomial

SARS-CoV-2 transmission. At the time this work was conducted (March 2020

to January 2021, (6)), remarkably little was known regarding the signi�cance of

nosocomial transmission of the novel pandemic coronavirus, SARS-CoV-2. This

represented a crucial knowledge gap, as information on the outcome of nosoco-

mial COVID-19 is essential to assess the e�ectiveness and guide improvement of

infection control measures (228). A national report published by the Healthcare

Safety Investigation Branch on 29th October 2020 stated:At the time of writing,

there was no publicly available data to provide evidence of the scale of nosocomial

of COVID-19 in the NHS (228). In addition, acknowledgement of risk is timely

to inform prioritisation of public health measures such as vaccination of health-

care workers and vulnerable populations, and decisions regarding continuation of

routine NHS service provision.

The largest multi-centre cohort study reported prior to this work was performed

by the COPE (COVID-19 in Older PEople study) investigators, and described out-

comes in 1564 patients admitted with RT-PCR-con�rmed SARS-CoV-2 infection

across 11 hospitals (including 4 in Wales) between 27th February until 28th April

2020 (229). Applying a conservative case de�nition of nosocomial infection (admit-

ted for at least 15 days before a SARS-CoV-2 diagnosis), Carter et al. estimated

12.5% contracted COVID-19 in hospital. This increased to 23.0% if diagnoses

made between 5 and 14 days of admission were included. Mortality in the nosoco-

mial patient group appeared comparable to those with likely community-acquired

infection (27.0% and 27.2%, respectively), despite the older age and higher frailty
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of these patients (229). In their primary analysis, nosocomial COVID-19 was asso-

ciated with a lower mortality rate (adjusted hazard ratio: 0.71; 95% CI: 0.51-0.98)

relative to community-acquired COVID-19, following adjustment for age, frailty,

and co-morbidities. This led the authors to conclude that in-hospital infection

was no worse than community-acquired SARS-CoV-2 infection, possibly because

prompt diagnosis allowed timely supportive care for nosocomial COVID-19. Ap-

plying a similar case de�nition, Taylor et al. ( 230) found probable nosocomial

cases represented 11.3% of con�rmed cases within a major London trust admitted

between 6th March to 12th April 2020; mortality was unreported in this study

(230). Importantly, both these reports preceded recognition of high-pro�le noso-

comial outbreaks across several UK hospitals reported in the public press (231).

Thus, reliable estimates of the true impact of hospital-acquired COVID-19 in-

fection remain hampered by a paucity of publicly-available data at national and

regional levels (232).

I set out to assess the relative burden of community- and nosocomial-acquired

SARS-CoV-2 infection, based on anonymised patient- and hospital-level data col-

lected via the National Pathway for Managing COVID-19 Infections in Secondary

Care in Wales initiative ( 14). My primary aim was to describe the number of in-

patient cases and mortality across the nation of Wales, in the context of probable

SARS-CoV-2 infection source. My secondary aim was to examine the signi�cance

of commonly used di�ering case de�nitions and statistical methodologies when

interpreting these �ndings. Together these �ndings suggest that mortality from

nosocomial infection may be higher than previously reported, emphasizing the im-

portance of infection control measures to protect vulnerable inpatient cohorts, and

directing prioritisation of pre- and post-exposure prophylactic measures.

3.4 Methods

3.4.1 Study design

Data were obtained as part of the National Pathway for Managing COVID-19 In-

fections in Secondary Care in Wales initiative (www.COVID-19hospitalguideline.

wales.nhs.uk ) led by Dr Simon Barry and supported by the Welsh Government,

described in detail (14). Brie
y, this constituted a national digital infrastructure
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Health Board Participating Hospital

Aneurin Bevan Health Board
Nevill Hall Hospital, Royal Gwent Hospital,

and Ysbyty Ystrad Fawr.

Betsi Cadwalladr Health Board
Glan Clwyd Hospital, Wrexham Maelor Hospital,

and Ysbyty Gwynedd.

Cardi� and Vale Health Board
University Hospital Llandough,

and University Hospital of Wales.

Cwm Taf Morgannwg Health Board
Prince Charles Hospital, Princess of Wales Hospital,

and Royal Glamorgan Hospital.

Hywel Dda Health Board
Bronglais Hospital, Glangwili General Hospital,

Prince Phillip Hospital, and Withybush General Hospital.

Swansea Bay Health Board
Morriston Hospital, Singleton Hospital,

and Neath Port Talbot Hospital.

Table 3.1: List of participating centres . All hospitals delivered urgent and emer-
gency care to patients diagnosed with COVID-19.

together with a dedicated implementation team tasked to summarise and dissem-

inate evidence-based clinical guidance to key decision makers in acute hospitals.

The guideline was implemented through a digital implementation framework de-

ploying facilitators to maximise guideline adoption, particularly targeting senior

clinical decision makers (Consultants) involved with the care of COVID-infected

patients across all six health boards in Wales. Patient- and site- level outcomes

were collected by medical teams at each site through the use of a standardised on-

line data collection tool, in order to support guideline development and subsequent

quality improvement and audit cycles. A study lead was identi�ed for each hospital

in Wales, who coordinated data collection. All 18 major hospitals in Wales that ad-

mitted patients through emergency departments or medical assessment units were

included (Table 3.1). The Strengthening the Reporting of Observational Studies

in Epidemiology (STROBE) guideline for reporting observational studies was used

to structure reporting ( 205).

3.4.2 Participants

Positive SARS-CoV-2 RT-PCR results recorded between 1st March 2020 and 1st

July 2020 with a record of hospital admission were obtained by Dr Christopher

Williams (Public Health Wales), and used to identify patients for retrospective

notes review information by local clinical teams. Consequently, health care workers

and outpatients were excluded, unless they required admission.
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3.4.3 Data collection

Demographic variables with prognostic signi�cance were collected as mandatory

data �elds for the index admission using an online tool including: date of posi-

tive RT-PCR swab collection, dates of admission and discharge (when complete),

patient age, sex, co-morbidity count, and outcome (death or discharge). Supple-

mentary �elds were also collected, as described in the text.

3.4.4 Bias

Notes were selected randomly by site audit/record departments, to minimise po-

tential for systematic selection bias prior to data entry.

3.4.5 Data handling

An anonymised and de-duplicated data-set was supplied by the Institute for Clin-

ical Science and Technology (Professor Chris Davies and Mr Gareth Davies) for

further analysis in November 2020 containing 2594 individual records. As part of

the data anonymisation process, post-codes related to admission were converted

into Welsh Index of Multiple Deprivation (WIMD) based on the published 2019

index. This is the o�cial measure of relative deprivation for Wales, and ranks

all small areas in Wales from 1 (most deprived) to 1,909 (least deprived) (233).

On 28th April 2021, the Institute for Clinical Science and Technology provided

a corrected data set following their identi�cation of 10 additional duplicates. All

analyses described here are conducted using this �nalised data set.

3.4.6 Outcomes

The primary outcome for analysis was descriptive in nature, with comparison of

all-cause mortality rate and cohort demographics based upon the probable origin of

SARS-CoV-2 infection (Table 3.2). Secondary analyses based on time to discharge

or death were also investigated.
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Case de�nition Probable COVID-19 origin

COPE study investigators
( 229 )

Positive SARS-CoV-2 test taken prior to or within �rst 5 days of admission Community-acquired COVID-19 (\CAC")
Positive SARS-CoV-2 test taken between 5-14 days after admission Probable community-acquired
Positive SARS-CoV-2 test taken more than 14 days after hospital admission
(patient required to remain an inpatient on date of swab sampling)

Hospital-acquired/ nosocomial (\NC")

Public Health England Positive SARS-CoV-2 test taken after 7 days of hospital admission Probable nosocomial COVID-19

Public Health Wales

Positive SARS-CoV-2 test taken and no hospital admission within 28 days
or within 2 days of hospital admission Community onset

Positive SARS-CoV-2 test taken more than 2 days and less than 8 days
from hospital admission Indeterminate hospital onset

Positive SARS-CoV-2 test taken more than 7 days
and less than 15 days from hospital admission Probable hospital onset

Positive SARS-CoV-2 test taken more than 14 days from hospital admission De�nite hospital-onset

Table 3.2: Commonly used case de�nitions for probable COVID-19 origin .
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3.4.7 Missing data

Missing data were included in tables and descriptive analyses, allowing denomi-

nators to remain consistent in calculations. Imputation of missing data was not

performed.

3.4.8 Quantitative variables

Frailty was assessed using the pre-admission Clinical Frailty Scale (CFS), as rec-

ommended by the National Institute for Clinical Excellence (NICE) ( 234). For

the purposes of the analyses, CFS scores were grouped into clinically meaning-

ful groups: 1-4, 5{6, and 7{9; higher values correspond to increasing levels of

pre-admission frailty. Welsh Index of Multiple of Deprivation (WIMD) was evalu-

ated by quartile data published alongside the WIMD rank by the Welsh Index of

Deprivation tool ( 233).

3.4.9 Statistical methods

Baseline demographic and clinical characteristics assessed at admission were grouped

by outcome and probable infection origin, based on a) clinician-recorded case def-

inition, or b) standardised case de�nitions (Table 3.2). Continuous variables are

presented as median (inter-quartile range, IQR) and categorical variables as n

(percent, %), unless otherwise stated. Time-to-event data were analysed using cu-

mulative incidence curves, acknowledging the competing risk of death or discharge.

I used time in hospital following a COVID-19 diagnosis as a standard measure to

avoid introducing survivorship bias, de�ning day 0 of the at-risk period as the

most recent of either admission date or SARS-CoV-2 diagnostic testing.

Sensitivity analyses were performed to assess the e�ect of varying the clinical case

de�nition for nosocomial-acquired infection, and to minimise potential bias asso-

ciated with commonly-used case de�nitions (Table 3.2). Statistical signi�cance

testing was performed according to the data encountered: for univariate analy-

sis of categorical data, such as sex, Fisher's exact or chi-square testing was per-

formed, comparing observed numbers for nosocomial-acquired cases with numbers

predicted by the ratio within the community-acquired sub-group. For continuous

data, unpaired t-test (also known as \Welch's") was performed if the assumptions



Chapter 3 45

of normality were met, recognising unequal variances and/or unequal sample sizes

between the two samples populations; otherwise non-parametric Mann-Whitney

U tests were employed.

A random e�ect meta-analysis of the relative risk of in-hospital mortality for each

participating hospital site was performed using the metafor package in R. A ran-

dom e�ect model was selected over a �xed-e�ect, as it assumes the observed esti-

mates of mortality rate to vary across study sites because of both real di�erences

in the risk of death by site as well as chance sampling variability (235). The

I2 statistic was used to assess the degree of inconsistency across studies and is

provided with a 95% con�dence interval to support interpretation, in line with

best practice (236). Two-sided statistical signi�cance was set at p < 0:05. Addi-

tional data visualization was performed using the ggplot2 package. Analysis was

performed using GraphPad Prism (version 6.07) and R version 4.0.2 in RStudio

(Version 1.3.959, R Foundation, Vienna, Austria).

3.4.10 Research Permissions

This project constitutes the evaluation/audit arm of the National Pathway for

Managing COVID-19 Infections in Secondary Care in Wales and was approved

by Welsh Government. Information governance policies on data protection were

followed to record data securely at each site. Anonymised data handling and

storage was supported by The Institute of Clinical Science and Technology, Cardi�,

UK.

3.5 Results

3.5.1 Cohort description

A total of 6,005 SARS-CoV-2 positive PCR results were available from patients

with a linked hospital admission, taken between 1st March and 1st July 2020 in-

clusive, of which 4112 were individual cases. These were screened from which

clinical case information on 2,594 case records were inputted (Figure 3.1). Admis-

sion dates ranged from 25th March 2019, to 3rd July 2020, with the last recorded

discharge on 26th October 2020. A total of 76 individuals were excluded from
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the study after data screening due to missing primary data �elds. Reasons for

exclusion were: age< 18 years or not stated (n=27), admission date missing or in-

correctly entered (n=15), date of PCR diagnosis missing or outside of study period

(n=16), and discharge date incorrectly entered (n=3). In addition, 15 cases where

the �rst PCR result exceeded 31 days of admission or discharge were excluded.

This left 2,508 patients for analysis with complete case records for primary �elds,

representing approximately 63% of the total adult population hospitalised with

COVID-19 within the nation of Wales. For 10 of the 18 participating sites � 80%

coverage was achieved. As data were collected at point of death and discharge,

movement of patients between hospitals during their admission e.g. from acute

admission hospital to step-down rehabilitation hospital complicates interpretation

of individual hospital capture rates, summary data capture rates by health board

are presented in Table 3.3. Completeness of supplementary data �elds was more

varied, with WIMD score available in 95.1% of cases, admission source in 2,372

(93.8%), inpatient ceiling of care decisions in 1976 (78.2%), and CFS in 1,316 cases

(52.1%).

Admission features are summarised by outcome in Table 3.4. The cohort comprised

a relatively elderly population with a median age of 74 years (IQR 62.5-85.5;

range 19-99 years). Overall, more men (n= 1,363, 54.3%) than women (n=1,145,

45.7%) were admitted to hospital with a diagnosis of COVID-19. This trend

appeared reversed within the under 45 and over 85-year age groups (Table 3.5). A

deprivation gradient was also apparent, with individuals from the most-deprived

(lowest) WIMD quartile over-represented within admissions (31.1%) relative to

those in the least deprived quartile (18.7%, Chi-squared test:p � 0:0001).

Health board Data capture (%)
Health board 1 67.7%
Health board 2 15.7%
Health board 3 42.9%
Health board 4 85.8%
Health board 5 91.7%
Health board 6 89.9%

Table 3.3: Summary of data capture rates by health board
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