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Abstract 

 

Viruses are known to adapt to the constraints of the niche in which they find 

themselves. This leads to within-host adaptations, detected as nucleic acid base 

mutations, protein changes or epigenetic modification. These changes are driven by 

selection pressures which may be due to immune responses to the virus, drug 

treatment and requirement to exist in specific compartments within the host. 

 

Cerebrospinal fluid (CSF) escape and central nervous system (CNS) 

compartmentalisation are problems in HIV-1 that are not fully understood and have 

implications for HIV-1 treatment and cure. The true extent of this problem in 

subtype C HIV-1, which is responsible for the epidemic in Southern Africa is 

unknown. The prevalence of these were determined in a cohort of participants co-

infected with HIV-1 and cryptococcal meningitis. Following this, the phenotypic 

characteristics of CSF and plasma derived clones that may underly the mechanisms 

by which they adapt to the CNS were investigated. 

 

CSF escape was uncommon in this cross sectional study. Four participants 

underwent in-depth characterisation of the genomes in both the CSF and plasma. 

This revealed that 2 out of 4 of them had CNS compartmentalisation according to 

analyses of their phylogeny. The diversity of the CSF and plasma env genomes were 

different in these individuals and are most likely reflective of their unique within-

host selection pressures. All clones tested utilised the CCR5 co-receptor for viral 

entry with some evidence that CSF derived clones may have a higher affinity for the 
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CCR5 coreceptor and hence better adapted to infect CNS macrophage with low 

levels of CD4.   

 

An in-depth analysis of within-host evolution of SARS-CoV-2 in a chronic infection 

case was undertaken. Escape mutations were identified and their functional 

relevance were tested in infection and neutralisation experiments. Additionally, 

factors related to poor immune response to mRNA BNT162b2 SARS-CoV-2 vaccine 

were investigated.  

 

The findings revealed a dynamic shift in viral population in vivo that was likely 

driven by pressure from treatment with remdesivir and convalescent plasma. In vitro 

testing of emerging Spike mutants revealed that D796H mutation facilitated escape 

from neutralising antibodies but was accompanied by a reduction in infectivity. 

Meanwhile, △H69/V70 deletions had no impact on the neutralisation activity of 

convalescent plasma but increased the infectivity of the pseudotyped virus.  

 

Importantly older age i.e ≥80 years was a risk factor for lower Spike-specific 

antibody binding levels, lower neutralisation responses against Spike pseudotyped 

viruses and lower T cell interferon gamma (IFN𝛾) and IL-12 responses following the 

first dose of mRNA BNT162b2 vaccine. However, these poor responses were 

overcome by the second dose in all participants tested.   

 

These findings will contribute to our understanding of within-host viral evolution 

and have implications for patients care, vaccine and cure strategies. 
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Impact Statement 

 

The findings of the work presented herein provides important insights into within-

host evolution of two important pandemic viruses; HIV-1 and SARS-CoV-2. It 

investigates proposed hypotheses of the mechanisms underlying central nervous 

system escape of HIV-1 from immune control in subtype C HIV-1 participants co-

infected with cryptococcal meningitis. Important mutations in the Spike protein of 

SARS-CoV-2 that are functional adaptions, driving escape from antibody 

neutralisation are described. Suboptimal vaccine-elicited immune responses could 

also provide the optimal niche for selecting escape mutants, which may in the long-

term jeopardise the vaccine program’s efforts. Therefore, the findings from the study 

into determinants of poor immune responses to SARS-CoV-2 mRNA vaccines will 

potentially impact on public health strategies to bolster the vaccine program and 

target key groups in order to prevent vaccine resistant variants from emerging.  

 

These findings are of interest to the academic world because they ultimately teach us 

something about within-host adaptation of these RNA viruses and what selection 

pressures are in play in the host. They have implications for vaccine development 

and cure strategies. They are also of interest to clinicians because they may inform 

the use of antiviral interventions that could help manage patients better. Finally, they 

have wider implications for public health as they may inform our understanding of 

hotspots for emergence of variants that maybe more transmissible or pathogenic and 

could help prioritise where investment in efforts to reduce transmission should be 

directed. 
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PREFACE 

 

Two viruses in recent history have managed to successfully jump species and reach 

pandemic proportions – human immunodeficiency virus (HIV-1) in 1981 and severe 

acute respiratory syndrome coronavirus- 2 (SARS-CoV-2) in 2019. The adaptation 

of these viruses to humans and what makes them highly transmissible and 

pathogenic viruses is a remarkable story. This thesis focuses on within-host 

adaptations that makes these viruses successful in evading the host immune system 

and establishing prolonged infection. It also examines the heterogeneity in vaccine 

responses, focusing on the impact of age on the adaptive immune response to SARS-

CoV-2 vaccination with the Pfzier BNT162b2 vaccine. 

 

Some of the research undertaken during the course of this PhD and presented in this 

thesis have been published in peer-reviewed journals and are listed below. 

 

Some of the research presented was done in collaboration with other scientists and 

clinicians and where this is the case, it is acknowledged in the methods and figure 

legends. However, I have only presented work where the conception, experimental 

plan and interpretation of the data were my own. 
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CHAPTER 1: BACKGROUND AND INTRODUCTION 

 

PART 1 

 

1.1 The HIV-1 pandemic 

 

The first clinical cases of Acquired Immunodeficiency Syndrome (AIDS) caused by 

HIV-1 were published as a case series in 1981. Affecting men who have sex with 

men (MSM) who presented with opportunistic pneumocystis pneumonia (PCP) 

caused by Pneumocystis jirovecii (Centers for Disease 1981). The virus was first  

isolated from a lymph node of a patient with pre-AIDS by Montagnier and Barre-

Sinoussi in 1983 (Barre-Sinoussi et al. 1983). Archived samples tested for HIV-1 

showed that the virus was present in the central Africa from as early as 1959-ZR59 

and 1960- DRC60 (Worobey et al. 2008). HIV-1 originated as a zoonotic infection 

that became a human virus. Urine and feacal samples from chimpanzees (Pan 

Troglodytes troglodytes) in central Africa were tested in the 1980s and revealed the 

presence of simian immunodeficiency virus (SIVcpz) (Sharp and Hahn 2011), which 

is pathogenic in the natural host. Like HIV-1, it is transmitted sexually, vertically in 

utero and via blood contamination. Sequencing of SIVcpz and the pandemic HIV-1 

subgroup M, showed a common ancestor (D'Arc et al. 2015).   

 

The “cut hunter” hypothesis is proposed as the index case for HIV-1 whereby a 

hunter was exposed to the bodily fluids of a chimpanzee whilst hunting and 

butchering it (Pepin 2011).  However, others propose more complex interactions 

with non-human primates that predate colonial incursions into Africa involving 
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agricultural expansion, keeping primates as pets and the extraction of natural 

resources from the Sangha basin forest (Rupp et al. 2016).  Colonialism, population 

explosion and global development has seen the movement of large numbers of 

people from rural to urban areas and will have undoubtedly accelerated the spread of 

HIV-1 in Kinshasa, Democratic republic of Congo.  In these urban areas, it is 

hypothesised HIV-1 was spread by sexual transmission and probably unhealthy 

medical practices such as using non-sterile equipment (Pepin 2011; Hogan et al. 

2016). The global spread of HIV-1 was facilitated by the colonisation of Africa and 

the return of foreign nationals to their home countries. For example, french speaking 

doctors from Haiti arrived back to Haiti in the 1960s having been infected in DRC. 

Archival samples have examined the genomes from Africa and Haiti and shown that 

the Haitian sequence is the ancestor to the USA HIV-1 sequences (Worobey et al. 

2016).  

 

Currently, 38 million people are living with HIV/AIDS of which 26 million are 

receiving antiretroviral treatment (ART) (UNAIDS 2020). Since the rollout of ART 

the incidence of HIV-associated mortality has fallen dramatically but still, it was 

estimated at 690 000 in 2019 (UNAIDS 2020). HIV-1 is treated by a combination of 

ART with a view to suppressing the virus replication to the point where it cannot be 

detected by standard diagnostic RT-PCR assays. The classes of drugs available to 

treat HIV-1 currently in clinical use are detailed in Table 1.1. 
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Drug Class Action 

Nucleotide/side reverse 

transcription inhibitor 

Competitive inhibitor of viral nucleic acid. Drugs 

lack a 3’-OH and act as chain terminators when 

they are incorporated into elongating viral DNA by 

RT 

Non-nucleotide reverse 

transcription inhibitors 

Allosteric inhibition of RT. The binding pocket is 

located ∼10 Å from the polymerase active site 

Protease Inhibitors Competitive inhibitors of the protease enzyme. 

Bind at the catalytic site of the protease enzyme 

with high affinity thus blocking activity 

Integrase strand transfer 

inhibitors 

Selectively inhibit strand transfer that integrates the 

proviral DNA into the host’s genome 

Entry Inhibitors 

• Fusion inhibitors 

 

 

• CCR5 co-receptor 

antagonist 

 

Peptide mimetics of HR2. Selectively inhibit the 

function of gp41  

 

Allosteric inhibitors of CCR5 

 

Table 1.1 HIV antiretroviral drug classes and mechanism of action.  

RT; reverse transcriptase, dNTP; deoxynucleotide triphosphate, CCD; catalytic core 

domain, CTD; C-terminal domain, NRTI; nucleotide/side reverse transcription 

inhibitor, NNRTI; non-nucleotide reverse transcription inhibitor, PI; protease 

inhibitor, INSTI; integrase strand transfer inhibitor, HR1; heptad repeat 1, HR2; 

heptad repeat 2, gp; glycopeptide, CCR5- β-chemokine receptor. (World Health 

Organisation 2018) 
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1.2 Human immunodeficiency Virus-1 Life Cycle 

 

HIV-1 is a single stranded positive RNA lentivirus, which is part of the Retroviridae 

family. HIV-1 is 100nm in diameter. The HIV-1 genome consists of two identical 

single-stranded RNA molecules which encodes for the Gag (Group specific antigen), 

Pol (Polymerase) and Env (Envelope) structural proteins as well as non-structural 

proteins including Vif (Viral infectivity factor), Vpr (Viral protein R), Vpu (Viral 

protein U), Tat (Trans-activator of transcription), Rev (Regulator of virion 

expression) and Nef (Negative regulatory factor) (Figure 1.1). 

 

 

 

Figure 1.1 HIV-1 genome map.  

Structural and non-structural proteins are encoded by the labelled genes. LTR- long 

terminal repeats, p17-matrix, p24 capsid, p2- spacer peptide 1, p7- nucleocapsid, p1-

spacer peptide 2, p6- p6 subunit, prot- protease, P51 RT- reverse transcriptase, P15- 

RNaseH domain, gp- glycoprotein. Adapted from source: Thomas Splettstoesser 

(www.scistyle.com), CC BY-SA 3.0  
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1.2.1 HIV-1 attachment and Entry 

 

The HIV-1 life cycle begins with the attachment of the HIV-1 particle to the host cell 

receptor (Figure 1.2). The viral membrane is studded with Envelope (Env) proteins, 

which interacts with T cell CD4 receptors. This is then followed by interaction with 

a co-receptor, which maybe a β-chemokine receptor (CCR5) or an ⍺-chemokine 

receptor (CXCR4) (Figure 1.3). HIV-1 Env protein consists of trimers gp41 and 

gp120 subunits. Gp120 is responsible for virion attachment to target cells via the 

CD4 receptor, while gp41 mediates fusion between the virus and host cell 

membranes (Merk and Subramaniam 2013). 
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Figure 1.2 HIV-1 life cycle. 

Adapted from source: Jmarchn https://commons.wikimedia.org/wiki/File:HIV-

replication-cycle-en.svg  CC-BY-SA 3.0 Unported. 

 

The trimer surface unit gp120 binds to CD4 from which a phenylalanine at position 

43 protrudes which is essential for binding with gp120 (Kwong et al. 1998). Binding 

of gp120 to CD4 leads to structural rearrangements that expose the co-receptor 

binding sites and secondary binding to the coreceptor occurs (Dragic et al. 1996). 

Next the fusion peptide (FP) in the C-Terminal domain of gp41 flips over and inserts 

into the cell membrane. The protein then hairpins in order to bring the membranes 

together.  

 

 

Figure 1.3. HIV-1 envelope binding. HIV-1 gp120 (blue and yellow cartoon) in 

complex with CD4 (gray spheres) and CCR5 (green cylinders). The V3 loop of 

gp120 of is shown in yellow. Determined using cryo-electron microscopy by Shaik 
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et al. (2019). Source: Collier et al. Brain Sci. 2018, 8, 190; 

doi:10.3390/brainsci8100190. 

 

 

The importance of CCR5 co-receptor in HIV-1 entry is underlined by the fact that 

CCR5-delta 32 mutation protects against HIV-1 infection and two patients with 

exclusively CCR5 co-receptor using HIV-1 who received a bone marrow transplant 

from a donor with homozygous CCR5-delta 32 deletion following bone marrow 

ablative chemotherapy and were cured of HIV-1 (Gupta et al. 2019; Hütter et al. 

2009). 

 

 

1.2.2 Reverse Transcription 

 

Within the viral particle is a conical shaped capsid within which reverse transcription 

of the viral RNA into DNA occurs. Following plasma fusion, the capsid is thought to 

remain intact in order to protect the viral genetic material from triggering hosts toll-

like receptors (TLRs) or pattern recognition receptors (PRRs) and eliciting an innate 

immune response to HIV-1 (Figure 1.2) (Jacques et al. 2016). The capsid moves 

through the host cell cytoplasm and recruits microtubules to reach the nucleus 

(Sodeik, Ebersold, and Helenius 1997) where it docks at a nuclear pore (Jacques et 

al. 2016). 

 

The HIV-1 particle contains its own reverse transcriptase (RT) that has two 

enzymatic activities; 1) DNA polymerase enzyme which reverse transcribes viral 
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RNA into DNA, 2) RNase H that cleaves RNA in complex with RNA or DNA. It is 

a heterodimer consisting of 2 subunits; p66 and p51 (Figure 1.4). The p51 subunit is 

identical to p66 except for the presence of RNaseH in p66. The fingers, palm, thumb, 

connection, and RNase H subdomains of p66 together with the connection and 

thumb subdomains of p51 form the nucleic-acid binding cleft or binding pocket. The 

process of reverse transcription is described in Figure 1.5 and results in double 

stranded DNA that will become integrated into the host DNA.  

 

 

 

Figure 1.4. Structure of HIV-1 reverse transcriptase. The p66 subunits are 

labelled and p51 subunit is shown as grey spheres. N-terminal domain (dark blue), 

C-terminal domain (light green). Bound to AZT (grey) and ATM (AZT/DNA 
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complex; black). The nucleic-acid binding cleft (enlarged image) shows the labelled 

NRTI drug resistant mutation site as spheres. A divalent Mg2+ is shown in the 

polymerase active site. AZT; zidovudine, ATM; 3'-azido-3'-deoxythymidine-5'-

monophosphate, NRTI- nucleoside/tide reverse transcription inhibitors. Determined 

by X-ray crystallography by Das et al 2012; PDC ID: 5U1C(Das et al. 2012).  

Source: Collier et al. Brain Sci. 2018, 8, 190; doi:10.3390/brainsci8100190. 
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Figure 1.5. HIV-1 reverse transcription.  

1) Initiation of negative (-) strand synthesis: the cellular Lysine tRNA (tRNAlys) 

binds to the primer binding site (PBS) in 5` end of the LTR and polymerase 
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initiates transcription until the (-) strong stop is produced. The RNA template 

that has been transcribed is broken down by RNaseH.  

2) First strand transfer: the (-) strong stop contains an R sequence which is 

complementary to the R on the 3` end of the RNA template and will continue 

to copy the RNA in a 3` to 5` direction, including the PBS. The template 

RNA apart from the polypurine tract (PPT) is degraded by RNAaseH as 

polymerisation continues. 

3)  Positive (+) strand synthesis: complementary DNA strand synthesis is 

primed at the PPT and proceeds in the 5` to 3` direction. It copies the primer 

site of the bound tRNA to produce the (+) strong stop DNA, complementary 

to the PBS on the (-) stand DNA. The tRNA and PPT are degraded by 

RNaseH. 

4) Second strand transfer: (+) strand synthesis continues from the (+) strong 

stop in the 5` to 3` direction all the way to the end of the (-) strand. 

5) Strand displacement synthesis: RT extends the 3` end of the (-) strand DNA 

to the end of the (+) stand to include U3 at the 5` end.  

Adapted from source: Alan Cann: Principles of molecular virology. Amsterdam: 

Elsevier Academic Press, 2005, p. 93 ISBN 0-12-088787-8.; en:Reverse 

transcription entry in 

Wikipedia.https://creativecommons.org/licenses/by/3.0/deed.en 
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1.2.3 Integration  

 

Double stranded retroviral DNA integrates into the host genome. Integrated viral 

DNA is called proviral DNA. This process is catalysed by HIV-1 integrase which 

has 2 enzymatic functions 1) strand transfer (ST) which integrates the proviral DNA 

into the host’s DNA (Pommier, Johnson, and Marchand 2005) and 2) 3ʹ -end 

processing (3ʹEP) which removes two nucleotides from the 3' at both ends of HIV-1 

DNA. The enzyme is encoded by the pol gene and is cleaved from the pol 

polyprotein by HIV-1 protease enzyme (Figure 1.1). It is a tetramer and has 3 

domains: 1) N-terminal domain (NTD), 2) the catalytic core domain (CCD and 3) 

the C-terminal domain (CTD), which is the DNA binding site (Lodi et al. 1995) 

(Figure 1.6).  

 

Integrase binds other proteins and cofactors to facilitate the integration of the HIV-1 

DNA into the host genome. Lens epithelium-derived growth factor (LEDGF) binds 

integrase and chromosomal DNA at nucleosomes, which tethers the HIV-1 DNA to 

sites of active transcription (Ciuffi et al. 2005). The proviral DNA hijacks the host 

transcription machinery to synthesize many copies of viral mRNA by RNA 

polymerase II. These mRNAs are subsequently translated into viral proteins.  
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Figure 1.6. Structure of HIV-1 integrase strand transfer complex.  

N-terminal domain (dark blue), C-terminal domain (light green), catalytic core 

domain (cyan), DNA strands (grey and black wires).  Residues associated with 

integrase inhibitor resistance mutations are labelled (coloured spheres). Determined 

by cryo-electron microscopy by Passos et al 2017; PDB ID: 5U1C(Passos et al. 

2017). Source Collier et al. Brain Sci. 2018, 8, 190; doi:10.3390/brainsci8100190. 
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1.2.4 Transcription and mRNA processing 

 

Following integration into the host genome at transcriptionally active sites, HIV-1 

gene expression is facilitated by a highly regulated process that co-opts the host’s 

replication machinery. In the LTR of the provirus is a transcriptional control region 

that contains two NF𝜅B binding sites between nucleotides −104 and −180, which are 

important HIV-1 transcription enhancers (Kwon et al. 1998).  Also within this region 

are promoters essential for both basal and Tat trans-activation. It consists of a TATA 

box, which is a largely conserved region of DNA sequences across HIV-1 subtype 

that binds TATA binding proteins and is important for RNA synthesis (Montano, 

Nixon, and Essex 1998) and a transcription initiation site to which the  trans-

activation response element (TAR) is connected. TAR is a RNA stem loop structure 

to which the trans-activator protein Tat binds in order to increase the frequency of 

full length transcripts (Berkhout, Silverman, and Jeang 1989). Tat also directly 

interacts with the cellular cofactor positive transcription elongation factor b (P-

TEFb) which results in phosphorylation of RNA polymerase II and mRNA 

elongation (Mancebo et al. 1997). 

 

Transcription generates multiply spliced as well as unsliced transcripts which 

includes the full-length HIV-1 genomic RNA. A spliced mRNA that encodes Rev, a 

nuclear export protein, is exported out of the nucleus. It is translated and then re-

enters the nucleus where it binds to the rev response element (RRE) at the 3` end of 

the viral genome (Rausch and Le Grice 2015). This complex is recognised by 

cellular export machinery and allows export of the whole viral genome into the 
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cytoplasm where two copies of RNA dimerise and form a stable RNA structure that 

will be packaged into virus particles (Moore and Hu 2009).  

 

 

1.2.5 Assembly and packaging 

 

Translation of the HIV-1 protein precursor proteins occurs on ribosomal RNAs in 

the cytoplasm. Polyprotein precursors Gag and Gagpol are made in a 20:1 ratio 

(Shehu-Xhilaga, Crowe, and Mak 2001). The matrix subunit of Gag has a 

hydrophobic sequence that is myristoylated, forming a lipid residue that directs Gag 

to the plasma membrane. The Nucleocapsid of the Gag precursor protein interacts 

with Psi packaging signal that directs the two genomic RNA molecules into the 

forming virus particle (Sundquist and Kräusslich 2012). As the internal structures are 

assembled along the plasma membrane budding occurs simultaneously with the help 

of the cellular ESCRT (Endosomal sorting complexes required for transport) 

proteins by interaction between the p6 submit of Gag and proteins of the ESCRT 

pathway such as ALIX (Bieniasz 2009). After release from the host cell, ordered 

cleavage of gag results in mature infectious virus ready to infect another host cell 

(Fun et al. 2012).  
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1.3 Within-Host adaptations 

 

1.3.1 Inherent viral diversity 

 

HIV-1 is highly diverse. There are 4 groups – M, N, O, P. HIV-1 main group M is 

responsible for the global pandemic. It consists of 9 subtypes (A, B , C, D, F, G, H, J 

and K), 6 sub-subtypes (A1-A4 and F1 and F2) and multiple circulating recombinant 

forms (CRF) and unique recombinant forms (URF) (Los Alamos HIV Sequence 

Database).  

 

Evolution of the virus is driven by the need to evade host immunity. This is 

facilitated by a high replication rate (1010 virions generated per day in an individual), 

which is error prone, resulting in one mutation for every 105 nucleotides copied 

(Mansky and Temin 1995). In addition, reverse transcription has no proof-reading 

mechanism and a high recombination rate serves to increase quasispecies diversity 

(Song et al. 2018). Consequently, HIV-1 has vast genetic diversity within and 

between individuals (Kearney et al. 2009). Depending on the quality of ART 

suppression, genetic diversity maybe broader in the presence of ART compared to 

drug naïve individuals (Haddad et al. 2000).  

 

 

1.3.2 The host environment 

 

HIV-1 has mechanisms to evade the host innate immune response and avoid 

induction of Interferon gamma (IFN𝛾) (Rasaiyaah et al. 2013). This has probably 
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facilitated its success as a pandemic virus. In addition, within-host evolution occurs. 

There is a constant co-evolutionary race between the virus- to escape the adaptive 

immune response and the host- to match the viruses antigenic evolution. The 

adaptive immune response includes HIV-specific CD8+ cytotoxic T-lymphocytes 

(CTLs) that clear infected T cells (Walker et al. 1987). This exerts an intense 

selection pressure on the viral population, leading to CTL escape mutants (Borrow et 

al. 1997). These are observed in targeted CTL Gag and Env-specific epitopes 

(Borrow et al. 1997; Deng et al. 2015; Walker et al. 1987).   

 

The viral Env protein is the target of the humoral adaptive response to HIV-1 

(Burton and Mascola 2015). A changing landscape of the Env protein has been 

described whereby the Env epitopes continually evolves to avoid neutralisation by 

antibodies (Wu, Wang, et al. 2012). In addition, Env residues acquire N-linked 

glycosylation which serve to shield the virus from antibody recognition (Wei et al. 

2003).  

 

Finally, HIV-1 may evolve in host with certain class I histocompatibility-linked 

leukocyte antigen (HLA) alleles such as HLA B57 and B27, which confer protection 

or a better prognosis once exposed to HIV-1 by promoting CTL mediated clearance 

of infected cells (Gao et al. 2005; Kaslow et al. 1996). This has been associated with 

CTL escape mutants and interestingly, these alleles are over-represented in elite 

controllers (Merindol et al. 2018; Migueles et al. 2000).  
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Some have argued that these evolutionary adaptation are “short-sighted” because 

although they adapt the virus to chronic infection within a host, they are a 

disadvantage to onward transmission (Lythgoe et al. 2017). 

 

 

1.3.3 Latent reservoirs 

 

Cellular and anatomical compartmental reservoirs of latent HIV-1 have been 

described. It is estimated that 1 in 103 resting CD4+ T cells harbours HIV-1 provirus 

(Bruner et al. 2016) and there is persistence of 10% of infected cells during ART 

(Besson et al. 2014). Different populations of HIV-1 have been identified in cellular 

compartments including memory, naive CD4 T cells and CD14 monocytes (Delobel 

et al. 2005). Long-lived cells such as neurons and macrophages in anatomical 

compartments such as the CNS, male genital tract and gut, may harbour replication 

competent HIV-1 (Collier et al. 2018; Ganor et al. 2019). Proviral DNA may lie 

dormant in these cells and reactivate at a later time (Sigal and Baltimore 2012). 

Furthermore, viruses in these anatomical reservoirs may undergo low-level 

replication and continue to replenish the compartment and the peripheral blood 

(Lorenzo-Redondo, Fryer, Bedford, Kim, Archer, Kosakovsky Pond, et al. 2016).  

 

HIV-1 can also adapt to its cellular tropism to replicate in different cell types and 

anatomical compartments. This evolution may involve a change in chemokine co-

receptor used i.e. CCR5 to CXCR4 shift, or a change from R5-T cell tropism to R5-

macrophage tropism (Arrildt et al. 2015). Macrophages in the central nervous system 

(CNS) have lower levels of CD4 and are targeted by R5-Mac-tropic HIV-1 which 
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has adapted to infect cells with low levels of CD4 (Joseph et al. 2015). Macrophages 

can become highly permissive to HIV-1 by the deactivation of the restriction factor-

SAMHD1 following G0 to G1 transition (Mlcochova et al. 2017).  

 

The inherent diversity of HIV-1 and the dynamic virus and host co-evolution has 

implications for the persistence of HIV-1 particularly in latent reservoirs such as the 

CNS. 

 

 

1.4 CNS replication and HIV-1 

 

Since the rollout of ART, along with a reduction in HIV-associated mortality, the 

incidence of HIV-associated central nervous system (CNS) pathology has fallen 

(Sacktor et al. 2001). However, HIV-associated neurocognitive disorder (HAND) 

remains a problem, with a prevalence of up to 50% in ARV treated patients in 

Europe and USA (Heaton et al. 2010; Heaton et al. 2011; Simioni et al. 2010). Table 

1.2 shows the 3 subclasses of HAND in order of the severity of neurocognitive 

impairment (NCI).  

 

 

Table 1.2. Diagnostic criteria for HIV-associated neurocognitive disorder.  
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According to the Frascati diagnostic criteria. ADLs; activities of daily living. SD; 

standard deviation. Source- Collier et al. Brain Sci. 2018, 8, 190; 

doi:10.3390/brainsci8100190. 

 

 

It is thought that HIV-1 entry to the CNS is facilitated by loss of the integrity of the 

blood brain barrier (BBB) early in HIV-1 infection. HIV-1 ingresses as free particles 

or within activated CD4 central memory T cell or monocytes. The CNS viral 

reservoir is then maintained by clonal expansion of latently infected T cells or low-

grade replication in macrophages (Sigal and Baltimore 2012), which may lead to an 

independently replicating population of HIV-1 viruses in the CNS compartment, 

distinct from the population in the peripheral circulating blood. This is known as 

CNS compartmentalisation. Due to inadequate ARV penetration into the CNS, the 

virus has the opportunity to sequester in the CNS and multiply (Joseph et al. 2019; 

Lorenzo-Redondo, Fryer, Bedford, Kim, Archer, Pond, et al. 2016). Following 

treatment interruption, resistant viruses may emerge in the CNS, amplifying this 

process (Canestri et al. 2010). The presence of replicating HIV-1 in the brain has 

been implicated in HIV-associated dementia (HAD); the most severe form of HAND 

and HIV-1 encephalitis (HIVE); a presentation of acute or subacute brain 

inflammation characterised by any of fever, headache, confusion, seizures or coma 

(Schnell et al. 2011; Filipowicz et al. 2016). Autopsy and living brain biopsy 

specimens from patients with HAD show positive p24 immunostaining in microglia 

and macrophages (Gray et al. 2013). In addition, HIV-1 isolates have been derived 

from brain biopsy specimen of participants with HAD (Gorry et al. 2001). Similarly 

in the animal models of HIVE and SIVE there is perivascular accumulation of gag 
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positive CD68 + and CD163+ macrophages in brain tissue (Filipowicz et al. 2016). 

CSF HIV-1 viral load (VL) correlates well with brain HIV-1 RNA levels (Gelman et 

al. 2013).  

 

HIV-1 is suppressed by ART in both the blood and the CNS. However, this does not 

happen in every treated individual and the occurrence of CSF escape/discordance is 

now recognised (Canestri et al. 2010). It remains uncertain whether independently 

replicating HIV-1 in the brain parenchyma and the proxy for this—the presence of 

HIV-1 virus in the cerebrospinal fluid (CSF), is responsible for NCI in the ART era. 

CSF discordance is defined as CSF viral load (VL) greater than 0.5 or 1log10 of the 

plasma VL and CSF escape is defined as any VL in the CSF above the limit of 

detection of the assay used (usually 40 copies/mL) when the VL in the plasma is 

undetectable by the same assay (Table 1.3). (Canestri et al. 2010; Peluso et al. 2012; 

Nightingale, Michael, et al. 2016). Although CSF HIV-1 VL does correlate well with 

brain HIV-1 RNA levels (Gelman et al. 2013), the causal relationship between CSF 

escape/discordance and HAND is unclear.   

 

 

Table 1.3: CSF escape and CSF discordance.  

* Depending on the limit of quantification of the assay used. Usually 40 copies/mL. 

VL; Viral Load. Source- Collier et al. Brain Sci. 2018, 8, 190; 

doi:10.3390/brainsci8100190. 
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1.5 Factors associated with HIV-1 neurotropism and neurovirulence 

 

It has long been established that different but related strains of HIV-1 can coexist in 

different tissues (Gorry et al. 2001; Koyanagi et al. 1987). These strains exhibit 

genetic and phenotypic differences. CSF derived virus- JRCSF obtained from a 

patient with AIDS encephalopathy was found to infect a mixture of brain derived 

cells (astrocytes 70%, oligodendrocytes 30% and some fibroblasts). JRFL derived 

from the frontal lobe on the other hand had cellular tropism for macrophage and 

monocytes (Koyanagi et al. 1987). However, the factors that determine HIV-1 

neurotropism are not well understand and there has been limited characterisation of 

this in HIV-1 subtype C viruses. 

 

 

1.5.1 HIV-1 subtype and CNS disease 

 

There is evidence to suggest that HIV-1 subtype may play a role in NCI. NCI has 

been associated with CRF_02AG when compared with subtype G in Nigeria (Royal 

et al. 2012). A greater risk of HAD was found in participants with subtype D virus 

compared to those with subtype A virus in Uganda (Sacktor et al. 2009). There is up 

to 35% variation within HIV-1 env across subtypes (Araujo and Almeida 2013). 

With the adaptive immune response against HIV-1 being mainly targeted at the 

envelope glycoprotein, inherent differences between HIV-1 env subtypes may play a 

role in HIV-1 neurotropism. It is therefore important to know if there are subtype 

dependent variations in the neurotropism and neurovirulence of HIV-1. 
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1.5.2 Cellular tropism  

 

More recent studies characterising the phenotypic properties of CSF derived viruses 

have correlated macrophage tropism with neurotropism with evidence of a tropism 

shift from R5-T cell tropism to R5-macrophage tropism (Arrildt et al. 2015; Gorry et 

al. 2001; Schnell et al. 2011). Microglial cells and other macrophages in the CNS 

have lower levels of CD4 and are the targets for R5-Macrophage-tropic HIV-1, 

adapted to infect cells with low levels of CD4 (Joseph et al. 2015). 

 

 

1.5.3 Coreceptor usage 

 

The role of coreceptor tropism in viral pathogenicity is complex. The transmitted 

founder viruses exclusively utilise CCR5 coreceptor. Traditionally a switch from 

CCR5 coreceptor use to CXCR4 heralded the onset of advanced HIV/clinical AIDs. 

This is supported by the association of dual-tropic- CXCR4/R5 viruses with lower 

CD4 counts (Wilkin et al. 2007; Moyle et al. 2005). This phenomenon appears to be 

subtype specific with up to 50% of subtype B HIV-1 infected individuals undergoing 

co-receptor switching. This is approximately 20% in HIV-1 subtype C (Cilliers et al. 

2003). A higher prevalence of CXCR4 variants is seen in subtype D compared with 

subtype A infected individuals (Huang et al. 2007). The prevalence of CXCR4 only 

using variants is less than 20% in most cohorts that have determined tropism using 

phenotypic assays (Moyle et al. 2005; Melby et al. 2006; Wilkin et al. 2007). In 

subtypes A and C progression of HIV-1 was accompanied by increased ability to 

utilise low levels of CCR5 and increased macrophage tropism. Neurotropism is also 



 50 

associated with an increased ability to use low level of CD4 and or CCR5. 

Therefore, it would seem that the relative affinity of the virus to CD4/CCR5 

receptors rather than a coreceptor switch is a better predictor of neurovirulence 

(Gorry et al. 2001; Gorry et al. 2002). 

 

One study examining coreceptor usage in patients co-infected with HIV-1 subtype C 

and Cryptococcal meningitis (CM), found a evidence of CXCR4 usage using 

computer predictive algorithms (Sojane et al. 2018). This may reflect advanced HIV-

1 infection or a higher prevalence of CXCR4 usage by CNS derived HIV-1 viruses. 

 

 

1.5.4 Drug resistant mutations  

 

CNS compartmentalisation has been shown (Liu et al. 2013; Schnell et al. 2011; 

Sturdevant et al. 2015; Stam et al. 2013), with greater genetic diversity of CSF 

escape viruses compared to plasma viruses according to phylogenetic analyses of 

pol/RT (Liu et al. 2013). Tong et al used deep sequencing to explore the range of 

minority resistance associated mutations in paired CSF and plasma and discovered 

mutations in CSF that were not identified by Sanger sequencing alone (Tong et al. 

2015). The evolution of resistance mutations is also seen in CSF viruses (Canestri et 

al. 2010; Mukerji et al. 2017; Nightingale, Geretti, et al. 2016; Beguelin et al. 2016). 

Peluso et al. found CSF viral resistance in patients in whom resistance genotyping 

was conducted; 6/7 had NRTI mutations, 5/7 patients had PI mutations and 2/7 

patients had NNRTI mutations (Peluso et al. 2012). In Mukherji’s study of the 

pooled cohort from CHARTER, NNTC and HNRC, the CSF escape cases were 



 51 

combined with all published CSF cases and showed that M184V/I mutations were 

detected more frequently in the CSF and plasma of patients with escape; 61% 

(34/56) and 30% (16/55) of samples respectively, compared to participants without 

escape, where it was only detected in 7% (3/43) of both CSF and plasma samples 

(Mukerji et al. 2018). APOBEC3F/G mediated hypermutation has been associated 

with compartmentalisation in CSF compared with peripheral blood mononuclear 

cells (PBMCs) and induced drug-resistant mutations in CSF; G73S in protease, 

M184V and M230I in reverse transcriptase (Fourati et al. 2014). 

 

 

1.5.5 Escape from antibody neutralisation  

 

Broadly neutralizing antibodies (bNAbs) targets 6 epitopes on the HIV-1 Env trimer- 

CD4 binding site, V2 apex, the V3 loop glycan patch, the membrane-proximal 

external region (MPER), the interface between the gp120 and gp41 subunits and 

‘silent face’ of gp120 (Sok and Burton 2018). HIV-1 viruses in the CNS and plasma 

may evolve in response to differential selection pressures from both cellular immune 

response and neutralizing antibodies (Nabs) (Pillai et al. 2006). The glycoprotein 

shield associated with some of these epitopes is a target for the humoral immune 

response. An evolving ‘glycan shield’ mechanism of neutralization escape has been 

described by Wei et al, whereby selected changes in envelope glycosylation density 

and position prevented NAbs from binding but not receptor binding (Wei et al. 

2003). Furthermore, over time the population of virus sensitive to neutralisation by 

autologous NAbs was replaced by neutralisation resistant virus. Viral escape through 
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mutation of the HIV-1 envelope glycoprotein (Env) maybe a means through which 

an independently replicating viral population can exist in the CNS. 

 

 

1.5.6 CNS co-infection 

 

Cryptococcal meningitis (CM) is an important AIDS defining illness and a leading 

cause of death in HIV-1 positive individuals in sub-Saharan Africa. It is uncertain to 

what extent opportunistic CNS infections such as CM increase the likelihood of 

HIV-1 CSF escape or discordance and to what extent persistent CNS HIV-1 impacts 

on the outcomes of CM. There is evidence of compartmentalised immune responses 

between CSF and blood in individuals with CNS infections such as TB meningitis 

(Christo et al. 2007) and CM (Chang et al. 2017), which may play a role in recruiting 

HIV-1 variants into the CNS, a phenomenon known as secondary CSF escape. 

However, it is unclear to what degree the HIV-1 variants in the CNS are an 

independently replicating/compartmentalised population or if they are intermixed 

with the plasma population as maybe the case due to BBB inflammation.  

 

 

1.6 Aims 

 

CNS compartmentalisation may lead to establishment of a long-lived viral reservoir 

in the CNS that may have different genotypic and phenotypic properties to the 

viruses in the periphery. This has implications for HIV-1 treatment, vaccine and cure 

strategies. The aim of the first part of thesis is therefore to investigate the factors that 
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determine HIV-1 subtype C CNS compartmentalisation in the context of CNS 

opportunistic infection/inflammation. 

 

Specific objectives/questions are: 

 

1 What is the prevalence of CNS compartmentalisation and what patient 

characteristics are associated with CSF compartmentalisation in the context 

of CM? 

2 What are the phylogenetic characteristics of paired CNS and plasma genomes 

of HIV-1 subtype C in the context of co-infection with CM? 

3 What are the phenotypic properties of HIV-1 clones isolated from the CNS? 
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PART 2 

 

2.1  Pandemic SARS-CoV-2  

 

SARS-CoV-2 emerged in 2019 as the causative agent of a severe acute pneumonia 

first reported in Wuhan China (Zhou et al. 2020). This novel agent was sequenced in 

January 2020 from a bronchoalveolar lavage sample and was identified as a novel 

virus of the Coronaviridae family (Wu et al. 2020). Coronaviruses that affect humans 

are zoonotic and many are thought to have originated in bats (Tao et al. 2017). 

SARS-CoV-2 is a Betacoronavirus and one of the seven coronaviruses that infect 

humans. SARS-CoV and MERS-CoV cause severe disease, whilst HKU1, NL63, 

OC43 and 229E are associated with mild seasonal colds (Corman et al. 2018). 

However only SARS-CoV-2 has caused a pandemic.  

 

The novel SARS-CoV-2 has 96% nucleotide identity with a bat coronavirus 

RaTG13, identified from a Rhinolophus affinis bat (Figure 2.1). However, the 

receptor binding domain (RBD) is where they diverge (Zhou et al. 2020). A related 

coronavirus found in Malayan pangolins (Manis javanica), is postulated to be the 

intermediary host. This is because SARS-like coronavirus found in pangolins have 

the 5 of the 6 amino acid changes in the RBD that are found in SARS-CoV-2 which 

enhances binding to their respective ACE2 (angiotensin converting enzyme-2) 

receptors (Andersen et al. 2020). Overall, SARS-CoV-2 is more closely related to 

the bat coronavirus (Figure 2.1) (Zhou et al. 2020). Also unique to SARS-CoV-2 is 

the insertion of a polybasic furin cleavage site between Spike subunits 1 and 2, 

which has been found to increase its infectivity (Xia et al. 2020). The acquisition of a 
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furin cleavage site in Influenza heamglutinninn also heralds an increase in 

infectivity, host range and pathogenicity of Influenza (Alexander and Brown 2009; 

Nao et al. 2017).  The furin cleavage site is also present in human coronavirus HKU1 

and MERS-CoV but absent in the sampled bat and pangolin coronaviruses 

(Andersen et al. 2020).  

 

 

 

Figure 2.1 Neighbour-joining phylogenetic tree based on nucleotide sequences 

of whole genome of coronaviruses. Neighbour-joining tree using HKY genetic 

distance model with 1000 bootstraps. pangolin, bat and sar-cov-2. each taxon is 

labelled by the genebank accession number.  

 

 

Like HIV-1, the emergence of SARS-CoV-2 has been brought about by the growth 

of the human population and expansion into the natural habitats of wild animals 
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(Jones et al. 2008). But unlike HIV-1 this emerging virus has impacted every single 

person on this planet. As of the 30th of April 2021 over 150 million cases of COVID-

19 (coronavirus disease 2019) and 3.2 million associated deaths have been reported 

globally (Dong, Du, and Gardner 2020).  

 

As yet there is no curative treatment for COVID-19. The treatments available 

continue to evolve during the pandemic as clinical trial evidence emerges. Many of 

the available drugs are directed at either mitigating or preventing the overwhelming 

systemic inflammation that is the hallmark of COVID-19 disease (Table 2.1).  

However, rapid advances have been made in the face of this global challenge and 

seven effective vaccines have been developed and are now being used globally in a 

bid to tackle this pandemic (Table 2.2). They all utilise the Spike protein antigen 

target. For the first time an mRNA vaccine has been approved for used to prevent a 

human infection (Abbasi 2020).  

 

 

 

 

 

 

 

 

 



 57 

 

Drug Drug Class Indication References 

Dexamethasone OR 

Hydrocortisone/prednisolone 

Corticosteroids  Requiring supplementary oxygen. 10-day course. (The RECOVERY 

Collaborative Group 2020) 

Remdesivir RNA-

dependent, 

RNA 

polymerase 

inhibitor  

 

Hospitalised and on supplemental oxygen but not 

on invasive mechanical ventilation. 5-day course. 

(Beigel et al. 2020; WHO 

Solidarity Trial Consortium 

2020; Wang et al. 2020) 

Tocilizumab 

 Or  

Sarilumab 

Interleukin-6 

inhibitor 

Completed a course of corticosteroids 

Require supplementary Oxygen and have a C-

reactive protein > 75 mg/litre OR 

Requiring invasive mechanical ventilation.  

(Horby et al. 2021; Salama 

et al. 2020; Gordon et al. 

2021) 

 

Baricitinib Janus Kinase 

inhibitor  

In combination with remdesivir 

For those require supplementary Oxygen OR 

Requiring invasive mechanical ventilation. 

(Kalil et al. 2020) 

Low molecular weight heparin 

 

Anticoagulant Likely to be hospitalised for at least 3 days and 

requiring supplementary oxygen 

(Tang et al. 2020; 

Zarychanski 2021) 
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14-day course or until discharge 

Non-invasive or invasive ventilation base 

decision of VTE vs bleeding risk adjust dose 

accordingly 

Bamlanivimab/etesevimab 

(LY-CoV555/ LY-CoV016 - Lilly) 

 

Casirivimab/imdevimab (REGN-

CoV2 - Regeneron) 

 

Monoclonal 

antibody 

cocktails 

Mild to moderate COVID-19 in high risk 

individuals in order to prevent severe COVID-19 

resulting in hospitalisation or death 

 

(Gottlieb et al. 2021; 

Weinreich et al. 2020) 

Convalescent plasma Neutralising 

antibodies 

High titre CCP for hospitalised patients with 

COVID-19 early in the course of hospitalisation 

 

(Simonovich et al. 2020; 

Libster et al. 2021) 

 

Table 2.1 Therapeutic options currently in use for managing COVID-19.  

RNA- ribonucleic acid; COVID-19 (coronavirus disease 2019). 
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Vaccine Platform Reference 

BNT162b2 (Pfzier 

BionTech) 

mRNA (Polack et al. 2020) 

mRNA-1273 SARS-

CoV-2 Vaccine 

(Moderna) 

mRNA (Baden et al. 2020) 

ChAdOx1 nCoV-19 

vaccine (AZD1222, 

AstraZeneca) 

Simian adenovirus 

vectored (ChAdOx1) 

(Voysey, Clemens, et al. 

2021) 

CoronaVac (Sinovac) Inactivated vaccines (Wu et al. 2021) 

Gam-COVID-Vac 

(Sputnik V) 

Recombinant adenovirus 

(rAd)-based vaccine 

(rAd26 and rAd5) 

(Logunov et al. 2021) 

NVX-CoV2373 

(Novovax) 

Adjuvanted recombinant 

protein- based 

nanoparticles 

(Novovax 2021) 

Janssen Ad26.COV2.S 

(Johnson &J) 

Adenovirus vectored 

vaccines 

(Sadoff et al. 2021) 

 

Table 2.2 COVID-19 vaccines and the molecular platforms currently in use.  

mRNA- messenger ribonucleic acid; COVID-19 (coronavirus disease 2019), rAd- 

recombinant adenovirus, ChAdOx-1- replication deficient simian adenovirus.  
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2.2  SARS-CoV-2 Life cycle 

 

SARS-CoV-2 is a positive single strand RNA virus. It has a large 30kb genome 

(Figure 2.2). Like all viruses SARS-CoV-2 is an obligate intracellular pathogen that 

has to replicate by co-opting the host cellular machinery. SARS-CoV-2 gains entry 

into the cell via interaction between the RBD in the Spike protein S1 subunit and the 

ACE2 receptor (Figure 2.3). Proteolytic cleavage by cellular surface protease 

TMPRSS2 leads to separation of the two functional units of the Spike protein and 

allows the S2 subunit to mediate membrane fusion (Jaimes, Millet, and Whittaker 

2020; Örd, Faustova, and Loog 2020). The virus particle may also gain entry by 

receptor mediated endocytosis. Acidification of endosomes leads to endosome 

activated cleavage by cathepsin, allowing insertion of the FP into the endosomal 

membrane (Jaimes, Millet, and Whittaker 2020; Örd, Faustova, and Loog 2020).  

 

 

 

Figure 2.2 SARS-CoV-2 Genome map.  

Structural and non-structural proteins are encoded by the labelled genes. The 

subunits and regions of the Spike gene are shown in the expanded S gene. NTD- N-

terminal domain; RBM- receptor binding motif; FP- fusion peptide; HR1- heptad 

repeat 1; HR2- heptad repeat 2; TM- transmembrane region; IC- intracellular 

domain.  



 61 

 

 

Translation of viral RNA into viral proteins and replication of the viral RNA occurs 

in the cytoplasm. ORF1a and 1b mRNAs at the 5` end of genome are translated 

immediately as they encode multiple non-structural proteins (nsp) involved in viral 

replication and transcription, including the exonuclease error reading enzyme 

(Shereen et al. 2020). This is then followed by replication of the viral genomic RNA 

for packing into viral particles and transcription of a nested set of subgenomic 

mRNAs. The discontinuous transcription of subgenomic mRNAs may result in 

recombination (V’kovski et al. 2021). The subgenomic mRNAs encode structural 

and accessory proteins from the 3` end of the genome and are translated in the 

cytoplasm. Viral assembly co-opts the host cell machinery, utilising cellular 

chaperones, transports systems and secretory pathways. Viral assembly occurs in the 

ER and transit to the ER-Golgi intermediate compartment where the genomic RNA 

in association with nucleocapsid are packed into the viral particles. They bud into the 

Golgi and are excreted from the host cell by exocytosis (Figure 2.3) (V’kovski et al. 

2021). 
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Figure 2.3 SARS-CoV-2 life cycle. ACE2- angiotensin converting enzyme- 2, ORF- 

open reading frame, ERGIC- endoplasmic reticulum- golgi intermediate 

compartment. Adapted from source: Vega Asensio - Own work, CC BY-SA 4.0, 

https://commons.wikimedia.org/w/index.php?curid=88682470 

 

 

2.3  Within-host adaptation 

 

Given that SARS-CoV-2 is a novel virus, knowledge about what co-evolution might 

occur between the virus and human host is limited. Natural selection probably drove 

the acquisition of the polybasic furin cleavage site, the amino acid changes in RBD 

(which enhance infectivity) and the acquisition of mucin-type O-linked glycosylation 

of some Spike residues (which may enhance immune evasion), making SARS-CoV-

2 well adapted to humans (Andersen et al. 2020). The fact that it is already so well 

adapted for human-to-human transmission may mean that it doesn’t need to adapt 
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much more. However, knowledge from other human coronaviruses has highlighted 

that within-host adaptation is to be expected. The original SARS-CoV acquired 

mutations between amino acids 442- 487 of the RBD that enhanced viral interactions 

with both human and civet ACE2 and resulted in increased infectivity (Wu, Peng, et 

al. 2012). Already, it is evident that SARS-CoV-2 is mutating and has the potential 

to adapt, impacting transmission (Davies, Abbott, et al. 2021; Volz et al. 2021) and 

vaccine response (Collier, De Marco, et al. 2021; Madhi et al. 2021). However, it 

remains uncertain if these adaptations are impacting the severity of disease and death 

rates (Davies, Jarvis, et al. 2021; Frampton et al. 2021).   

 

Compared with HIV-1  and Influenza viruses, the rate of evolution of SARS-CoV-2 

is slow, with a nucleotide substitution rate of 8.4x10-4 substitutions per site per year 

(Nextstrain 2021) compared with HIV-1 which ranges from 2.7 to 6.7x10-3 

substitutions per site per year (Leitner and Albert 1999) and Influenza A and B 

which ranges from 0.5 to 2.6x10-3 substitutions per site per year (Nobusawa and Sato 

2006). Although it is slowly evolving, any adaptation to humans will be shaped by 

constraints of the human niche, which includes natural immunity as more people 

become infected and develop an adaptive immune response to SARS-CoV-2 as well 

as vaccine-elicited responses. 

 

 

2.4  Host factors that determine immune responses to SARS-CoV-2 vaccines 

 

Vaccines are a key tool to controlling the COVID-19 pandemic. Many vaccines have 

shown promise in clinical trials and real-world setting (Table 2.2). However, 
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duration of protection is as yet unknown. mRNA vaccine had shown good efficacy 

in clinical trials after two doses, separated by a three or four week gap (Baden et al. 

2020; Polack et al. 2020). However, not many participants above the age of 80 years 

were included in the clinical trials despite being at greatest risk of severe disease and 

death (Docherty et al. 2020). Only twelve participants over 65 years were evaluated 

for neutralising responses in a BNT162b2 vaccine study (Walsh et al. 2020). It is 

therefore unknown what neutralising responses or efficacy will be in individual 

above the age of 80 years.  

 

Furthermore, the Joint Committee on Vaccination and Immunisation (JCVI) 

increased the dosing interval to 12 weeks in order to vaccinate a greater proportion 

of the population during a period of substantial transmission (Care 2021). Due to 

lack of clinical trial data it is unknown if the elderly would mount adequate and 

sustained immune responses in the intervening period between doses to offer 

sufficient protection from SARS-CoV-2. There is evidence from studies in mice that 

immune responses in ageing mice after one dose of ChAdOx1 nCoV-19 is limited 

but is restored to levels comparable to young mice after the second dose (Silva-

Cayetano et al. 2021).  

 

Ageing can impact responses in many ways including but not limited to reducing the 

magnitude of antibody response to vaccines (Wilkinson et al. 2017), shortening the  

persistence of antibody response (Powers and Belshe 1993), limiting the quality of 

antibodies via reduced affinity and breadth, limiting induction of CD4+/8+ T cell 

response (Westmeier et al. 2020) and limiting induction of effector memory 



 65 

(Gustafson et al. 2020). It is hypothesised that there will be age-related heterogeneity 

in immune response to SARS-CoV-2 vaccines.  

 

2.5  Aims 

 

The aims of the second part of this thesis are to: 

1) Search for escape mutations in SARS-CoV-2 in a participant who had a 

prolonged illness with COVID-19  

2) Characterise the functional importance of these escape mutations.  

3) Explore age-related heterogeneity in immune responses to the mRNA 

BNT162b2 vaccine. 
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CHAPTER 2: METHODS 

 

 

2.1  Section 1: HIV-1 viral escape and CNS compartmentalisation 

 

This is a cross-sectional study design nested within a multisite, open-label, phase III 

randomised control trial (RCT) called the Advancing Cryptococcal Meningitis 

Treatment for Africa (ACTA) trial(Molloy et al. 2018). Participants in this cross-

sectional study were selected from the study population recruited in Malawi. The 

study consists of Human immunodeficiency virus-1 (HIV-1) and Cryptococcal 

meningitis (CM) co-infected adults, who were older than18 years old, with bio-

banked paired cerebrospinal fluid (CSF) and plasma specimens. Exclusion criteria 

included CSF red blood cell count > 1000 cells/mm3 in order to decrease the risk of 

contamination of CSF with blood that may have occurred during CSF sampling and 

for those on ART, a duration of treatment of less than 6 months. 

 

 

2.1.1 Clinical Samples 

 

Samples from blood and CSF were obtained in most cases simultaneously and no 

more that 14 days apart in a few cases. The samples were centrifuged at 1300 x g for 

10 minutes and supernatant cryopreserved at −80 °C (Teunissen et al. 2011).   
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2.1.2 Viral load 

 

Viral load quantification was done by the University College London Hospital 

Virology Laboratory. RNA extraction was done on the Qiasymphony using the DSP 

Virus/Pathogen kit as per manufacturer’s protocols (Qiagen). Viral loads were 

quantified using the Panther (Hologic) and the Aptima HIV-1 viral load assay 

(United States). The limit of quantification is 30 copies/ml.  

 

 

2.1.3 Single genome amplification (SGA) 

 

The population of viruses in the CSF and blood compartments were sampled using 

SGA and sequencing of near full-length env. RNA extraction was done as previously 

described (Methods 2.1.2) cDNA was generated by reverse transcription using 

SuperScript IV (Thermofisher Scientific) and the env reverse primer- OFM19. 

Template RNA was degraded with RNAse H (Thermofisher Scientific). SGA 

involved serial dilution of cDNA template up to the point when less that 30% of 

wells in a 96 well plate was positive (Salazar-Gonzalez et al. 2008). This ensured 

that each positive well contains one amplifiable cDNA template greater than 80% of 

the time (Salazar-Gonzalez et al. 2008). Near full-length env was amplified using 

Platinum Taq DNA Polymerase High Fidelity (Invitrogen, Carlsbad, CA) in a 

nested PCR with the following primers (Table 2.1.1)  (Haaland et al. 2009; Keele et 

al. 2008). All products derived from cDNA dilutions yielding less than 30% PCR 

positivity were Sanger sequenced with sequencing primers covering env (Table 

2.1.1) (Sanger, Nicklen, and Coulson 1977). 
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Table 2.1.1. PCR primer used for single genome amplification of HIV-1 env.  

Numbering according to HXB2 reference sequence. 

 

 

First round primers Keele et al 2008 

Env5out (nt 5853–5877) TAGAGCCCTGGAAGCATCCAGGAAG 

OFM19 (nt 8913–8936) GCACTCAAGGCAAGCTTTATTGAGGCTTA 

Second round primers 1 Keele et al 2008 

Env5in (nt 5957–5983) caccTTAGGCATCTCCTATGGCAGGAAGAAG 

Env3in (nt 8904–8882) GTCTCGAGATACTGCTCCCACCC 

Second round primers 2 (nt 5,939 to 9,209) Haaland et al 2009 

Forward: EA1 CCTAGGCATTTCCTATGGCAGGAAGAAGC 

Reverse: EN1 TTGCCAATCAGGGAAGTAGCCTTGTGT 

Sequencing primers 

Forward: A_5allspl (nt 22-45) AAGAAGCGGAGACAGCGACGAAGA 

Reverse: B_179 (nt 601-626) CACATGGCTTTAGGCTTTGATCCCAT 

Forward:C_178 (nt 566-594) ATGGTAGAACAGATGCATGAGGATATAAT 

Reverse: D_180 (nt 1011-1041) TGAGTTGATACTACTGGCCTAATTCCATGTG 

Forward: E_V3Fin (nt 972-1007) GAACAGGACCATGTACAAATGTCAGCACAGTACAAT 

Reverse: F_mf169 (nt 1566-1586) TGATGGGAGGGGCATACAT 

Forward: G_181(nt 1520-1550) TGCAGAATAAAACAATTTATAAACATGTGGC 

Reverse: H_182 (nt 2165-2196) TGTATTAAGCTTGTGTAATTGTTAATTTCTCT 

Forward: J_mf159 (nt 2123-2150) CTGGAACAGATTTGGAATAACATGACCT 

Reverse: K_pr10 (nt 2833-2861) TTTTGACCACTTGCCACCCATCTTATAGC 
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2.1.4 Next generation sequencing (NGS) 

 

Short-read deep sequencing by Illumina MiSeq (Illumina, San Diego, CA, USA) was 

used to sequence the whole genome of viruses from CSF and plasma compartments 

(Gall et al. 2012). NGS and the bioinformatics quality control was performed by the 

diagnostic laboratory at University College London Hospital. As per the viral load 

testing protocol, nucleic acids were extracted from 230 μL of plasma using the 

Qiasymphony using the DSP Virus/Pathogen kit as per manufacturer’s protocols 

(Qiagen, Hilden, Germany) and amplified using in-house HIV-1 primer (gag-pol 

codons 691-3582, pol-int gag-pol codons 2696-5527, int-env [g120] gag-pol codons 

5518-7374). Library preparations were generated using the Nextera XT DNA 

Sample Preparation Kit (Bio Scientific, Texas, USA) and sequenced on the Illumina 

MiSeq platform.  Prior to assembly the reads were trimmed using Trimmomatic 

(version 0.38). The following parameters were used; 10 bases were trimmed from 

the leading and training ends, a sliding window of 4:30 was used and reads with less 

than 50 bases were deleted. Adaptors were removed using ILLUMINACLIP 2:10:7 

settings. The parameters used can be found here 

https://github.com/usadellab/Trimmomatic. Kraken2 was used to align reads to a 

database of genomes with viruses, bacteria and human. Everything that was non-

viral was removed (including human). Read assembly was done using the de novo 

Iterative Virus Assembler (Gupta-Wright et al. 2020). Following assembly, samples 

were aligned to a 99ZACM9, subtype C reference sample from South Africa 

(GenBank: AF411967) (Papathanasopoulos et al. 2002) using the MAFFT program 

(version 7). A consensus sequence was generated from the mapped reads.  
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2.1.5 Determination of compartmentalisation 

 

The primary outcome is central nervous system (CNS) compartmentalisation, which 

is defined as an independently replicating viral population in the CNS. This was 

determined by comparing HIV-1 genomes obtained from paired CSF and plasma 

samples using SGA. CNS compartmentalisation status was determined by three 

methods. 

 

1. Visual inspection: Maximum likelihood (ML) phylogenetic trees were 

produced from the SGA sequences and limited to sequences with no gaps. 

Env nucleic acid sequences were aligned in Geneious version 10. RaxmlGUI 

was used to construct the ML tree using general time reversible model with a 

gamma distribution (Edler et al. 2019). The phylogenetic reconstruction was 

repeated 1000 times by resampling from the dataset to provide the degree of 

confidence in the tree branches, i.e. 1000 bootstraps. This was presented as a 

proportion, and a proportion greater than 70% was deemed to provide good 

support for that branch. The ML trees were inspected for the presence of a 

population structure consistent with an independently replicating population 

in the CSF.  

 

2. Distance based methods: Wright’s FST was used. It compares the mean 

pairwise genetic distance between two sequences sampled from different 

compartments to the mean distance between sequences sampled from the 

same compartment. The closer the FST is to 1 the greater the likelihood of 

compartmentalisation. FST <0.05 indicates very little genetic difference 
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between compartments. Values > 0.15 show a significant amount of genetic 

difference and values >0.25 show a very high degree of genetic difference. 

Corrections were made for unequal character frequencies, A>G, C>T and 

transversional bias with the Tamura-Nei model, corrections were made for 

distance and for rate variation using a gamma distribution. A run of 10,000 

bootstrap replicates was done. 

 

3. Tree-based methods: Slatkin-Maddison (SM) determines the minimum 

number of migration events between the separated populations, consistent 

with the structure of the reconstructed phylogenetic tree. The more migration 

events needed to explain the distribution of sequences the less likely that 

there is compartmentalisation. A p-value <0.05 is indicative of significance. 

Simmons association index (AI) assesses the degree of population structure 

in the phylogenetic tree recursively, using a bootstrap sample. A value of 1 

implies that the population structures observed would be expected by chance 

whilst a value of 0 implies a strict genetic structuring by 

compartmentalisation. The tree-based methods were done using BaTS, which 

uses a posterior distribution of phylogenies from Bayesian MCMC analysis 

(Parker, Rambaut, and Pybus 2008). Given that compartmentalisation is an 

intra-host phenomenon, tree-based compartmentalisation analyses require at 

least 20 viral genomes in each compartment to consistently classify a 

compartment at compartmentalised (Zarate et al. 2007).  

 

The intra-host viral diversity was further explored using multidimension scaling 

(MDS). This allowed mapping of the relative distances between sequences in a 
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visual plot. Pairwise distances between all assembled SGA sequences were 

calculated using the dist.dna() package, with a TN93 nucleotide-nucleotide 

substitution matrix (Tamura & Nei, 1993) and with pairwise deletion using the R 

package Ape v.5.4 (Paradis et al., 2004). Multi-dimensional scaling (MDS) was 

implemented using the cmdscale() function with pairwise deletion in R v4.0.4. This a 

data reduction method akin to principle component analysis, which is intended to 

simplify complex data into a more interpretable format, by reducing dimensionality 

of data but retaining most of the variation. In a genomics context we can use this on 

pairwise distance matrices, where each dimension is a sequence with data points of 

n-1 sequences pairwise distance, converted to a vector which can be plotted on 2-

dimentional plot. This was done in collaboration with Dr Steven Kemp. 

 

 

2.1.6 Drug resistance 

 

Stanford HIV drug-resistance database was used to identify resistant mutations to 

non-nucleotide reverse transcriptase inhibitor (NNRTI), nucleotide(side) reverse 

transcriptase inhibitor (NRTI), protease inhibitor (PI) and integrase strand transfer 

inhibitors (INSTI) drugs (Shafer 2006). Minority variants were called at the 20% and 

5% levels.  
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2.1.7 Prediction of coreceptor usage 

 

Co-receptor usage was also determined genotypically by analysing the V3 loop 

sequences of each amplified virus with freely available computer predictive 

algorithms (CPAs), Geno2pheno (G2P) and Web position-specific scoring matrix 

(WebPSSM).  G2P was trained on a set of 1100 subtype B sequences with 

genotypic-phenotypic correlation and set at a false positive rate (FPR) of 2.5% 

(http://coreceptor.bioinf.mpi-inf.mpg.de/). PSSM uses the net charge as well as the 

amino acid at positions 11 and 25, if these are either an Arginine (R) or Lysine (K), 

the virus is more likely to be CXCR4 using. There are two matrices available, 

WebPSSM subtype C sinsi 

(https://indra.mullins.microbiol.washington.edu/webpssm) was used, which bases 

predictions on known syncytium-inducing phenotypes on the MT-2 cell line (Jensen 

et al. 2006). These tools predict the major coreceptor usage of env V3 sequences but 

are not optimized to discriminate between R5X4-tropic variants from X4-tropic 

variants. It is therefore necessary to use a phenotypic approach such as described 

above to differentiate between dual tropic R5X4/X4 and CXCR4 viruses.  

 

 

2.1.8 Phenotypic co-receptor usage 

 

2.1.8.1. Cells 

 

HEK293T cells and HeLa TZM-bl reporter cells were grown in Dulbecco's modified 
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Eagle's medium (DMEM; Gibco) supplemented with 10% fetal calf serum (FCS; 

Gibco) and 1% penicillin-streptomycin (10,000IU/ml, 10,000µg.ml) (Gibco). U87 

cells expressing either CCR5 or CXCR4 co-receptors were grown in DMEM (Gibco) 

supplemented with 10% FCS (Gibco), Puromycin 1ug/ml and Neomycin 100ug/ml. 

 

 

2.1.8.2. Clones 

 

HIV-1 Gp120 env from distinct viruses in the blood and CSF compartments obtained 

from SGA were cloned into a B41 psvIII envelope expression vector (Figure 2.1.1). 

An additional round of PCR was done on the SGA PCR products using the primers 

912 AATTGTGGGTCACAGTCTATTATGGGGTAC and 930 

ATATTTGTATAATTCACTTCTCCAATTGTCCCTCATATCT (6318 to 7690) 

with complementarity to the Kpn I and Mfe I restriction sites respectively.  The PCR 

product was cloned into a B41 psvIII envelope expression vector. B41 psvIII was 

restriction digested using restriction enzymes Kpn I and Mfe I (Neb biolabs). The 

digested vector was run on a 1% agarose gel and gel purified using Qiaquickgel 

extraction kit (Qiagen, Germany). The amplified gp120 env was cloned into the 

vector using NEBuilder® HiFi DNA Assembly Master Mix (Figure 2.1.2).  
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Figure 2.1.1. B41 psvIII envelope expression vector map. Donated by Dr Laura 

McCoy. 
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Figure 2.1.2.  HIV-1 Envelope genome map. Nucleic acid numbering 1 to 2,579 base pairs.  Indicating region in gp120 bound by primer 912 

and 930 in brown that is cloned into the B41 psVIII envelope expression vector.  SP- signal peptide; gp- glycopeptide; V-variable loop; FP- 

fusion peptide; TM- transmembrane domain; 912 and 930- forward and reverse cloning primers with the Kpn I and Mfe I restriction sites 

respectively.  
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2.1.8.3. Replication competent virus production 

 

A double transfection system was used to generate pseudotyped virus using the 

cloned env vector and the pNL4-3-Env Luc packaging vector, which contains a 

luciferase reporter gene (Figure 2.1.3). This was done in the containment level 3 

(CL3) laboratory. 1x106 HEK 293T cells were plated in a 6 well plate in 2ml of 

DMEM supplemented with 10% FCS, 1% 10,000 units penicillin and 1% 10 000 

µg/mL Streptomycin.  In a separate tube, 200ng of the participant derived Env 

cloned into the envelope expression vector and 400ng of the packing vector were 

added to 33µl of Optimen. 2µl of Fugene HD transfection reagent was added and left 

to incubate for 20mins. The HEK293Ts were transfected with this plasmid mixture 

and the produced pseudotyped viruses were harvested 48 hours later and stored at -

80oC. Pseudotyped viruses with the Env of dual tropic WEAU-d15.410.787, CXCR4 

using HXB2 and CCR5 using JRSCF were created and used as controls. The bald 

packaging vectors were used as negative controls.  
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Figure 2.1.3. HIV-1 NL4-3 ΔEnv Vpr Luciferase Reporter Vector (pNL4-

3.Luc.R-E-) Map. Source NIH-AIDS Reagent Program, Catalog #3418 Donated by 

Dr Nathaniel Landau.  

 

 

2.1.8.4. Non-replication competent virus production 

 

A triple transfection system was used to generate the pseudotyped virus using the 

cloned env vector, p8.91 Luc packaging vector and pCSFLW containing a luciferase 

reporter gene. This was done in the containment level 2 (CL2) laboratory. 1x106 

HEK293T cells were plated in a 6 well plate in 2ml of DMEM supplemented with 

10% FCS and 10,000 units penicillin and 10 mg streptomycin/mL. In a separate 

tube, 300ng of the participant derived Env cloned into the envelope expression 

vector, 300ng of the packing vector and 500ng of the luciferase reporter vector were 
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added to 70µl of Optimen. 6µl of Fugene HD transfection reagent was added and left 

to incubate for 20mins. The HEK293Ts were transfected with this plasmid mixture 

and the produced pseudotyped viruses were harvested 48 hours later and stored at -

80oC. Pseudotyped viruses with the Env of dual tropic WEAU-d15.410.787, CXCR4 

using HXB2 and CCR5 using JRSCF were created and used as controls. The bald 

packaging vectors were used as negative controls.  

 

 

2.1.8.5. Standardisation of virus input by tissue culture infectious dose (TCID) 

 

The TCID was determined in a single round infectivity assay by titration of the 

pseudotyped viruses on target cells- U87 cells expressing either CCR5 or CXCR4 

co-receptor. The relative light units (RLU) of infection was determined using the 

Steady-Glo Luciferase assay system (Promega). The dilution of virus that gave a 

RLU of 500 000 RLU was used in further experiments.  

 

 

2.1.8.6. Normalisation of viral input by SYBR Green-based product-enhanced PCR 

assay (SG-PERT) 

 

In addition, virus input was normalised for reverse transcriptase (RT) activity in the 

virus supernatant as measured by qPCR. Ten-fold dilutions of virus supernatant were 

lysed for 10 minutes at room temperature in a 1:1 ratio in a 2x lysis solution containing 

100mM Tris-HCL buffered to pH7.4, 50mM KCl, 0.25% Triton X-100, 40% glycerol, 

RNase inhibitor 0.8 U/ml. 12µl of each lysate was added to 13µl of a master mix 
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containing SYBR Green master mix (Qiagen), 0.5µM of MS2-RNA foward and 

reverse primers, 3.5pmol/ml of MS2-RNA, and 0.125U/µl of Ribolock RNAse 

inhibitor. Thermocycling was performed in a QuantStudio. RT activity was 

determined from the amount of transcription of a fixed concentration of MS2 RNA 

bacteriophage in each sample relative to a known standard of HIV-1 RT (Merck).  

 

 

2.1.8.7. Co-receptor usage phenotypic assay 

 

Co-receptor usage was determined by infecting 1x104 U87 cells expressing either 

CCR5 or CXCR4 co-receptors in 96 well plates with these pseudotyped viruses in 

serial dilution(Gupta et al. 2019). Entry efficiency was measured 48 hours later by a 

luciferase readout of RLUs of the lysed infected cells using Steady glo lysis buffer 

and substrate. Pseudotyped viruses with the Env of dual tropic WEAU-d15.410.787, 

X4 using HXB2 and R5 using JRSCF were created and used as controls and the bald 

packaging vectors were used as negative controls.  

 

CCR5 or CXCR4 coreceptor usage was confirmed by treating target cells in the co-

receptor assay with co-receptor antagonists AMD-3100 800nM to block CXCR4-

mediated entry and TAK-779 400nM to block CCR5-mediated entry prior to 

infection. The drugs were a kind donation from Dr Clare Jolly, UCL. 
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2.1.9 Neutralisation 

 

Compartmentalised cellular and immune responses in the CNS and plasma 

compartments may exert differential pressure on viruses in either compartment, 

leading to viral escape. Since epitopes on the HIV-1 envelope are the main target for 

humoral immune response(Sok and Burton 2018), variation in Env can occur due to 

selection pressure that render them better adapted to one compartment versus 

another. The neutralisation activity of 4 HIV-1 broadly neutralising (bnAbs) were 

tested against participant derived Env pseudotyped viruses. The 4 bnAbs were 

PGT121 and PGT128 (targeting the high mannose patch), VRC01 (CD4 binding site 

blocker) and PG9 (targeting the apex). Anti-dengue serotype 3 antibody was used as 

the negative control. This assay was done in collaboration with Dr Laura McCoy, 

UCL.  

 

A single round virus neutralisation assays were performed on HeLa TZMBLs cells. 

HeLa TZM-bl reporter cells were grown in Dulbecco's modified Eagle's medium 

(DMEM; Gibco) supplemented with 10% fetal calf serum (FCS; Gibco) and 

penicillin-streptomycin (50 μg/ml) (Gibco). 10 μg/ml DEAE-Dextran (Sigma) was 

added to cell prior to infection. Participant derived Env pseudotyped viruses were 

produced as previously described in a CL3 laboratory. A double transfection system 

with packaging vector psG3-∆Env (Figure 2.1.4) and the participant derived Env 

plasmids, pseudotyped viruses were created. Envelope pseudotyped virus do not 

contain a luciferase gene but contain tat which will induce luciferase expression in 

TZM-bl cells. These pseudotyped viruses were incubated with serial dilution of 

bnAbs for 1h at 37˚C. Virus and cell only controls were also included. Then, freshly 
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trypsinized Hela TZM-bl cells under tat-regulation were added to each well. 

Following 48h incubation in a 5% CO2 environment at 37°C, the luminescence was 

measured using Steady-Glo Luciferase assay system (Promega).  

 

 

 

 

 

Figure 2.1.4. pSG3 ΔEnv Vector Map. Source NIH-AIDS Reagent Program, 

Catalog #1105. Donated by Drs. John C. Kappes and Xiaoyun Wu.  
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2.1.10 Statistical Methods 

 

Descriptive analyses of clinical and demographic data are presented as median and 

interquartile range (IQR) when continuous and as frequency and proportion (%) 

when categorical. The difference in continuous and categorical data were tested 

using Wilcoxon rank sum and Chi-square test respectively.  A sample size of 42 is 

required to determine the prevalence of CNS compartmentalisation with a power of 

80% and risk of type I error of 0.05.  

 

Neutralisation activity was calculated relative to virus only controls. Dilution curves 

were presented as a mean neutralisation with standard error of the mean (SEM). The 

inhibitory concentration 50 (IC50)- the concentration of bnAbs at which 50% 

infection was inhibited was calculated in Prism version 9. The IC50 within groups 

were summarised as a geometric mean titre (GMT) and statistical comparison 

between groups were made with Mann-Whitney for unpaired data or Wilxocon 

ranked sign test for paired data. Statistical analyses were conducted using Stata 

version 13 and Prism version 9.  

 

 

2.1.11 Ethical approval 

 

Ethical approval for the ACTA trial was obtained from the London School of 

Hygiene and Tropical Medicine Research Ethics Committee- reference 8854 and the 

University of Malawi College of Medicine Research Ethics Committee- reference 

ISRCTN45035509 and all participants gave their written informed consent. 
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2.2  Section 2: SARS-CoV-2 Escape from Convalescent Plasma 

 

This was an in-depth case-study of in vivo escape of SARS-CoV-2 from neutralising 

antibodies in an immunocompromised participant with prolonged shedding of 

SARS-CoV-2. 

 

 

2.2.1 Clinical Sample Collection  

 

Twenty-three samples from the upper airway- nose and throat swabs and lower 

airway-endotracheal aspirates were collected at various time points over 101 days of 

illness. Day 1 was the day on which the first SARS-CoV-2 PCR positive swab result 

was obtained.   

 

 

2.2.2 Viral load/Cycle threshold (CT) 

 

Viral load quantification was done by the Public Health England Clinical 

Microbiology. RNA extraction from 500µl of sample and was done on the easyMAG 

platform (Biomerieux, Marcy-l'Étoile) as per manufacturer’s instructions. CT values 

were determined in one-step RT q-PCR assay quantified using a Rotorgene™ PCR 

instrument (Meredith et al. 2020). Samples with a CT values of ≤36 was considered 

positive.  
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2.2.3 SARS-CoV-2 binding antibody levels  

 

Serology was done by the Department of Clinical Biochemistry and Immunology, 

Addenbrooke’s Hospital, Cambridge, UK by multiplex particle-based flow cytometry 

(Luminex, Netherlands) (Xiong et al. 2020). Carboxylated beads were first activated 

to generate amine-reactive forms according to manufacturer’s instructions (Themo 

Fisher Scientific). They were then covalently coupled to recombinant SARS-CoV-2 

Nucleocapsid (N), Spike (S) and receptor binding domain (RBD) proteins to form a 

3-plex assay. The beads were washed and then blocked for non-specific binding with 

a blocking buffer (containing 1% BSA, 10 mM PBS, and 0.05% NaN3). They were 

then incubated with the participant’s sera at a dilution of 1 in 100 for 1 hour at room 

temperature in a 96-well plate, washed 3 times with washing buffer (containing 10 

mM PBS and 0.05% Tween 20) and then incubated for 30 minutes with a PE-labeled 

anti–human IgG -Fc antibody (Leinco/Biotrend). The plates were read on a Luminex 

analyzer (Luminex / R&D Systems) using Exponent Software V31. Specific binding 

was reported as mean fluorescence intensity (MFI). Negative controls were unexposed 

healthy controls with pre-pandemic biobanked sera and positive controls were PCR 

positive COVID-19 cases.  

 

 

2.2.4 Convalescent plasma for antibody titres 

 

400ul sample of the 3 units of convalescent plasma (CP) administered to the 

participant was obtained from the NHS Blood and Transplant Service. The titres of 

anti- SARS-CoV-2 IgG was determined by NHS Blood and Transplant Service using 
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an indirect ELISA based assay- Euroimmun (Medizinische Labordiagnostika). 

Diluted CP was incubated with recombinant Spike 1 (S1) protein of SARS-CoV-2. 

The bound IgG antibody was detected by addition of an enzyme-labelled anti-human 

IgG antibody which catalyses a colour reaction. The ratio of optical extinction of the 

sample over that of a calibrator is determined. According to the manufacturer’s 

instruction a ratio < 0.8 is negative, ratio ≥0.8 to <1.1 is borderline and ratio ≥1.1 is 

positive (https://www.fda.gov/media/137609/download) 

 

 

2.2.5 Whole blood T cell and innate stimulation assay 

 

This was done by the Department of Clinical Biochemistry and Immunology, 

Addenbrooke’s Hospital, Cambridge, UK. Whole blood cytokine levels of IFN𝛾, 

TNF⍺, interleukin (IL) -1β, -2, -6, -10 and -17 were measured by multiplexed particle-

based flow cytometry (Bio-Plex, Bio-Rad, UK) using a custom kit (R&D Systems, 

UK). T cell stimulation was done with phytohemagglutinin (PHA; 10 μg/ml; Sigma-

Aldrich), or co-stimulating with anti-CD3 (MEM57, Abcam, 200 ng/ml) and IL-2 

(Immunotools, 1430U/ml) or Phorbol 12-myristate 13-acetate/ionomycin, 

(PMA/IONO) and innate stimulation with lipopolysaccharide (LPS; 1 μg/ml, List 

Biochemicals). Supernatants were taken 24 hours after stimulation. Cytokines levels 

in pg/ml were measured by on a Luminex analyzer. The matched participant serum 

from the same time point was a negative control, run in parallel to account for any 

background cytokines released in the blood and a healthy donor samples were run in 

parallel as a positive control. 
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2.2.6 Next generation sequencing (NGS) 

 

2.2.6.1 Long-read NGS 

 

RNA extraction was done on the easyMAG platform (Biomerieux, Marcy-l'Étoile) 

as per manufacturer’s instructions. Long-read NGS was done using MinION flow 

cells v.9.4.1 (Oxford Nanopore Technologies) by The COVID-19 Genomics UK 

Consortium (COG-UK; https://www.cogconsortium.uk/). The ARTICnetwork V3 

protocol was used (https://dx.doi.org/10.17504/protocols.io.bbmuik6w). The 

bioinformatics was done using the ARTICnetwork curated reference-based assembly 

pipeline with minimum coverage of 20 times across the whole genome 

(https://artic.network/ncov-2019/ncov2019-bioinformatics-sop.html) (Loman, Rowe, 

and Rambaut 2020). 

 

Phylogenetic analyses were done in collaboration with Dr Steven Kemp. All available 

full-genome SARS-CoV-2 sequences were downloaded from the GISAID database 

(http://gisaid.org/)(Shu and McCauley 2017) on the 22nd of April 2021. Low-coverage 

sequences were excluded. Sequences were re-aligned to the Wuhan-Hu-1 reference 

sequence using MAFFT v7.475 using the --keeplength and --addfragments options. 

Sequences were deduplicated and a random subset of 487 global sequences (from 56 

countries) were obtained using seqtk (https://github.com/lh3/seqtk). To this, 239 

randomly subsampled sequences were added from the UK, including England, Wales, 

Scotland and Ireland. Finally, the reference sequence MN908947.3, 20 sequences 

from the participant and 21 local sequences (to the hospital) were added to a multiple 

sequence alignment for a total of 768 sequences. Major SARS-CoV-2 lineage was 
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determined using Phylogenetic Assignment Of Named Global Outbreak Lineages 

(pangolin) (Rambaut et al. 2020).   

  

A maximum-likelihood phylogeny was inferred using IQTREE v2.13 using the -fast 

option.  (Minh et al. 2020). Evolutionary model selection for trees were inferred using 

ModelFinder (Kalyaanamoorthy et al. 2017) and trees were estimated using the 

GTR+F+I model with 1000 bootstrap replicates (Minh, Nguyen, and von Haeseler 

2013). Trees were viewed with Figtree v.1.4.4 

(http://tree.bio.ed.ac.uk/software/figtree/), rooted on GenBank: MN908947.3 SARS-

CoV-2 reference sequence.   

 

 

2.2.6.2 Short-read NGS 

 

In addition, 20 of the 23 samples underwent short-read NGS using Illumina MiSeq 

(Illumina, San Diego, CA, USA) and was done by the Department of Pathology, 

University of Cambridge. Library preparations were generated using the KAPA Hyper 

Prep kit (Roche) and sequenced on the Illumina MiSeq platform using a Miseq Nano 

v2 with 2x 250 paired-end sequencing. Bioinformatics processing involved removal 

of poor quality reads, removal of adaptors and trimming the reads with TrimGalore 

v0.6.6 (Martin 2011). Trimmed paired-end reads were mapped to the GenBank: 

MN908947.3 SARS-CoV-2 reference sequence using MiniMap2-2.17 (Li 2018). 

BAM files were indexed with samtools v1.11 and PCR optical duplicates removed 

using Picard (http://broadinstitute.github.io/picard). A consensus sequence was 

generated with minimum whole genome coverage of at least 20 times. BCFtools using 
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a 0% majority threshold was used for variant calling across the whole genome for the 

20 samples. All variants were validated using custom code in the AnCovMulti package 

written by Dr David Pollock (https://github.com/PollockLaboratory/AnCovMulti). 

From this output longitudinal mutation prevalence plots across the entire genome were 

constructed. 

 

Analyses of the cladal structure of the viral population in the 20 samples was done in 

collaboration with Dr Chris Illingworth. The SAMFIRE package 

(https://github.com/cjri/samfire/) was used to calculate distances between sequences 

using the distance metric (Lumby et al. 2020). It combines the allele frequencies across 

the entire genome. “Where L is the length of the genome, q(t) is 4 x L element vector 

describing the frequencies of each of the nucleotides A, C, G, and T at each locus in 

the genome sampled at time t. For any given locus i in the genome we calculate the 

change in allele frequencies between the times t1 and t2 via a generalisation of the 

Hamming distance, where the vertical lines indicate the absolute value of the 

difference. 

 

𝑑(𝑞𝑖(𝑡1), 𝑞𝑖(𝑡2)) =
1

2
∑ |𝑞𝑖

𝑎(𝑡1) − 𝑞𝑖
𝑎(𝑡2)|

𝑎∈{𝐴,𝐶,𝐺,𝑇}

 

 

 

𝐷(𝒒(𝑡1), 𝒒(𝑡2)) = ∑𝑑(𝑞𝑖(𝑡1), 𝑞𝑖(𝑡2))

𝑖

 

 

These statistics were then combined across the genome to generate the pairwise 

sequence distance metric” (Kemp et al. 2021). The median pairwise distances between 
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samples in different clades of the phylogenetic tree were calculated and the statistically 

tested with the Mann-Whitney test (Kemp et al. 2021).  

 

Long-read sequencing data have been deposited in the NCBI SRA database-  

BioProject PRJNA682013; accession codes SAMN16976824 - SAMN16976846 

(https://www.ncbi.nlm.nih.gov/bioproject/PRJNA682013). Short reads sequence data 

were deposited at https://github.com/Steven-Kemp/sequence_files. 

 

 

2.2.7 Single Genome Amplification (SGA) 

 

SGA of the spike gene was used as an independent method to detect mutations 

observed in 3 samples at different time points. Viral RNA extracts were obtained as 

previously described Methods 2.2.2) and were reverse transcribed using SuperScript 

IV (Thermofisher Scientific). and an “in-house” spike specific primer- CoVOuter-R. 

Template RNA was degraded with RNAse H (Thermofisher Scientific). Terminally 

diluted cDNA was used to amplify partial Spike (Spike amino acids 21- 800~ 1.8 kb) 

by nested PCR using Platinum Taq DNA Polymerase High Fidelity (Invitrogen, 

Carlsbad, CA). ‘In-house’ designed primers were used (Table 2.2.1) based on the 

participant’s consensus NGS sequences. All products derived from cDNA dilutions 

yielding less than 30% PCR positivity were Sanger sequenced with 8 in-house 

sequencing primers covering spike by Genewiz UK (Table 2.2.1). This meant that 

there was at least an 80% chance that each well contained a single genome. 

Sequences were manually curated in DNA Dynamo software (Blue Tractor Software 

Ltd, UK). 

https://github.com/Steven-Kemp/sequence_files
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Table 2.2.1. PCR primer used for single genome amplification if SARS-CoV-2 

spike.  

 

 

 

 

 

 

 

 

First round primers  

CoVOuter-F AATGAAAATGGAACCATTACAGATGC 

CoVOuter-R ACCCGCTAACAGTGCAGAAG 

Second round primers  

CoVInner-F AAGTGTACGTTGAAATCCTTCACTG 

CoVInner-R AATGAGGTCTCTAGCAGCAA 

Sequencing primers 

Seq_F1 TCTTGTTTTATTGCCACTAGTCTCT 

Seq_R1 TGTTAGACTTCTCAGTGGAAGCA 

Seq _F2 ACCACAAAAACAACAAAAGTTGGA 

Seq_R2 CCCACATAATAAGCTGCAGCAC 

Seq_F3 GTGTACGTTGAAATCCTTCACTGT 

Seq_R3 TCCAAGCTATAACGCAGCCT 

Seq_F4 CTATCAGGCCGGTAGCACAC 

Seq_R4 ACACTGACACCACCAAAAGAAC 



 92 

2.2.8 Generation of Spike mutants 

 

Site directed mutagenesis (SDM) was used to introduce the following amino acid 

substitutions/deletions W64G, P330S, △ H69/V70 and D796H into the 

D614G pCDNA_SARS-CoV-2_Spike plasmid using the QuikChange Lightening 

Site-Directed Mutagenesis kit (Agilent Technologies, Inc., Santa Clara, CA) following 

the manufacturer’s instructions. Primers used were designed “in-house” (Table 2.2.2). 

 

 

Table 2.2.2.  Site directed mutagenesis primers.  

WT- wild type Spike pseudotyped virus, mutants; D796H- aspartic acid to histidine 

at Spike protein amino acid position 796, △H69/V70- histidine and valine deletion 

at Spike protein amino acid position 69 and 70 respectively, W64G- tryptophan to 

W64G 

W64G_FWD TTCAGCAACGTGACCGGGTTCCACGCCATCCACG 

W64G_REV CGTGGATGGCGTGGAACCCGGTCACGTTGCTGAA 

△H69/V70 

H69del-V70del_FWD CGTGACCTGGTTCCACGCCATCTCCGGCACCAATGGCACC 

H69del-V70del_REV GGTGCCATTGGTGCCGGAGATGGCGTGGAACCAGGTCACG 

P330S 

P330S_FWD CCATCGTGCGGTTCAGCAATATCACCAATCTGTGCCCC 

P330S_REV GGGGCACAGATTGGTGATATTGCTGAACCGCACGATGG 

D796H 

D796H_FWD CCCCTCCTATCAAGCATTTCGGCGGCTTCAATTTCAGCC 

D796H_REV GGCTGAAATTGAAGCCGCCGAAATGCTTGATAGGAGGGG 
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glycine at Spike protein amino acid position 64, P330S- proline to serine at Spike 

protein amino acid position 330. 

 

 

2.2.9 Spike pseudotyped virus preparation 

 

Wild type (WT) Spike and mutant pseudotyped virus was generated using a 

lentiviral triple transfection system. WT Spike was codon optimised, based on the 

Wuhan-1 sequence but bearing the aspartic acid to glycine change at amino acid 

position 614 of the Spike protein (D614G). The mutant Spikes pseudotyped viruses 

were D796H- aspartic acid to histidine at Spike protein amino acid position 796, 

△H69/V70- histidine and valine deletions at Spike protein amino acid position 69 

and 70 respectively, W64G- tryptophan to glycine at Spike protein amino acid 

position 64, P330S- proline to serine at Spike protein amino acid position 330. There 

were engineered singly or in pairs consisting of D796H+△H69/V70 or W64G+ 

P330S. Sequences were verified by Sanger sequencing. 

 

1x106 HEK 293T cells were seeded in a 10cm dish 24 hours prior. The cells were 

transfected with a triple plasmids system consisting of 1µg of the WT or mutant 

D614G pCDNA_SARS-CoV-2_Spike plasmid, 1ug of p8.91 lentiviral packaging 

plasmid and 1.5µg pCSFLW expressing the firefly luciferase reporter gene using 

11ul of Fugene HD transfection reagent (Promega). Supernatant was collected at 48 

hours after transfection, filtered through 0.45um filter and cryopreserved at -80˚C. 

The tissue culture infectious dose (TCID) of SARS-CoV-2 pseudotyped virus was 

determined by titrating the viruses on HEK293T cells which had been transiently 
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transfected with ACE2 and TMPRSS2. Infection of the target cells were readout as 

relative light units (RLU) on a luminometer using Steady-Glo Luciferase assay 

system (Promega).  

 

 

2.2.10 Normalisation of viral input by SYBR Green-based product-enhanced 

PCR assay (SG-PERT) 

 

Virus input was normalised for reverse transcriptase (RT) activity in the virus 

supernatant as measured by qPCR using. Ten-fold dilutions of virus supernatant were 

lysed for 10 minutes at room temperature in a 1:1 ratio in a 2x lysis solution containing 

100mM  Tris-HCL  buffered to pH7.4, 50mM KCl, 0.25% Triton X-100, 40% 

glycerol, RNase inhibitor 0.8 U/ml. 12µl of each lysate was added to 13µl of a master 

mix containing SYBR Green master mix (Qiagen), 0.5µM of MS2-RNA foward and 

reverse primers, 3.5pmol/ml of MS2-RNA, and 0.125U/µl of Ribolock RNAse 

inhibitor. Thermocycling was performed in a QuantStudio. RT activity was 

determined from the amount of transcription of a fixed concentration of MS2 RNA 

bacteriophage in each sample relative to a known standard of HIV-1 RT (Merck).  

 

 

2.2.11 Spike expression by Western blot 

 

Forty-eight hours after transfection of HEK 293T cells with the triple plasmid 

preparation, the culture supernatant was harvested and filtered through a 0.45-μm-

pore-size filter. The supernatant was centrifuged at 15,000 rpm for 120 min at 4˚C to 
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pellet virions. This was then lysed with Laemmli reducing buffer (100% glycerol, β-

mercaptoethanol, 1 M Tris-HCl [pH 6.8] SDS and bromophenol blue). The lysates 

were electrophoresed on SDS– 4 to 12% bis-Tris protein gels (Thermo Fisher 

Scientific) under reducing conditions. The protein bands were electroblotting onto 

polyvinylidene difluoride (PVDF) membranes, which were probed with anti-Spike 

(Invitrogen) and anti-p24 Gag (NIH AIDS reagents) antibodies. ChemiDoc MP 

imaging system (Biorad) was used for visualisation.  

 

 

2.2.12 Serum/plasma pseudotype neutralization assay 

 

Spike pseudotype assays have been shown to have similar characteristics as 

neutralisation testing using fully infectious wild type SARS-CoV-2 (Schmidt et al. 

2020). Serum neutralisation activity of CP and participant’s sera at time points 

preceding and following administration CP was measured in a single-round in vitro 

neutralisation assay. WT, △H69/V70+ D796H, W64G+ P330 and single mutant Spike 

pseudotyped virus were incubated with serial dilution of heat inactivated CP or 

participant’s serum samples in duplicate for 1h at 37˚C in a 96-well plate.  5x104 

HEK293T cells, transiently transfected with ACE2 and TMPRSS2 were added to each 

well. After 48 hours incubation in a 5% CO2 at 37°C, RLU was measured using 

Steady-Glo Luciferase assay system (Promega) (Mlcochova et al. 2020). Serum 

neutralisation curves were generated from which inhibitory dilution 50 (ID50) were 

determined. ID50 is the dilution of serum required to inhibit 50% of infection of a 

SARS-CoV-2 Spike pseudotyped virus in the assay. Human AB serum stored prior to 
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2019 was the negative control. Positive controls were sera from COVD-19 PCR 

positive cases.  

 

 

2.2.13 Structural Viewing 

 

The location of the four spike mutations of interest was mapped onto an uncleaved 

SARS-CoV-2 spike structure solved by cryo-electron-microscopy by Wrobel et al 

(PDB: 6ZGE) (Wrobel et al. 2020). The Pymol Molecular Graphics System v2.4.0 

(https://github.com/schrodinger/pymol-open-source/releases) was used.  

 

 

2.2.14 Ethics 

 

Ethics approval was granted by the East of England – Cambridge Central Research 

Ethics Committee (17/EE/0025). Written informed consent was obtained. Additional 

controls with COVID-19 were enrolled to the NIHR BioResource Centre Cambridge 

under ethics review board (17/EE/0025).  

 

 

 

 

 

 

 

https://github.com/schrodinger/pymol-open-source/releases
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2.3 Section 3: Age-related heterogeneity of SARS-CoV-2 mRNA vaccine-elicited 

responses 

 

2.3.1 Study Design 

 

This was a cohort study of participants receiving the mRNA BNT162b2 vaccine. 

Participants included members of the public receiving their vaccine at Addenbrookes 

Hospital, Cambridge and health care workers receiving the first dose of the vaccine.  

Participants had their first vaccine between the 14th of December 2020 to the 29th of 

January 2021. Initially the second dose was given 3 weeks after the first but during the 

course of the study the dosing interval was increased to 12 weeks.  Participants were 

consecutively recruited without exclusion. Participants were seen at least 3 weeks after 

receiving their first does and then followed up until 3 weeks after their second dose. 

Blood samples were collected at each visit. The exposure of interest was age, 

categorised into 2 exposure levels- < 80 and ≥ 80 years. The primary outcome was 

inadequate vaccine-elicited serum antibody neutralisation activity at least 3 weeks after 

the first dose. This was measured as the dilution of serum required to inhibit infection 

by 50% (ID50) in an in vitro neutralisation assay. An ID50 of 20 or below was deemed 

as inadequate neutralisation. Secondary outcomes included Spike-specific binding 

antibody responses and IFNγ and IL-2 T cell responses.  
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2.3.2 Sample size calculation 

 

The sample size was determined by assuming a risk ratio of non-neutralisation in the 

≥80 years group compared with <80 years group of 5. An alpha of 0.05 and power of 

90% was used. This estimated a sample size of 50 with a 1:1 ratio was required in each 

group.  

 

 

2.3.3 Clinical samples 

 

Blood samples collected included 10ml of serum sample, which was spun at 1000g for 

30 minutes, aliquoted and cryopreserved at -80oC and 20ml of whole blood from which 

peripheral blood mononuclear cells (PBMCs) were prepared using Lymphoprep 

density gradient centrifugation and cryopreserved at -80oC.   

 

 

2.3.4 Generation of pseudotyped viruses 

 

Wild type (WT) Spike lentiviral pseudotyped virus was generated in a triple 

transfection system. The WT was a codon optimised Spike, based on the Wuhan-1 

sequence but bearing the aspartic acid to glycine change at amino acid position 614 of 

the Spike protein (D614G).  

 

1x106 HEK293T cells were seeded in a 10cm dish 24 hours prior transfection. The 

cells were transfected with a triple plasmids system consisting of 1µg of the Spike 
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expression plasmid- pCDNA_SARS-CoV-2_Spike plasmid, 1ug of p8.91 lentiviral 

packaging plasmid and 1.5µg pCSFLW expressing the firefly luciferase reporter 

gene. 11ul of Fugene HD transfection reagent (Promega) was used. Supernatant was 

collected at 48 hours after transfection, filtered through 0.45um filter and 

cryopreserved at -80˚C. The tissue culture infectious dose (TCID) of SARS-CoV-2 

pseudotyped virus was determined by titrating the viruses on HEK 293T cells which 

had been transiently transfected with ACE2 and TMPRSS2. Infection of the target 

cells were readout as relative light units (RLU) on a luminometer using Steady-Glo 

Luciferase assay system (Promega).  

 

 

2.3.5 Neutralisation assays 

 

Serum neutralisation activity of vaccine-elicited sera was measured in a single-round 

in vitro neutralisation assay. WT Spike pseudotyped virus were incubated with serial 

dilution of heat inactivated participant’s serum following the first and second dose of 

mRNA BNT162b2 vaccine in duplicate for 1h at 37˚C in a 96- well plate.  5x104 HEK 

293T cells, transiently transfected with ACE2 and TMPRSS2 were added to each well. 

After 48hours incubation in a 5% CO2 at 37°C, RLU was measured using Steady-Glo 

Luciferase assay system (Promega) (Mlcochova et al. 2020). Serum neutralisation 

curves were generated from which inhibitory dilution 50 (ID50) were determined. 

ID50 is the dilution of serum required to inhibit 50% of infection of a SARS-CoV-2 

Spike pseudotyped virus in the assay. Human AB serum stored prior to 2019 was the 

negative control. Positive controls were sera from COVD-19 PCR positive cases. The 

cut off for 50% neutralisation was set at an ID50 of 1in 20. The ID50 within groups 
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were summarised as a geometric mean titre (GMT) and statistical comparison between 

groups were made with Mann-Whitney or Wilxocon ranked sign test for unpaired and 

paired analyses respectively.  

 

  

2.3.6 SARS-CoV-2 binding antibody levels  

 

Serology was done by the Department of Clinical Biochemistry and Immunology, 

Addenbrooke’s Hospital, Cambridge, UK by multiplex particle-based flow cytometry 

(Luminex, Netherlands) (Xiong et al. 2020). Carboxylated beads were first activated 

to generate amine-reactive forms according to manufacturer’s instructions (Themo 

Fisher Scientific). They were then covalently coupled to recombinant SARS-CoV-2 

Nucleocapsid (N), Spike (S) and receptor binding domain (RBD) proteins to form a 

3-plex assay. The beads were washed and then blocked for non-specific binding with 

a blocking buffer (containing 1% BSA, 10 mM PBS, and 0.05% NaN3). They were 

then incubated with the participant’s sera at a dilution of 1 in 100 for 1 hour at room 

temperature in a 96-well plate, washed 3 times with washing buffer (containing 10 

mM PBS and 0.05% Tween 20) and then incubated with incubated for 30 min with a 

PE-labeled anti–human IgG/IgA/IgM-Fc antibody (Leinco/Biotrend). The plates were 

read on a Luminex analyzer (Luminex / R&D Systems) using Exponent Software V31. 

Specific binding was reported as mean fluorescence intensity (MFI). Negative controls 

were unexposed healthy controls with pre-pandemic biobanked sera and positive 

controls were PCR positive COVID-19 cases.  
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2.3.7 CMV serology 

 

Human cytomegalovirus (HCMV) IgG levels were determined using an IgG 

enzyme-linked immunosorbent (EIA) assay, HCMV Captia (Trinity Biotech, Didcot, 

UK) following manufacturer’s instructions, on plasma samples. This was done in 

collaboration with Dr Mark Wills. 

 

 

2.3.8 T cell assays- IFNγ and IL2 FLUOROSPOT  

 

Frozen PBMCs were thawed and diluted into 10ml of TexMACS media (Miltenyi 

Biotech), centrifuged and resuspended in 10ml of fresh media with 10U/ml DNase 

(Benzonase, Merck-Millipore via Sigma-Aldrich). PBMCs were then incubated at 

37°C for 1h, followed by centrifugation and resuspension in fresh media 

supplemented with 5% Human AB serum (Sigma Aldrich) before being counted. 

PBMCs were stained with 2ul of LIVE/DEAD Fixable Far Red Dead Cell Stain Kit 

(Thermo Fisher Scientific) and live PBMC enumerated on the BD Accuri C6 flow 

cytometer.  

 

1.0 to 2.5 x 105 PBMCs were incubated in pre-coated FluoroSpotFLEX plates (anti 

IFNγ and IL2 capture antibodies Mabtech AB, Nacka Strand, Sweden)) in duplicate 

with either peptide mixes specific for Wuhan-1(QHD43416.1) Spike SARS-CoV-2 

protein (Miltenyi Biotech) or a mixture of peptides specific for Cytomegalovirus, 

Epstein Barr virus and Influenza virus (CEF+)  (final peptide concentration 

1µg/ml/peptide, Miltenyi Biotech) in addition to an unstimulated (media only) and 
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positive control mix (containing anti-CD3 (Mabtech AB) and Staphylococcus 

Enterotoxin B (SEB), (Sigma Aldrich)) at 37ºC in a humidified CO2 atmosphere for 

42 hours. The cells and medium were then decanted from the plate and the assay 

developed following the manufacturer’s instructions. Developed plates were read 

using an AID iSpot reader (Oxford Biosystems, Oxford, UK) and counted using AID 

EliSpot v7 software (Autoimmun Diagnostika GmbH, Strasberg, Germany). Peptide 

specific frequencies were calculated by subtracting for background cytokine specific 

spots (unstimulated control) and expressed as SFU/Million PBMC (Figure 2.3.1) 

(Collier, Ferreira, et al. 2021). This was done in collaboration with Dr Mark Wills. 

 

 

 

Figure 2.3.1: Schematic of the FlurospotTM assay. Courtesy of Dr Eleanor Lim. 

 

 

2.3.9 Statistical Analyses 

 

Descriptive analyses of demographic and clinical data are presented as frequency and 

proportion (%) when categorical and median and interquartile range (IQR) when 
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continuous. Test for significance included Wilcoxon rank sum for continuous variables 

and Chi-square test for categorical variables. Logistic regression was used to test the 

association between age and inadequate neutralisation by vaccine-elicited antibodies 

after the first dose of the BNT162b2 vaccine. The association was adjusted for the 

following confounders- sex and time interval from vaccination to sampling.  Linear 

regression was also used to test the association between age and log transformed ID50, 

binding antibody levels, antibody subclass levels and T cell response after dose 1 and 

dose 2 of the BNT162b2 vaccine. Bonferroni adjustment was made for multiple 

comparisons. The Pearson correlation coefficient was reported. Statistical analyses 

were done using Stata v13, Prism v9 and R (version 3.5.1). 

 

 

2.3.10 Ethical approval 

 

Ethics approval was granted by the East of England – Cambridge Central Research 

Ethics Committee (17/EE/0025).  PBMC from unexposed volunteers previously 

recruited by the NIHR BioResource Centre Cambridge through the ARIA study 

(2014-2016), with ethical approval from the Cambridge Human Biology Research 

Ethics Committee (HBREC.2014.07) and currently North of Scotland Research 

Ethics Committee 1 (NS/17/0110).  

 

 

 



 104 

CHAPTER 3: RESULTS 1- HIV-1 VIRAL ESCAPE AND 

CNS COMPARTMENTALISATION 

 

 

 

Key Findings: 

• CSF escape is uncommon in this study population.  

• Visual inspection and statistical analyses of phylogenetic trees revealed the 

prevalence of CNS compartmentalisation is 50%. 

• No clinical or demographic factors have been identified which are associated 

with CNS compartmentalisation.  

• Env diversity is compartmentalised in participants with CNS 

compartmentalisation. 

• The founder virus of CNS compartmentalised viruses maybe a plasma 

variant. 

• HIV-1 CNS compartmentalised clones characterized here utilize CCR5 co-

receptors for viral entry. 

• Computer predictive algorithms do not always accurately predict co-receptor 

usage. 

• The frequency of drug resistance mutations is similar in both compartments.  

• There is heterogeneity in sensitivity of CNS and plasma derived clones to 

broadly neutralizing antibodies. 

 

 



 105 

 

The CNS is an immune privileged site bounded by the blood brain barrier which 

allows selective entry of molecules and immune cells through from the peripheral 

blood into the CNS (Rahimy et al. 2017). It is a recognised reservoir for HIV-1, 

where proviral DNA may lay dormant in long-lived cells like macrophages and 

neurones and be reactivated at a later date (Sigal and Baltimore 2012; Collier et al. 

2018). Clonal expansion of HIV-1 or low-level replication in the CNS may lead to 

CNS compartmentalisation, which is the independent replication of a population of 

virus in an anatomical or cellular compartment, in this case the CNS (Adewumi et al. 

2020; Bingham et al. 2011; Lorenzo-Redondo, Fryer, Bedford, Kim, Archer, Pond, 

et al. 2016; Stam et al. 2013). These compartmentalised viruses are distinct from the 

population in the peripheral blood. This process may also drive CSF escape (Collier 

et al. 2018), which for the purposes of this work is defined as a CSF viral load (VL) 

greater than 0.5log10 of the plasma VL. 

 

Viruses in the CNS will be limited by the constraints in that niche and are known to 

have acquired some features that make them adapted to the CNS such as the switch 

of cellular tropism from R5 T cell to R5-Macrophage tropism (Schnell et al. 2011; 

Sturdevant et al. 2015), co-receptor usage with higher affinity for CCR5 co-receptor 

(Gorry et al. 2002) and acquisition of some drug resistant mutations (Mukerji et al. 

2017).  The extent to which CNS compartmentalised viruses evolve as a result of 

differential selection pressures from both cellular and humoral immune responses is 

unknown. In addition, the extent to which compartmentalised immune responses 

between CNS and blood in individuals with CNS co-infections drives within-host 

evolution in the CNS is not fully known (Adewumi et al. 2020). It is also unclear to 
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what degree the viruses in the CNS are an independently replicating population or if 

they are intermixed with the plasma population as maybe the case due to BBB 

inflammation. Furthermore, the phenotypic characteristics of CNS 

compartmentalised viruses have largely been studied in HIV-1 subtype B. This study 

includes participants with subtype C HIV-1.   

 

This study includes 44 participants co-infected with HIV-1 and cryptococcal 

meningitis who had paired plasma and CSF samples available. They were examined 

for the presence of CSF escape and CNS compartmentalisation.  The phylogenetic 

properties of paired samples were examined in detail and their phenotypic properties 

were characterised. 

 

 

3.1 Cerebrospinal fluid (CSF) escape is uncommon in this clinical cohort 

 

One hundred and twenty-eight participants were eligible from the Advancing 

Cryptococcal Meningitis Treatment for Africa (ACTA) trial (Figure 3.1). The first 

44 of these were selected without exclusion. This included 23 participants who were 

naïve to antiretroviral treatment (ART) and 21 participants who were receiving ART 

for at least 6 months i.e. treatment experienced (Table 3.1). Viral loads (VL) were 

quantified in these 44 participants. The median log10 VL was higher in plasma than 

CSF (6.3 vs 5.3) copies/ml in treatment naïve (TN) participants (6.0 vs 5.1) 

copies/ml and in treatment experienced (TE) participants (Table 3.1). 4.5% (2/44) of 

participants had CSF escape defined as a VL in CSF 0.5 log10 greater that VL in the 

plasma. One of these was in the TN group (001) and the other in the TE group (002).  
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Figure 3.1. Study flow. CSF- cerebrospinal fluid; RBC- red blood count. 

 

  Treatment naïve (23) Treatment experienced (21) 

Male gender %  62   53 

Age median years (IQR) 35.0 (32.0 – 39.8) 36.0 (32.0 – 42.0) 

Log10 HIV-1 VL copies/ml 

   CSF 

   Plasma 

 

5.3 (4.2 – 5.8) 

6.3 (5.8 – 6.6) 

 

5.1 (3.9 – 5.7) 

6.0 (5.4 – 6.1) 

CSF escape/discordance % 4.3 (1/23) 4.8 (1/21) 

 

Table 3.1. Clinical and demographic characteristic of study participants.  

Includes 44 participants who had the VL in their paired CSF and plasma specimens 

quantified. IQR- interquartile range; VL- viral load; CSF- cerebrospinal fluid. 
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Thirty-one participants successfully underwent next generation sequencing (NGS) of 

viruses in both CSF and plasma compartments by Illumina Miseq (Methods 2.1.4) 

and 4 of these had single genome amplification (SGA) (Methods 2.1.3) performed 

on paired CSF and plasma samples. Participants with successful NGS had a 

significantly higher median log10 VL in CSF and plasma compared to those without 

successful NGS; 5.4 (IQR 5.0-6.3) vs 3.0 (IQR 0-3.9) copies/ml (p <0.0001) in the 

CSF and 6.0 (5.7-6.4) vs 5.6 (0.0-6.2) copies/ml (p 0.04) in the plasma. Otherwise, 

these two groups had similar characteristics.  

 

The 31 participants with paired genomic data form the basis of further analyses. The 

demographic and clinical data for the participants who had successful NGS done are 

summarised in Table 3.2. The median age was 35 years (IQR 32-40), 64.5% were 

male, 45.2% were on ARTs and 2 participants had CSF escape. The median mapped 

read depth for 31 paired specimens using the HXB2 nucleic acid positions 691-7374 

was 1037 (IQR 169-3292) in the plasma and 262 (IQR 23-1879) in the CSF 

specimens.  The lower read depth in CSF is not surprising as it is recognised that 

PCR amplification from CSF samples is less successful due to the presence of 

protein and cellular inhibitors, which can result in false negative CSF-PCR 

(Ratnamohan, Cunningham, and Rawlinson 1998).  The read depth was variable 

along the length of the genome. It was at least 1000 reads in the regions spanning the 

gag- p17 and p24, pol- RT and env- V1-V3 genes. (Figures 3.2A, B). 
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 All N=31 

Male % (number) 64.5 (20) 

Median age years (IQR) 35 (32-40) 

Receiving ARTs % (number) 45.2 (14) 

Median time on ARTs months (IQR) 

 

n=12/14 

30.6 (12.5-61.1) 

ART regimen % (number) 

TDF+3TC/FTC+EFV 

TDF+3TC+ATV/LPV 

n=11/14 

71.4 (10) 

7.1 (1) 

Median plasma VL log10 (IQR) 6.0 (5.7-6.5) 

Median CSF VL log10 (IQR) 5.4 (4.9-6.3) 

Median CD4 cells/mm3 (IQR) 

 

n=23/31 

33 (5-65) 

CSF escape % (number) 6.5 (2) 

Randomisation assignment % (number) 

1 

2A 

2B 

3A 

3B 

 

35.5 (11) 

16.1 (5) 

19.4 (6) 

16.1 (5) 

12.9 (4) 

Seizures in last 72 Hours % (number) 16.1 (5) 

GCS % (number) 

Less than 15 

15 

 

25.8 (8) 

74.2 (23) 

10-week mortality % (number) 41.9 (13) 

CSF pleocytosis % (number) 12.9 (4) 

 

Table 3.2. Clinical and demographic data of participants with successful 

sequencing.  

IQR- interquartile range; ART- antiretroviral treatment; TDF- tenofovir; 3TC- 

lamivudine; ATV- atazanavir; LPV- lopinavir; VL- viral load; CSF- cerebrospinal 
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fluid; GCS- Glasgow coma scale. Randomisation assignment in the ACTA study 

drug regimen. 

 

 

A 

 

B 

 

 

Figures 3.2. Read depth of plasma (A) and cerebrospinal fluid (B) in Illumina 

MiSeq next-generation sequencing. Bp- base pair, HXB2- reference HIV-1 

sequence. Median read depth (green line), Interquartile range (red lines). 

 

 

In addition, 4 participants had SGA of the env gene performed on paired CSF and 

plasma samples. Env sequences included amino acids 27 to 706 spanning the start of 

gp120 to the transmembrane domain in gp41 (Figure 3.3). These participants had 

between 21 and 35 viral genomes sequenced in each compartment. Table 3.3 shows 

the clinical and demographic details of these 4 participants. They range between the 

ages of 27 and 60 years. Two were male and 2 were on ART with a range of duration 

of ART of 10.6 to 65.7 months. They universally had high HIV-1 VL in both plasma 

and CSF compartments and low CD4 T cell counts. Two participants had CSF 

escape; 001 and 002 and 2 participants did not; 003 and 004.  
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Figure 3.3. HIV-1 Envelope genome map. Nucleic acid numbering 1 to 2,579 base pairs.  SP- signal peptide; gp- glycopeptide; V-variable 

loop; FP- fusion peptide; TM- transmembrane domain; 912 and 930- forward and reverse cloning primers with the Kpn I and Mfe I restriction 

sites respectively.  
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Table 3.3. Clinical and demographic properties of the 4 participants who 

successfully underwent single genome amplification.  

ART- antiretroviral treatment, VL- viral load; CSF- cerebrospinal fluid; P- plasma, 

ACTA- Advancing Cryptococcal meningitis Treatment for Africa; RCT-randomised 

control trial; GCS- Glasgow coma scale, score out of 15; DRM-drug resistant 

mutations.  

Variable 001 002 003 004 

CNS 

compartmentalisation 

Intermixed Compartmentalised Compartmentalised Intermixed 

Age 60 27 31 34 

Sex M F F M 

On ART No Yes No Yes 

Duration of ART 

months 

N/A 10.6 N/A 65.7 

Log10 plasma VL 

copies/ml 

5.5 5.7 6.3 6.2 

Log10 CSF VL 

copies/ml 

6.1 6.5 6.3 6.3 

CD4 cells/mm3 146 98 80 missing 

CSF escape Yes Yes No No 

CSF pleocytosis Yes No Yes No 

ACTA RCT Study 

Regimen 

3B 3B 1 1 

Seizure in last 72 hours No No No No 

GCS 12 14 14 13 

10-week mortality No Yes No No 

DRMs Nil Nil E138A in P Nil 
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3.2 A viral population structure consistent with CNS compartmentalisation was 

shown in some participants 

 

Maximum likelihood phylogenetic trees were constructed from env nucleic acid 

sequences and were limited to sequences with no gaps. General time reversible 

model with a gamma distribution and 1000 bootstraps were used in RaxML 

(Methods 2.1.5). Visual inspection of maximum likelihood phylogenetic trees 

revealed a spatial population structure that clearly segregated the taxa of the CSF 

derived genomes from those of the plasma in participants 002 and 003 (Figures 

3.4A, B). However, genomes from the CSF and plasma from participants 001 and 

004 showed no spatial population structure, therefore these plasma and CSF derived 

viruses are intermixed (Figures 3.4C, D). The phylogenetic trees shed some light on 

the sequence of evolutionary events that generated the present-day diversity of 

genomes. In the participant 003 with CNS compartmentalisation, the most recent 

common ancestor (MRCA) of a cluster of CSF genomes appeared to be a plasma 

variant (Figure 3.4B).  
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Figure 3.4. Maximum likelihood phylogenetic trees HIV-1 Env nucleic acid tree 

including gp120 to gp41 transmembrane domain.  A) 002 (treatment 

experienced). B) 003 (treatment naïve) C) 001 (treatment naïve) D) 004 (treatment 

experienced). CSF derived viruses are shown in blue and plasma derived viruses in 

red.     Represents the most recent common ancestor of a CSF cluster. 

CSF- cerebrospinal fluid. The genomes that are cloned and used for phenotypic 

characterisation in later experiments are labelled.  

 

Distance-based and tree-based compartmentalisation analyses of the ML 

phylogenetic trees were done (Table 3.4). The Wright’s FST analyses compared the 

genomes in the CSF and plasma compartments and was >0.15 in participants 002 

and 003, indicating significant amount of genetic difference between the genomes on 

both compartments. The Wrights FST was 0.047 in participant 001, indicating very 

little genetic difference between compartments.  The Simmons Association Index 

values were approaching 0 for participants 002 and 003, which supports the 

observations from visual inspection of the phylogenetic tree. Similarly, the Slatkin & 

Maddison PSS indicated that fewer migration events than expected explained the 

population structure observed (p<0.001) with a very small probability that this 

observation was due to chance. Conversely the Simmons Association Index values 

were higher for participants 001 and 004 and the Slatkin & Maddison PSS indicated 

that multiple migrations events explained the population structure. P values of 0.68 

and 0.65 for participant 001 and 004 respectively was consistent with having an 

intermixed CNS and plasma HIV-1 viral populations.   
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 Visual inspection  Wright’s 

FST 

Simmons 

Association Index 

Slatkin & Maddison PSS 

    Migration 

events  

P value 

001 Intermixed 0.047 0.339 9.9 (9.0-11.0) 0.68 

002 Compartmentalised 0.158 0.079 8.5 (8.0-9.0) <0.001 

003 Compartmentalised 0.250 <0.001 3.9 (3.0- 4.0) <0.001 

004 Intermixed Not done 0.34 15.4 (14.0- 16.0) 0.65 

 

Table 3.4. Compartmentalisation analyses of CNS and plasma derived genomes 

of 4 participants. 

 

 

3.3 There is increased diversity in compartmentalised participants 

 

Env diversity was explored by calculating the average pairwise distance (APD) 

between env V2 to V4 in Mega X (Kumar et al. 2018). APD is the number of base 

substitutions per site from averaging over all sequence pairs within each group. 

Table 3.5 shows the results of analyses conducted using the Jukes-Cantor model and 

replicated 100 times to provide 100 bootstrap support. The rate variation among sites 

was modelled with a gamma distribution (shape parameter = 1).  

 

APD amongst the participants with CNS compartmentalisation showed differences 

between the CSF and plasma derived viruses. In participant 002 there was more 



 117 

diversity in the CSF viruses compared with the plasma viruses (5.1% vs 3.5%). In 

participant 003 there was more diversity in the plasma viruses compared with the 

CSF viruses (9.1% vs 3.7%). In participants with intermixing of CSF and plasma 

viruses; 001 and 004, the APD in both compartments were very similar, suggesting 

less genetic diversity between CSF and plasma derived viruses in participants with 

intermixed viral populations.  

 

 Visual inspection APD SE 

001, treatment naive 

CSF 

Plasma 

Intermixed  

8.3 

8.6 

 

0.007 

0.007 

002, treatment experienced 

CSF 

Plasma 

Compartmentalised  

5.1 

3.5 

 

0.006 

0.005 

003, treatment naïve  

CSF 

Plasma 

Compartmentalised  

3.7 

9.1 

 

0.003 

0.006 

004, treatment experienced 

CSF 

Plasma 

Intermixed  

5.2 

5.5 

 

0.007 

0.006 

 

Table 3.5: Env Variable loops 2-4 diversity in CSF and plasma compartments.  

Presented as APD (%) within groups. CSF- cerebrospinal fluid; APD- average 

pairwise distance; SE- standard error 
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The intra-host viral diversity was further explored using multidimension scaling 

(MDS). This is a data reduction method that allows mapping of the relative distances 

between sequences on a plot. For participants 002 and 003 whom we have 

established have CNS compartmentalisation, the MDS plots show that the points 

representing the samples are separate by compartment, with points for CSF samples 

largely being separated from points for the plasma sample (Figures 3.5B and C). For 

participant 001 and 004, there is no clear separation between the samples (Figures 

3.5A and D). This lends further weight to the cladal structure of the plasma and CSF 

sequences in participants 002 and 003. This was done in collaboration with Dr 

Steven Kemp.
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A B 

  

001 002 
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003 004 
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Figure 3.5. Multidimensional scaling plots of the average pairwise distances 

between sequences. A. Participant 001(treatments naive) B. Participant 002 

(treatment experienced) C. Participant 003 (treatment naïve) D. Participant 004 

(treatment experienced). Sequences are from both CSF (blue) and plasms (red) 

compartments for each participant and are assembled single genome amplification 

Env nucleotide sequences from gp120 to the TM region of gp41. TM- 

transmembrane domain, gp- glycopeptide. Done in collaboration with Dr Steven 

kemp. 

 

 

3.4 No clinical or demographic factors were identified which are associated with 

CNS compartmentalisation 

 

The clinical and demographic characteristics of participants with CNS 

compartmentalisation was compared to those without CNS compartmentalisation 

(Table 3.3). The age range in the CNS compartmentalised group was 27 to 31years 

whilst the range for the intermixed group was 34 to 60 years. The two participants in 

the CNS compartmentalised group were female whilst the two participants in the 

intermixed group were male. One participant in either group was on ART. The HIV-

1 VL in CSF and plasma were similar in both groups. The range of plasma VL was 

5.7 to 6.3 log10 copies/ml in the CNS compartmentalised group vs 5.5 to 6.2 log10 

copies/ml in the intermixed group and the range of CSF VL was 6.3 to 6.5 log10 

copies/ml in the CNS compartmentalised group vs 6.1 to 6.3 log10 copies/ml in the 

intermixed group. Of the two patients with CSF escape, one patient (002) had 

compartmentalised CNS virus and the other (001) had intermixed virus. The same 
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dichotomy was true in the two patients without CSF escape; 003 had CNS 

compartmentalised virus whilst 004 was intermixed. There were no drug resistant 

mutations identified in any compartments in 3 of the 4 participants. Participant 003 

with CNS compartmentalisation had E183A which confers resistance to rilpivirine 

was present in the plasma. There was a trend to a lower CD4 count; 80-98 cells/mm3 

in the CNS compartmentalised group vs 146 cells/mm3 in the intermixed group was 

observed. However, one CD4 count in the intermixed was missing. The Glasgow 

coma scale was lower than 15 in both groups but no history of recent seizure in 

either group. There was one mortality in the CNS compartmentalised group.  There 

does not appear to be any identified clinical or demographic factors associated with 

CNS compartmentalisation. However, as there are only 4 participants in this 

analysis, it is not possible to draw any firm conclusions. 

 

 

3.5 Co-receptor usage by computer predicted algorithms  

 

Effective HIV-1 entry and infection is dependent on primary binding to host CD4 

receptor and then secondary binding to either CCR5 or CXCR4 co-receptors. 

Although subtype dependent, co-receptor usage switch from CCR5 to CXCR4 has 

also been shown to be herald the onset of advanced HIV/AIDS.  CCR5 affinity is 

thought to play a role in HIV-1 neurotropism. Co-receptor usage was determined 

genotypically by analysing the V3 loop sequences of each amplified virus in 

computer predictive algorithms (CPA)- Web position specific scoring matrix 

(PSSM) and Geno2pheno (G2P). PSSM uses the net charge as well as the amino 

acid at positions 11 and 25, if these are either and Arginine (R) or Lysine (K), the 
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virus is likely to be CXCR4 using. G2P was trained on a set of 1100 subtype B 

sequences with genotypic-phenotypic correlation.  

 

Fifty-four complete V3 sequences were obtained from SGA for participant 001, 56 

sequences were obtained for participant 002, 63 sequences were obtained for 

participant 003 and 47 sequences were obtained for participant 004. G2P 

consistently predicted that all genomes were CCR5 using (Figure 3.6B).  In contrast 

PSSM predicted that co-receptor usage in participant 002 was compartmentalised, 

with 19 of the 35 sequences derived from the CSF predicted to utilise the CXCR4 

co-receptor (Figure 3.6A). However, all the plasma sequences from participant 002 

were predicted to be CCR5 using by both G2P and PSSM. The sequences derived 

from the CSF in participant 001 were predicted to predominantly utilise the CCR5 

co-receptor-3 of 30 sequences was predicted to utilise CXCR4 by PSSM. However, 

all 30 CSF sequences were predicted to utilise CCR5 by G2P. All plasma sequences 

derived from participant 001 were predicted to be CCR5 using by both G2P and 

PSSM.  All plasma and CSF sequences from participant 003 and 004 were predicted 

to utilise CCR5 co-receptor by G2P and PSSM (Figure 3.6A and B).  

 

A B 

 

 



 124 

Figure 3.6: Virus co-receptor usage predicted by computer predicted 

algorithms.   

A) By position-specific scoring matrix (PSSM) and B) Genotopheno (G2P) and 

using V3 loop sequences of CSF and plasma derived sequences. CSF derived 

sequences are in blue and plasma derived sequences are in red. CSF- cerebrospinal 

fluid. 

 

 

3.6 Infectivity of pseudotyped viruses 

 

Pseudotyped viruses were generated by dual transfection of the participant derived 

env clone in B41 psvIII env expression plasmid with pNL4-3-Env Luc packaging 

vectors (Methods 2.1.8.3). The infectivity of the pseudotyped viruses generated from 

clones from participant 002 was determine by two methods. Firstly, the pseudotyped 

viruses were titrated on the target cells; U87 bearing CCR5 coreceptors to determine 

the TCID and expressed as RLU/µl of virus input (Methods 2.1.8.5) (Figure 3.7A 

and 3.8A). In order to demonstrate equivalence between the TCID and SG-PERT 

determined infectivity, one single round infection experiment for each participant 

derived Env pseudotyped virus done using TCID standardised input was back 

corrected for SG-PERT determined RT-activity. This showed equivalence between 

both approaches (Methods 2.1.8.6) (Figure 3.7A, B). The TCID normalised input at 

the dilution of virus that gave a RLU of 500 000 RLU was used in further 

experiments. 
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3.7 Co-receptor usage in a phenotypic assay 

 

The predicted co-receptor usage by CSF and plasma clones was tested in a 

phenotypic co-receptor usage experiment. A subset of clones from both CSF and 

plasma compartments from participants 001, 002 and 003 were tested as indicated on 

the phylogenetic trees (Figure 3.5A, B, C). Clones from participant 001 (Figures 

3.8A, B); P_A1, P_C5 and P_B6 from plasma and C_B6 from CSF utilised CCR5 

co-receptor. They were able to infect U87 CCR5+ cells at least as well as the 

positive controls WEAU and JRCSF (Figure 3.8A). However, they were not able to 

infect U87 CXCR4 cells compared to the positive control WEAU (Figure 3.8B). 

This corroborated the predicted co-receptor usage by the CPAs. 

 

Clones from participant 002 (3.9A, B ); P_A6, P_A8 and P_F9 from plasma and 

C_B5, C_B9, C_H9, C_D10, C_3F3, C_3A4, C_3A6, C_3E10, C_3A10, C_3E5, 

C_3C6 and C_3E6 from CSF utilised CCR5 co-receptor and were able to infect U87 

CCR5+ cells as well as the positive controls WEAU and JRCSF but in contrast to 

the negative control HXB2 (Figure 3.9A).However these clones could not infect U87 

CXCR4+ cells when compared to the WEAU positive control (Figure 3.9B). Of 

interest this was inconsistent with the co-receptor usage prediction by PSSM which 

predicted that majority of CSF clones tested were CXCR4 co-receptor utilising.  

 

Clones from participant 003 (figures 3.10A B); P_A3 from plasma and C_A5, C_C5, 

C_B5 and C_H2 from CSF utilised CCR5 co-receptor and were able to infect U87 
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CCR5 positive cells but not U87 CXCR4 cells. This corroborated the predicted co-

receptor usage by the CPAs. 
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Figure 3.7 A and B. Infectivity and co-receptor usage by pseudotyped viral clones from participant 002. Infection of U87 CCR5+ target 

cells. A. TCID; Titration on U87 CCR5+ cells showing infectivity per µl of virus input. B. Pseudotyped virus input normalised for reverse 

transcriptase (RT) activity. Target cells are U87 CCR5+. Plasma clones (red), CSF clones (blue), controls (black). The clones used are on the X-

axis, WEAU- WEAU-d15.410.787 used both CXCR4 and CCR5 co-receptors, JRCSF- CCR5 using variant, HXB2- CXCR4 using variant. Data 

are representative of two experimental repeats and they are the mean and s.d of two technical replicates.   
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A B 

 

 

 

Figure 3.8 A and B. Coreceptor usage by pseudotyped viral clones from participant 001. A. Infection of U87 CCR5+ target cells. B. 

Infection of U87 CXCR4+ target cells. Plasma clones (red), CSF clones (blue), controls (black). The clones used are on the X-axis, WEAU- 

WEAU-d15.410.787 used both CXCR4 and CCR5 co-receptors, JRCSF- CCR5 using variant. Data are representative of two independent 

experiments and they are the mean and s.d of two technical replicates.   
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A B 

 
 

Figure 3.9 A and B. Coreceptor usage by pseudotyped viral clones from participant 002. A. Infection of U87 CCR5+ target cells. B. 

Infection of U87 CXCR4+ target cells. Plasma clones (red), CSF clones (blue), controls (black). The clones used are on the X-axis, WEAU- 

WEAU-d15.410.787 used both CXCR4 and CCR5 co-receptors, JRCSF- CCR5 using variant, HXB2- CXCR4 using variant. Data are 

representative of two independent experiments and they are the mean and s.d of two technical replicates.   
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A B 

  

 

 

Figure 3.10 A and B. Coreceptor usage by pseudotyped viral clones from participant 003. A. Infection of U87 CCR5+ target cells B. 

Infection of U87 CXCR4+ target cells. Infection of U87 CCR5+ target cells. Plasma clones (red), CSF clones (blue), controls (black). The 

clones used are on the X-axis, WEAU- WEAU-d15.410.787 used both CXCR4 and CCR5 co-receptors, JRCSF- CCR5 using variant, HXB2- 

CXCR4 using variant. Data are representative of two independent experiment and they are the mean and s.d of two technical replicates.   
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3.8 Co-receptor inhibitors confirm co-receptor usage in phenotypic assay 

 

CCR5 or CXCR4 coreceptor usage was confirmed by treating target cells in the co-

receptor assay with co-receptor antagonists 800nM AMD-3100 to block CXCR4-

mediated entry and 400nM TAK-779 to block CCR5-mediated entry prior to 

infection. Due to the global COVID-19 pandemic and interruption to access to the 

CL3 laboratory as SARS-CoV-2 work was prioritised only a limited number of 

experiments could be done on the replication competent pseudotyped viruses. I 

optimised an assay that could be performed in a CL2 lab that utilised a triple plasmid 

transfection system to generate pseudotyped virus with the participant derived clones 

(Methods 2.1.8.4). This utilised p8.91 packaging vector containing gag-pol, tat and 

rev but lacking the other accessory proteins present in pNL43△env. The infectivity 

of a subset of viruses generated by both systems was compared and this showed that 

the triple plasmid system with p8.91 gave higher virus titre compared with pnl43 

(Figure 3.11).  

 

 

Figure 3.11. Virus infectivity comparing 5 pseudotyped viruses generated by a 

double or triple plasmid transfection system. The clones used are on the X-axis, 
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WEAU- WEAU-d15.410.787 used both CXCR4 and CCR5 co-receptors, JRCSF- 

CCR5 using variant. p8.91- lentiviral packing vector containing gag-pol, tat and rev. 

pnl43△env is a packing vector containing gag-pol, and all HIV-1 accessory proteins.  

 

 

Drug inhibition by the CCR5 inhibitor TAK-779 showed a drug dose response on 

the JRCSF; the CCR5 utilising control (Figure 3.12A and 3.13A).  There was a 

similar dose response by all the plasma and CSF clones tested for participant 002.  

The CSF clones were inhibited to a higher degree than the plasma clones and were 

and there was complete inhibition of infection to at least the level of the bald p8.91 

control at the highest dose used at 400nM. The plasma clones also showed a dose-

response to TAK-779 with a 2-log reduction in infection at the highest dose used but 

overall was not as sensitive to inhibition by the CCR5 blocker as the CSF clones 

(Figure 3.12A).  

 

Inhibition by the CXCR4 inhibitor AMD 3100 had the expected effect on HXB2- the 

CXCR4 utilising clone, with complete inhibition of infection at the highest dose 

used 800nM (Figure 3.12B and 3.13B). CXCR4 blocking however had no effect on 

infection by the plasma or CSF clones from participant 002, as these were all CCR5 

co-receptor using (Figure 3.12B). The plasma clones from participant 003 similarly 

showed a dose response to inhibition by TAK-779 (Figure 3.13A) but no effect of 

AMD-3100 (Figure 3.13B) as again they were CCR5 co-receptor using. 
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Figure 3.12. Dose response of coreceptor inhibitors on infection by pseudotyped viral clones from participant 002.  A. Infection of U87 

CCR5+ target cells. B. Infection of U87 CXCR4+ target cells. TAK 779- CCR5 inhibitor, AMD 3100- CXCR4 inhibitor, RLU- relative light 

units. Data are representative of two independent experiment and they are the mean and s.d of two technical replicates.   
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Figure 3.13. Dose response of coreceptor inhibitors on infection by pseudotyped viral clones from participant 003. A. Infection of U87 

CCR5+ target cells. B. Infection of U87 CXCR4+ target cells. TAK 779- CCR5 inhibitor, AMD 3100- CXCR4 inhibitor, RLU- relative light 

units. Data are representative of two independent experiment and they are the mean and s.d of two technical replicates. 
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3.9 The frequency of drug resistance mutations is similar in both compartments 

 

Consensus sequences of HIV-1 from paired plasma and CSF from the 31 participants 

with successful next generation sequencing were generated and analysed for drug 

resistance mutations (DRMs). The pol gene was examined for DRMs using the 

Stanford HIV drug resistance database (https://hivdb.stanford.edu/hivdb/by-

sequences/report/). The frequency of NRTI and NNRTI DRMs encountered in CSF 

and plasma compartments were largely similar, with some small differences (figures 

3.14A-D). Previously reported DRMs associated with CNS compartmentalisation -

M184V and M230L were found in equal frequencies in plasma and paired CSF 

samples. Thymidine analogue mutations (TAMs) were more frequent in the plasma 

compared with the CSF specimens (11 in plasma vs 8 in CSF). NRTI mutations 

E44D (1 in CSF vs 0 in plasma) and K70E/R (5 in CSF vs 3 in plasma) were more 

frequent in CSF compared with plasma samples.  However, in 3 of the 4 participants 

analysed for CNS compartmentalisation, there were no drug resistant mutations 

found in either compartment.  In one participant-003 with CNS 

compartmentalisation, E138A conferring resistance to rilpirivine was found in the 

plasma (Table 3.3). 
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D 

 

 

Figure 3.14. Drug resistance mutation in consensus sequences of CSF and plasma derived HIV-1. 
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A. NRTI DRMs in CSF compartment B. NRTI DRMs in plasma compartment C. NNRTI DRMs in CSF compartment D. NNRTI DRMs in 

plasma compartment. DRMs- drug resistant mutations; NRTI- nucleotide reverse transcriptase inhibitors; NNRTI- non-nucleotide reverse 

transcriptase inhibitors; CSF-cerebrospinal fluid.  
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3.10 Heterogeneity of CNS and plasma derived Env clones to bnAbs 

 

The neutralising activity of 4 broadly neutralising antibodies (bnAbs) against 

participant derived Env pseudotyped viruses was measured in a single-round in vitro 

neutralisation assay (Methods 2.1.9). Serum neutralisation curves were generated 

from which inhibitory concentration 50 (IC50) were determined. IC50 is the 

concentration of bnAbs required to inhibit 50% of infection of a Env pseudotyped 

virus in the assay. The 4 bnAbs were PGT121 and PGT128 (targeting the high 

mannose patch), VRC01 (CD4 binding site blocker) and PG9 (targeting the apex). 

Anti-dengue serotype 3 antibody was used as the negative control. This was done for 

the 2 participants 002 and 003 who had evidence of CNS compartmentalisation. 

 

Clones from participant 002 were universally resistant to neutralisation by PGT121 

and PGT128 (Figure 3.15, Table 3.5). Clone 002_C_B9 form the CSF was sensitive 

to neutralisation by VRCO1(Figure 3.15A) and clone 002_P_F9 from the plasma was 

sensitive to neutralisation by PG9 (Figure 3.15B). The CSF derived clones from 

participant 003 were between 3 to 30- fold times more sensitive to neutralisation by 

VRCO1 compared with the plasma clone (Figure 3.16A, Table 3.15). None of the 003 

clones were neutralised by PG9 (Figure 3.16B). All the 003 clones were sensitive to 

neutralisation by PG121 (figure 3.16C). The CSF clone 003_C_A5 was neutralised by 

PGT128 and the plasma clone 003_P_A3 only just reached 50% neutralisation at the 

highest concentration of PGT128 (Figure 3.16D). 
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           A B             C 

  

 

 

Figure 3.15. Neutralisation sensitivity of Env pseudotyped lentiviruses from participant 002 to bnAbs. A. Representative neutralisation 

curves for Env clones against     VRCO1. B. Representative neutralisation curves for Env clones against PG9. C. Representative neutralisation 

curves for Env clones against DEN-3 (negative control). bnAbs- broadly neutralising antibodies. Data are mean and s.d of two technical repeats 

and are based on one experiment.
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A B C 

 

D E 

 

Figure 3.16. Neutralisation sensitivity of Env pseudotyped lentiviruses from participant 003 to bnAbs. A. Representative neutralisation 

curves for Env clones against VRCO1. B. Representative neutralisation curves for Env clones against PG9. C. Representative neutralisation 

curves for Env clones against PGT121. D. Representative neutralisation curves for Env clones against PGT128. E. Representative neutralisation 

curves for Env clones against DEN-3 (negative control). bnAbs- broadly neutralising antibodies. Data are mean and s.d of two technical repeats 

and are based on one experiment.
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 IC50 µg/ml 

 Participant 002 Participant 003 

bnAb 002_P_A6_1 002_P_A8_1 002_C_B5_1 002_C_B9_1 002_P_F9_3 002_C_H9_3 003_P_A3_1 003_C_A5_1 003_C_C5_1 002_C_H2_3 

PGT121 - - - - - - 0.2 0.03 0.5 0.2 

PGT128 - - - - - - 9.5 0.01 - - 

VRC01 - - - 0.9 - - 3.0 0.9 0.1 0.1 

PG9 - - - - 7.2 - - - - - 

DEN-3 - - - - - - - - - - 

 

Table 3.6. Inhibitory concentration 50 of Env clones from participants 002 and 003.  

IC50- inhibitory concentration 50, bnAb- broadly neutralising antibody. Good neutralisation (green), moderate neutralization (orange), poor 

neutralisation (pink), no neutralisation (red). 
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3.11 Discussion 

 

In this cross-sectional study CSF escape was found to be uncommon at a prevalence 

of 4%. The prevalence of CSF escape is heavily influenced by the limit of detection 

of the assay used to quantify viral load. On the other hand, there was evidence of 

CNS compartmentalisation in 2 out of the 4 participants who underwent SGA and 

sequencing. Multiple approaches including visual inspection, distance and tree-based 

methods were used to determine CNS compartmentalisation, providing confidence in 

the assignation of this status.  

 

Pairwise distance analyses of sequences revealed compartment-related heterogeneity 

in Env diversity amongst participants with CNS compartmentalisation. It has been 

shown that there is a linear correlation between pairwise distance and recency of 

HIV-1 infection (Moyo et al. 2017). It was hypothesised that if CNS 

compartmentalised viruses gained entry into the CNS early in acute HIV-1 infection 

and established latency in long-lived cells, then the diversity of CNS 

compartmentalised viruses will be lower than that of the plasma. This was the case in 

the treatment naïve participant but not the treatment experienced. It is certainly 

plausible the ART may have exerted a selective sweep on the viruses in the plasma, 

limiting its diversity (Feder et al. 2016b) compared to the CNS where there is poor 

drug penetration (Letendre 2011).  Analyses of recency of HIV-1 infection was 

limited by the lack of longitudinal sampling and also it was not possible to make 

inference about the evolutionary rate of the viruses in either compartment.   
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The phenotypic co-receptor inhibition assay revealed all clones were CCR5 using, 

and infection was blocked by CCR5 inhibitors. If as hypothesised, that CSF clones 

had adapted their cellular tropism for macrophages in the CNS with low-level CD4, 

it would be compelling to have tested for greater affinity for the CCR5 co-receptor 

by the CSF clones. In future work the co-receptor usage assay will be repeated with 

the inclusion of Affinophile target cells which have inducible levels of CD4 and 

CCR5 using doxycycline and Ponasterone A respectively (Joseph, Lee, and 

Swanstrom 2014). 

 

An interesting observation was that the CSF clones from participant 003 were 3 to 

30 -fold more sensitive to neutralisation activity of VRCO1- CD4 binding site 

antibody but more resistant to CCR5 inhibition. This may suggest that these CSF 

clones have become adapted to binding CCR5 with higher affinity. The antibody 

neutralisation data will be more meaningful if I was able to clone autologous 

antibodies from each compartment in the participants in order to test neutralisation 

activity of autologous antibodies and cross neutralisation against their own virus 

from the plasma. This would give more insight into the antibody selection pressure 

that drove evolution of the virus in that compartment. 

 

The env coverage from Illumina MiSeq was insufficient to be validated against the 

SGA data, which precluded analyses of the NGS data for compartmentalisation. In 

addition, analyses of clinical and demographic factors associated with CNS 

compartmentalisation was limited by the small sample size.  
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This chapter highted the importance of longitudinal sampling and hence time-solved 

samples in studying within-host adaptation. The following chapter explores within-

host adaptation of SARS-CoV-2 in a case of chronic infection that had sampling 

from multiple timepoints over the course of 101 days. 
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CHAPTER 4: RESULTS 2- SARS-COV-2 ESCAPE FROM 

POLYCLONAL CONVALESCENT SERA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The Spike protein SARS-CoV-2 engages with of the human ACE2 receptor and is a 

major antibody target. This is because it is the means by which the virus attaches and 

gains entry into host cells (V’kovski et al. 2021). Natural infection by SARS-CoV-2 

elicits potently neutralizing monoclonal antibodies that recognize the RBD and other 

 

Key Findings: 

 

• Description of in vivo evolution of SARS-CoV-2 in an 

immunocompromised host with limited T cell and innate responses 

and absent B cell responses. 

 

• Dynamic shifts in viral population can occurs in a host driven by 

immune pressure from convalescent plasma. 

 

• D796H mutation enabled the virus escape serum neutralisation, co-

occurred with △H69/V70 which compensated for the loss of 

infectivity. 

 

• These mutations had no impact on Spike incorporation and are not 

within the Spike RBD but may impact on antibody binding by 

allosteric mechanisms. 
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epitopes of the Spike protein (Chi et al. 2020). Using mutagenesis in yeast display 

vector in combination with Deep Mutational Scanning, the Bloom lab have been able 

to map mutations in RBD that escape antibody binding (Greaney et al. 2021). They 

provided a picture of the functional consequences of single mutations within the 

RBD, most of which are deleterious to protein folding, protein expression and ACE2 

binding (Starr et al. 2020). Outside of the RBD immunodominant epitopes to 

polyclonal sera have been found at the fusion peptide and linker region upstream of 

the heptad repeat region 2 (Garrett et al. 2020; Lu et al. 2021; Li et al. 2020).  

 

Given the rapid spread and amplification of SARS-CoV-2, variants that can evade 

the immune response are likely to arise. Already the virus has adapted with various 

Variants of Concern emerging since the start of the pandemic. It is known that some 

of these changes increase binding to the human ACE2 receptor such as N501Y 

(Collier, De Marco, et al. 2021; Starr et al. 2020), other changes for example the 

B.1.1.7 variant has have been associated with increased transmission and higher viral 

loads (Frampton et al. 2021), some changes have been associated with vaccine-

elicited antibody escape for example E484K (Collier, De Marco, et al. 2021).  

 

This was an in-depth case- study of an immunocompromised man with chronic 

infection with SARS-CoV-2. The aim of this study was to characterise the dynamics, 

genotypic and phenotypic properties of the virus population in this individual’s 

respiratory samples over 101 days of illness, with a view to providing insights into in 

vivo escape of SARS-CoV-2 from neutralising antibodies.  
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4.1 Clinical Case History 

 

4.1.1 COVID-19 clinical case in an immunocompromised host 

 

A man in his 70s presenting to the Emergency Room with acute shortness of breath 

and dry cough. He was diagnosed with COVID-19 after testing positive for SARS-

CoV-2 RT-PCR test on a nasopharyngeal swab with a CT value of 25, 35 days prior. 

The day of his first PCR positive SARS-CoV-2 test was designated day 1 (Figure 

4.1). His past medical history was significant for Marginal B Cell Lymphoma 

diagnosed 8 years prior and was treated with vincristine, prednisolone, 

cyclophosphamide and anti-CD20 B cell depletion with rituximab, last given one 

year prior. Clinical examination revealed an elevated respiratory rate of 42/min and 

oxygen saturation of 92% on 6 L of oxygen. Laboratory tests on admission were 

significant for a C-reactive protein (CRP) of 245 mg/L, lymphopaenia and IgG <1.4 

g/l.  Imaging studies on admission including a Chest x ray showing widespread 

interstitial opacification and CT chest done showed widespread, basal and dependent 

predominant ground glass and peri broncho vascular consolidation. He was 

transferred to the intensive care unit (ITU) where he received non-invasive 

ventilation. 
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Figure 4.1. Time course of clinical events with day of sampling and CT values. 

CT, cycle threshold; CPAP, continuous positive airway pressure; ITU, intensive 

therapy unit; ETA, endotracheal aspirate; RT-PCR- real time- polymerase chain 

reaction. Source: Kemp and Collier et al, SARS-CoV-2 evolution during treatment 

of chronic infection, Nature 592, 277–282 (2021). https://doi.org/10.1038/s41586-

021-03291-y. 

 

 

Treatment included antibiotics, dexamethasone, and two ten-day courses of 

remdesivir- an inhibitor of the viral RNA-dependent, RNA polymerase, with a five-

day gap in between (Figure 4.1). He subsequently received convalescent plasma 

(CP) on days 63 and 65. His condition remained stable on the ward despite having 

persistently positive SARS-CoV-2 nose/throat swabs for RNA (Figure 4.1). On day 

77, he developed fever and fast atrial fibrillation with persistently elevated CRP of 

303 mg/L. Chest CT on day 86 showed new dense left upper lobe consolidation, 
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worsening inflammatory changes, chronic organizing pneumonia and ongoing 

changes compatible with persistent SARS-CoV2 infection (Figure 4.2).  

 

 

 

Figure 4.2. Time course of CT chest radiological changes following PCR 

detection of SARS-CoV-2. CT- computer tomography. Day 4- Initial presentation 

with ground glass and peribroncho-vascular consolidation, intralobular septal 

thickening and honeycombing. Day 35- Improvement with evidence of resolving 

pneumonitis. Day 78- Bilateral pulmonary embolism. Day 86- Worsening 

inflammatory changes, chronic organizing pneumonia and ongoing changes 

compatible with persistent SARS-CoV2 infection. 

 

 

Clinical deterioration ensued with persistent fevers, low blood pressure, tachycardia, 

and hypoxia requiring high-flow nasal oxygen. Broad spectrum antibacterial, 

antifungal and steroid treatments were given. All cultures and fungal antigen tests 

were negative. Due to increasing oxygen requirements, hypotension and renal failure 

he was transferred to ITU on day 93 where he was intubated and ventilated. He 

received tocilizumab- the Interleukin-6 (IL-6) monoclonal antibody and 

prednisolone on day 93 followed by remdesivir and 1 further unit of CP on day 95. 

His inflammatory markers began to decline following tocilizumab (Figure 4.3). CT 
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values on tracheal aspirate samples also showed signs of increasing following the 

combination of treatments but unfortunately the individual died on day 101 (Figure 

4.1). 

 

 

 

Figure 4.3. Time course of inflammatory markers in this clinical case. 

WCC- white cell count, CRP- C reactive protein.  

 

 

4.1.2 B cell depletions and deficient SARS-CoV-2 binding antibodies 

 

The participant had received repeated cycles of rituximab anti-CD20 B cell depletion 

therapy and consequently he was hypogammaglobulinaemic with reduction in total 

serum IgG and IgA. The serum IgM was within the normal reference range which is 

either due to his underlying lymphoproliferative state or ongoing infection (Table 

4.1).  SARS-CoV-2 specific Spike (S), Receptor binding domain (RBD) and 

Nucleocapsid (N) IgG antibodies were measured in the participant’s serum at 
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multiple timepoints using multiplex particle-based flow cytometry (Luminex Corp, 

Texas, USA) and an immunoassay (Siemens) in the hospital diagnostic laboratory. 

This was compared with antibody levels in unexposed healthy controls with pre-

pandemic biobanked sera and PCR positive COVID-19 cases (Xiong et al. 2020). 

Levels of SARS-CoV-2 specific antibodies were also measured in the 3 units of CP 

received by the participant. SARS-CoV-2 serology was negative by both Luminex or 

Siemens on Days 39, 44 and 50, which preceded the first doses of CP. After the first 

dose of CP on day 63, SARS-CoV-2 serology from the participants sera was positive 

at multiple timepoints from day 64 up till day 101 (Figure 4.4, Table 4.1) and as 

expected, following the second dose of CP on day 65 SARS-CoV-2 specific 

antibody titres fell over time before increasing after the third unit of CP on day 93 

(Figure 4.4).  

 

 

Table 4.1. Serum immunoglobulin levels pre- and post- receipt of convalescent 

plasma (CP).  

Following receipt of the 1st unit of CP on day 63, the presence of SARS-CoV-2 Spike 

antibodies is evident. Ig- Immunoglobulin, S- Spike protein, Neg- negative, Pos- 

positive. 

 

 Reference range Day 44 Day 49 Day 50 Day 68 Day 89 Day 90 Day 101 

IgG 6.00 – 16.00 g/l  <1.40   1.9   

IgA 0.80 – 4.00 g/l  <0.30   <0.30   

IgM 0.50 – 2.00 g/l  1.27   1.92   

Total S  (Siemens) Neg  Neg Pos - Pos Pos 
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Figure 4.4. Serum antibody levels against SARS-CoV-2. Anti-SARS-

CoV-2 IgG antibodies against the nucleocapsid (N) protein, trimeric spike (S) 

protein and RBD of SARS-CoV-2 measured by multiplexed particle-based 

flow cytometry (Luminex). PCR positive COVID-19 cases (red, n = 20), 

unexposed healthy controls (grey, n = 20), Convalescent plasma (gold, n=3). 

Participant sera from day 39 to 101 (blue). Anti-SARS-CoV-2 IgG to 

nucleocapsid (squares), Spike (circles) and RBD (triangles). MFI- mean 

fluorescent intensity (MFI). Ig- immunoglobulin. Data are MFI ± s.d. 

Serology was done by the Department of Clinical Biochemistry and 

Immunology, Addenbrooke’s Hospital, Cambridge, UK. Source: Kemp and 

Collier et al, SARS-CoV-2 evolution during treatment of chronic infection, 

Nature 592, 277–282 (2021). https://doi.org/10.1038/s41586-021-03291-y. 
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Samples of the 3 units of CP administered to the participant were obtained from the 

NHS Blood and Transplant Clearance Registry. This had been tested at source using 

the Euroimmun assay (Medizinische Labordiagnostika) and had a level of 6 and 

above, indicating high levels of binding antibodies (Figure 4.5). Multiplexed 

particle-based flow cytometry was also used to measure the levels of binding 

antibodies, which was comparable to PCR-positive COVID-19 cases (Figure 4.4). 

After these potent CPs were administered, SARS-CoV-2 specific antibodies were 

detected in the participants sera. Serology was done by the Department of Clinical 

Biochemistry and Immunology, Addenbrooke’s Hospital, Cambridge, UK.  

 

 

 

 

Figure 4.5. SARS-CoV-2 antibody titres in convalescent plasma. Measurement of 

SARS-CoV-2 specific IgG antibody titres in three units of convalescent plasma (CP) 

by Euroimmun assay. OD, optical density. Serology was done by the NHS Blood 

and Transplant Service. 
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4.1.3 Innate and T cell response despite absence of B cell responses 

 

Whole blood cytokine responses were measured at days 71 and 98.  IFNγ, IL-

17, IL-2, TNF, IL-6, IL-1b and IL-10 levels were measured by multiplex 

particle-based flow cytometry after stimulation for 24 hours either after T cell 

stimulation with phytohaemagglutinin (PHA), anti-CD3/IL2 antibodies or 

Phorbol 12-myristate 13-acetate/ionomycin, (PMA/IONO) or innate 

stimulation with lipopolysaccharide (LPS). This was compared to responses 

from unexposed health controls (UHCs). T cell stimulation of the 

participant’s samples by PHA and ⍺ CD3/IL2 showed reduced IFN𝛾, IL-17 

and IL-2 responses compared with UHCs, particularly at the later day 98 

timepoint. The day 71 response was lower than UHCs whilst the day 98 IFN𝛾 

response to either stimulant was completely absent (Figure 4.6). This 

timepoint just preceded the participant’s death. A similar pattern was seen for 

IL-17 responses to PHA and ⍺ CD3/IL2 and IL-2 responses to PHA.  IL-2 

levels in response to PMA/IONO stimulation of T cells were higher than 

PHA stimulation but still lower than responses in UHCs (Figure 4.6). Innate 

responses were measured following stimulation with LPS. This is resulted in 

release of TNF⍺, IL-1β, LI-6 and IL-10 proinflammatory cytokines, although 

the levels were lower than responses from UHCs, with the day 98 responses 

being lower than the day 71 responses.  
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Figure 4.6. Assessment of T cell and innate function. IFNγ, IL-17, IL-2, TNF, IL-

6, IL-1b and IL-10 levels in a whole blood cytokine assay measured in pg ml−1. Data 

from unexposed healthy controls (grey, n= 15), participant samples at days 71 (blue) 

and 98 (red). Data are mean ± s.d. PHA- phytohaemagglutinin, ⍺CD3+IL-2- anti-

CD3/Interleukin- 2 antibodies, serum- matched serum from the same time point to 

account for background signal, PMA/IONO- Phorbol 12-myristate 13-

acetate/ionomycin, LPS- lipopolysaccharide, IFN𝛾- interferon gamma, IL-

interleukin, TNF⍺- tissue necrosis factor alpha. Experiment done in collaboration 

with Professor Rainer Doffinger. 

 

 

4.2 Deep sequencing of participants samples revealed diversity in the SAR-

CoV-2 viral population  

 

Twenty-three respiratory samples were collected over 101 days. The cycle threshold 

(CT) values ranged from 16 to 34.  All 23 successfully underwent long-read deep 

sequencing using MinION flow cells v.9.4.1 (Oxford Nanopore Technologies) by The 

COVID-19 Genomics UK Consortium (COG-UK; https://www.cogconsortium.uk/). 

Twenty of these, additionally underwent short-read deep sequencing using Illumina 

MiSeq, done by the Department of Pathology, University of Cambridge. 
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Independently, single genome amplification (SGA) and sequencing of the spike gene 

was used to detect mutations in 3 samples at different time points (Table 4.2).  

 
Timepoint 

(Day) 

Sequence Identifier CT value 

Sample 

type 

Nanopore Illumina SGA 

1 NB16_CAMB-1B19D5 25 NT Y Y Y 

37 NB23_CAMB-1B4FB2 - NT Y Y Y 

41 NB01_CAMB-1B5124 23 NT Y Y - 

45 NB08_CAMB-1B529A 29 NT Y Y - 

50 NB13_CAMB-1B54A3 - NT Y Y - 

54 NB10_CAMB-1B5643 22 NT Y - - 

55 NB08_CAMB-1B5467 - NT Y Y - 

56 NB11_CAMB-1B5616 23 NT Y - - 

57 NB14_CAMB-1B5607 24 NT Y - - 

66 NB05_CAMB-1B55FB 26 NT Y Y - 

82 NB06_CAMB-1B55CE 23 NT Y Y - 

86 NB07_CAMB-1B5A29 - NT Y - - 

89 NB01_CAMB-1B5ADE - NT Y Y - 

93 NB16_CAMB-1B5BAE 21 NT Y Y - 

93 NB17_CAMB-1B5B71 19 ETA Y Y - 

95 NB02_CAMB-1B5BCC 16 NT Y Y - 

98 NB01_CAMB-1B5BDB 25 NT Y Y Y 

99 NB09_CAMB-1B5C50 30 NT Y Y - 

99 NB10_CAMB-1B5C6F 18 ETA Y Y - 

100 NB13_CAMB-1B5CE7 - NT Y Y - 

100 NB14_CAMB-1B5CBA 19 ETA Y Y - 

101 NB15_CAMB-1B5CC9 24 ETA Y Y - 

101 NB16_CAMB-1B5C9C 30 NT Y Y - 
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Table 4.2. Sampling timepoint, type and sequencing methods.  

Sampling time point indicates the day since 1st positive PCR for SARS-CoV-2 that 

the sample was taken. CT values are reported where available. NT- nose and throat, 

ETA- endotracheal aspirate, Y- Yes, - Not done, NA not available  

 

 

1,133,032 complete sequences globally and a length of more than 29,000 bp were 

downloaded from GISAID on 22nd April 2021. Sequences were deduplicated and 

randomly subsampled using seqtk (https://github.com/lh3/seqtk) to select a random 

subset of 768 sequences. The maximum-likelihood phylogeny was inferred using 

IQTREE v2.13 using the -fast option. All of the participant’s sequences clustered 

together, distinct from the majority of global sequences. The most recent common 

ancestors to the participant appeared to be from Italy and England (Figure 4.7).  

Lineages were assigned to each sequence using Phylogenetic Assignment Of Named 

Global Outbreak Lineages (PANGOLIN). The participant belonged to lineage 

B.1.1.1.  

https://github.com/lh3/seqtk
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Figure 4.7. Analysis of whole-genome sequences of SARS-CoV-2 of the 

participant in the context of local, UK and globally derived sequences. The 

maximum-likelihood phylogenetic tree is rooted on the Wuhan-Hu-1 reference 

sequence, showing a subset of total of 768 sequences of SARS-CoV-2 from GISAID.  

 

The Illumina Miseq short read sequences were used for further analyses. Visual 

inspection of the maximum likelihood phylogenetic tree of the participant’s sequences 

revealed the existence of two distinct viral populations. The samples collected at days 

93 and 95 bearing the W64G and P330S Spike mutations were rooted within, but 

significantly divergent from the original population (Figure 4.8). The relationship of 

the divergent samples to those at earlier time points argues against superinfection. All 

samples were consistent with having arisen from a single underlying viral population.  
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Figure 4.8. Maximum likelihood phylogenetic tree of Spike amino acid of the 

participant.  Day of sampling is indicated. Spike mutations defining each clade are 

shown on the ancestral branch on which they emerged. Sample type is also indicated 

as endotracheal aspirate (ETA) and Nose + throat swabs (N+T). Source: Kemp and 

Collier et al, SARS-CoV-2 evolution during treatment of chronic infection, Nature 

592, 277–282 (2021). https://doi.org/10.1038/s41586-021-03291-y. 

 

Another way to explore the within-host population structure is to investigate the 

relationship between the sequence distance and the time distance i.e the sum of allele 

frequency distances across the whole genome, calculated between pairs of samples, 
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plotted against the difference in times at which the samples were collected (Figure 

4.9A). This was done in collaboration with Dr Chris Illingworth using the distance 

metric (Lumby et al. 2020). The median pairwise distance between samples in the 

main clade and those collected on days 93 and 95, bearing W64G, P330S Spike 

mutations was significantly different (Figure 4.9B, p<0.001). However, when the 

sample collected on days 93 and 95 were removed the median pairwise distance 

between samples in the main clade and those collected on days 86 and 89, bearing the 

Y200H and T240I Spike mutation was not significantly different (Figure 4.9C, p 

0.066).  This provided further support for the cladal structure of the viral population.   
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Figure 4.9. Pairwise distances between samples to explore within-host cladal structure. A. Distances between sequences from all sampling 

time points and days 93 and 95 (red). Internal distances between samples from samples days 93 and 95 (green). All others (black). B. Pairwise 

distances between samples in the larger clade (black) and between these samples and those collected on days 93 and 95 (red).  C. Pairwise distances 

between samples in the main clade (black) and those collected on days 86 and 89 (red). P value for Mann-Whitney test. Analyses done in 

collaboration with Dr Chris Illingworth. 
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4.3 SARS-CoV-2 evolves in vivo in response to pressure from remdesivir 

and convalescent plasma 

 

These analyses were done in collaboration with Dr Steven Kemp using 

custom code for variant calling in an AnCoVMulti package written by 

Professor David Pollock and is available at 

https://github.com/PollockLaboratory/AnCovMulti. The frequency of Single 

Nucelotide Polymorphisms (SNPs) were identified for each timepoint from 

the Illumina MiSeq reads and plotted to show dynamic population changes 

which were tracked longitudinally during the entire period (Figure 4.10). 

Shifts in viral population were noted after treatment with the first course of 

remdesivir at day 41, T39I (C27509T) mutation in ORF7a reaching 79% on 

day 45 and thereafter diminished (Figure 4.10A, pink, Table 4.3). Following 

the second dose of remdesivir I513T in NSP2 (T2343C) and V157L 

(G13936T) in RNA dependent, RNA polymerase (RdRp) rose to 100% 

frequency (Figure 4.10A, red and green dashed lines). This was probably 

driven by the RdRp inhibitor.  

 

Following the first two units of CP, a variant bearing D796H in Spike S2 and 

𝚫H69/𝚫V70 in the Spike S1 N-terminal domain (NTD) becoming the 

dominant population at day 82. This was diminished down to less than 5% by 

day 86, consistent with washout of the CP. This was overtaken by Spike 

mutations Y200H and T240I on day 86 and 89, accompanied at a mutant pair 

that had been seen previously- I513T in NSP2 and V157L in RdRp, lending 

support that this new lineage emerged out of a previously existing population 
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(Figure 4.10B, 4.11, red and green lines). At day 93, Spike mutations P330S 

at the edge of the RBD and W64G in S1 NTD arose to close to 100% 

prevalence, with the Y200H and T240I paired mutations reduced to <2% 

(Figure 4.10B, 4.11, black lines). These shifts in the viral population suggests 

competition between them. Following the 3rd unit of CP the paired mutant 

D796H and 𝚫H69/V70 re-emerged at high frequency (Figure 4.10B) strongly 

supporting the hypothesis that the combination conferred selective advantage. 
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Figure 4.10. Whole-genome variant frequency plots. A. Variants detected in the 

participant’s samples on days 1–82 after the first positive RT–PCR test for SARS-

CoV-2. Spike(D796H*) (light blue) has the same frequency as NSP3(K902N) 

(orange) and is hidden beneath the orange line. B. Variants detected in the 

participant’s samples on days 82–101. Showing amino acid changes and the timing 

of treatment with remdesivir (RDV) and convalescent plasm (CP). Variants shown 

reached a frequency of at least 10% in at least two samples. Analyses done in 

collaboration with Dr Steven Kemp and Professor David Pollock. 

 

 

 

 

Figure 4.11. Longitudinal mutation frequency plot of 6 key mutations in SARS-

CoV-2 Spike protein. Frequencies and dynamic phylogenetic relationships for virus 

populations bearing 𝚫69/70 + D796H, W64G+ P330 and Y200H + T240I. D796H- 
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aspartic acid to histidine at Spike protein amino acid position 796, △H69/V70- 

histidine and valine deletion at Spike protein amino acid position 69 and 70 

respectively, W64G- tryptophan to glycine at Spike protein amino acid position 64, 

P330S- Proline to serine at Spike protein amino acid position 330, T200I- threonine 

to isoleucine at Spike protein amino acid position 200, Y240H- tyrosine to histidine 

at Spike protein amino acid position 240. Analyses done in collaboration with Dr 

Steven Kemp and Professor David Pollock. Source: Kemp and Collier et al, SARS-

CoV-2 evolution during treatment of chronic infection, Nature 592, 277–282 (2021). 

https://doi.org/10.1038/s41586-021-03291-y. 

 

 

 

 

Figure 4.12. SARS-CoV-2 Spike 𝚫69/70 deletion. Multiple sequence alignment of 

participant’s SARS-CoV-2 Genomes containing the 𝚫69/70 deletion. In all cases there 

is an out of frame 6 nucleotide deletion. Wuhan-1 GenBank reference MN908947.3 is 

the reference variant at the top. 
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Locus From To Gene Protein 

Days since 1st Positive RT-PCR for SARS-CoV-2 

1 37 41 45 50 55 66 82 86 89 93 
93  

(ETA) 
95 98 99 

99  

(ETA) 

100  

(ETA) 
100 

101  

(ETA) 
101 

401 C T ORF1ab NSP1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.2 0.0 0.1 0.0 0.0 0.6 10.1 

541 C T ORF1ab NSP1 0.0 0.5 0.4 27.1 0.0 0.0 0.3 0.0 0.0 0.0 0.3 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.1 

596 G T ORF1ab NSP1 0.0 0.0 0.0 0.0 0.0 0.4 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 14.9 0.1 0.0 0.0 0.6 0.0 

635 C T ORF1ab NSP1 0.0 3.5 0.3 18.2 0.4 0.7 1.1 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.1 0.0 0.2 0.0 0.0 

1115 A G ORF1ab NSP2 0.0 0.2 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 17.7 0.4 0.0 0.0 

1721 G C ORF1ab NSP2 0.0 0.3 0.2 0.0 0.0 0.0 0.3 0.1 0.4 0.0 0.1 0.0 0.2 0.2 10.2 0.1 1.3 0.3 0.2 0.0 

2236 T C ORF1ab NSP2 0.0 0.3 0.3 0.0 0.2 0.7 0.2 0.0 1.4 0.3 98.9 96.8 76.1 0.3 19.4 5.5 0.3 2.9 6.8 0.3 

2343 T C ORF1ab NSP2 0.0 0.0 0.0 0.0 0.0 0.0 99.9 0.0 96.7 88.8 0.2 2.2 15.6 12.2 0.0 31.9 29.5 25.9 28.7 0.0 

2570 C T ORF1ab NSP2 0.0 0.9 16.8 6.3 0.0 1.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

3030 G T ORF1ab NSP3 0.0 0.2 1.3 0.2 13.3 0.0 1.0 0.7 2.0 0.3 0.2 0.5 1.7 2.0 0.3 0.4 0.3 0.3 0.0 0.0 

3057 A G ORF1ab NSP3 0.0 0.0 0.1 0.2 0.0 0.4 0.5 0.3 1.2 0.6 0.2 0.0 2.1 1.0 10.6 1.4 8.0 0.0 0.3 0.0 

3303 A T ORF1ab NSP3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.1 0.0 52.3 

3426 C T ORF1ab NSP3 0.0 0.0 0.0 0.2 0.0 0.0 0.0 0.2 0.1 0.0 0.0 0.0 0.0 0.3 16.5 0.0 0.0 0.2 0.0 0.0 

3918 G A ORF1ab NSP3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0 99.5 98.0 76.3 0.0 0.0 0.0 0.0 4.4 7.1 0.0 

4975 G T ORF1ab NSP3 0.0 0.2 0.0 0.1 0.0 0.4 0.3 0.1 0.0 0.0 0.3 0.0 0.2 0.1 20.2 0.1 0.0 0.1 0.6 0.0 

5011 A T ORF1ab NSP3 0.0 0.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 17.2 0.0 0.0 0.0 0.0 0.0 
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Locus From To Gene Protein 

Days since 1st Positive RT-PCR for SARS-CoV-2 

1 37 41 45 50 55 66 82 86 89 93 
93  

(ETA) 
95 98 99 

99  

(ETA) 

100  

(ETA) 
100 

101  

(ETA) 
101 

5012 G T ORF1ab NSP3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 17.2 0.0 0.0 0.0 0.0 0.0 

5339 C T ORF1ab NSP3 0.0 0.0 0.0 0.0 0.0 0.5 23.0 0.1 0.0 0.5 0.2 0.5 0.1 0.0 0.0 0.1 0.0 0.1 0.0 1.4 

5393 T C ORF1ab NSP3 0.0 0.5 0.0 0.0 0.3 0.0 0.0 0.4 0.8 0.0 0.4 0.0 7.2 78.7 39.6 64.3 28.4 65.5 65.4 18.9 

5406 T G ORF1ab NSP3 0.0 0.4 0.0 0.0 0.3 0.0 0.4 0.0 28.6 64.9 0.4 2.1 18.0 11.0 0.0 30.9 16.3 29.9 28.4 0.0 

5425 G T ORF1ab NSP3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 99.6 1.2 9.4 0.2 0.8 7.3 82.3 93.1 65.6 53.9 67.9 65.8 98.9 

5590 T C ORF1ab NSP3 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.2 0.8 0.0 99.6 95.9 79.4 0.3 0.0 4.4 0.0 4.1 7.4 0.0 

6070 C A ORF1ab NSP3 0.2 0.6 6.3 19.2 0.0 0.0 0.4 0.4 0.3 0.6 0.0 0.0 0.3 0.0 0.0 0.1 0.0 0.0 0.3 0.0 

6568 C T ORF1ab NSP3 0.0 0.0 1.9 0.0 31.4 0.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.4 0.0 0.5 0.0 

7667 G A ORF1ab NSP3 0.3 0.2 0.0 0.0 0.0 0.0 0.3 0.0 0.4 0.0 0.0 0.2 0.0 0.0 0.3 0.3 0.0 0.0 0.0 13.6 

7729 T G ORF1ab NSP3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 11.3 

7805 G A ORF1ab NSP3 0.0 0.2 0.3 0.0 0.0 0.6 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.0 11.1 

8389 C T ORF1ab NSP3 0.0 0.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 20.9 18.6 20.2 0.3 0.0 1.1 0.0 0.6 1.1 0.0 

8496 G C ORF1ab NSP3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.6 0.0 0.0 12.1 0.0 0.0 0.0 0.0 0.0 

9130 G T ORF1ab NSP4 0.0 0.2 0.0 0.0 0.2 0.0 0.2 0.0 0.0 0.0 0.1 0.0 0.0 12.2 15.9 0.0 19.6 0.2 0.0 0.0 

9438 C T ORF1ab NSP4 0.0 0.0 0.3 0.0 0.3 0.0 0.3 0.3 0.0 0.5 99.2 97.6 78.9 0.0 0.0 5.3 0.0 2.9 9.2 0.0 

9773 G A ORF1ab NSP4 0.0 0.0 0.0 0.0 0.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 17.4 0.0 0.0 0.0 0.0 0.0 

10642 G C ORF1ab NSP5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.0 27.0 
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Locus From To Gene Protein 

Days since 1st Positive RT-PCR for SARS-CoV-2 

1 37 41 45 50 55 66 82 86 89 93 
93  

(ETA) 
95 98 99 

99  

(ETA) 

100  

(ETA) 
100 

101  

(ETA) 
101 

10700 G A ORF1ab NSP5 0.0 0.0 0.5 0.0 0.0 0.2 0.4 0.3 0.0 0.3 99.3 96.4 77.4 0.2 11.4 4.6 0.2 2.8 6.6 0.2 

10906 T C ORF1ab NSP5 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.4 13.0 19.6 5.9 0.0 0.0 0.5 0.0 0.6 0.8 0.0 

11306 G A ORF1ab NSP6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.2 0.0 0.0 0.0 22.8 0.0 0.0 0.0 0.0 0.0 

11620 C T ORF1ab NSP6 0.2 0.3 0.2 0.1 0.0 0.4 0.2 99.6 0.8 10.1 0.2 0.0 0.4 1.6 24.1 0.0 8.6 0.2 0.8 72.9 

11770 A G ORF1ab NSP6 0.0 0.0 0.2 0.0 0.2 0.0 0.2 0.2 0.4 0.3 98.1 91.0 73.5 0.2 43.2 5.9 0.6 3.2 5.5 0.6 

12043 C T ORF1ab NSP7 0.0 0.1 0.0 0.0 0.3 0.0 0.0 0.0 17.5 51.4 0.4 4.1 13.1 13.1 0.0 27.5 12.0 25.4 27.7 18.8 

12344 A G ORF1ab NSP8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.2 12.7 0.0 0.0 0.2 0.0 0.0 

12459 C T ORF1ab NSP8 0.0 0.6 10.1 0.2 0.0 4.4 0.2 0.1 0.0 0.0 0.2 0.0 0.2 0.5 0.0 0.0 0.1 0.2 0.2 0.2 

13527 T C ORF1ab NSP12b 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.2 0.9 0.7 56.8 50.2 35.5 0.0 0.0 1.1 0.0 1.1 3.4 0.0 

13936 G T ORF1ab NSP12b 0.0 0.2 0.0 0.0 0.1 0.6 98.4 0.1 93.8 86.5 0.4 1.1 13.0 15.2 0.0 25.9 40.5 23.1 26.2 0.0 

14068 C T ORF1ab NSP12b 0.0 0.0 0.1 0.0 0.0 0.0 0.1 0.0 0.1 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.2 11.0 

14776 G T ORF1ab NSP12b 0.0 0.0 0.2 0.2 0.2 0.0 0.1 0.1 0.2 0.0 53.5 51.0 34.3 0.1 0.0 1.8 0.3 1.6 1.9 0.1 

14913 C T ORF1ab NSP12b 0.0 0.0 0.9 0.0 22.6 0.4 0.0 0.0 0.0 0.3 9.5 16.9 5.5 0.0 0.0 0.5 0.0 1.1 1.3 0.0 

15814 G A ORF1ab NSP12b 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.0 0.8 0.3 99.2 97.1 76.4 0.0 0.0 4.5 0.0 2.9 6.7 0.0 

16733 C T ORF1ab NSP13 0.2 2.3 20.9 36.0 0.0 3.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0 

16901 G T ORF1ab NSP13 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.5 0.2 0.2 25.7 0.1 0.0 0.2 0.0 0.0 

17207 A G ORF1ab NSP13 0.2 0.0 0.0 0.0 0.1 0.0 0.1 0.0 0.3 0.2 99.3 97.4 78.8 0.6 0.0 5.2 0.2 3.7 9.9 0.1 
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Locus From To Gene Protein 

Days since 1st Positive RT-PCR for SARS-CoV-2 

1 37 41 45 50 55 66 82 86 89 93 
93  

(ETA) 
95 98 99 

99  

(ETA) 

100  

(ETA) 
100 

101  

(ETA) 
101 

17304 C T ORF1ab NSP13 0.1 41.6 0.4 0.3 0.1 1.1 0.0 0.0 0.1 0.1 0.0 0.0 0.2 0.1 0.0 0.2 2.2 0.2 0.4 0.1 

17320 G T ORF1ab NSP13 0.2 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.5 0.0 0.0 0.0 0.0 0.9 0.1 0.4 19.4 0.2 0.2 14.6 

17358 T A ORF1ab NSP13 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.1 11.2 0.0 0.0 0.2 0.0 0.0 

17436 C T ORF1ab NSP13 0.0 0.2 0.0 0.2 0.0 0.0 21.1 0.0 0.0 0.2 0.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

17550 C T ORF1ab NSP13 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 99.2 0.1 0.0 0.1 0.0 0.0 

17703 C T ORF1ab NSP13 0.0 0.2 0.0 0.1 0.0 0.8 0.0 0.0 0.0 0.0 14.8 7.8 17.1 0.0 0.0 0.8 0.0 0.7 0.9 0.1 

18488 T C ORF1ab NSP14 0.0 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 16.2 8.9 18.4 0.2 0.0 1.4 0.0 0.2 0.7 0.0 

19388 G A ORF1ab NSP14 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.0 0.0 17.4 10.9 20.3 0.0 0.0 0.9 0.0 1.1 1.5 0.0 

20150 A G ORF1ab NSP15 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 94.6 91.5 0.5 2.0 17.3 18.3 0.0 31.2 42.3 35.9 27.1 4.6 

21600 G T S Spike 0.2 0.0 0.2 0.0 0.3 0.0 0.0 0.0 0.0 0.9 99.3 96.8 76.4 0.7 15.2 22.2 0.0 66.7 6.5 0.0 

21635 C A S Spike 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.0 1.0 26.6 15.0 23.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

21752 T G S Spike 0.0 0.0 0.0 0.0 0.0 0.2 0.0 3.7 0.0 0.3 99.2 95.8 81.3 0.0 0.0 10.6 0.0 9.8 25.3 0.7 

21765-2170 T - S Spike 0.0 0.0 0.0 0.0 0.0 0.0 0.0 83.0 0.0 6.0 0.0 0.0 12 72.9 75.8 61.4 49.7 58.3 60.7 78.7 

21855 C T S Spike 0.0 0.0 0.4 0.0 0.0 11.9 0.0 0.0 0.0 0.0 0.2 0.0 0.2 0.0 0.0 0.1 0.0 0.2 0.1 0.1 

22088 C T S Spike 0.2 0.5 0.2 0.0 0.0 0.6 0.0 0.2 2.4 0.0 16.9 6.2 17.3 0.0 0.0 0.0 0.0 0.0 0.6 1.8 

22160 T C S Spike 0.2 0.0 0.0 0.0 0.0 0.0 0.2 0.2 82.0 85.8 0.5 0.6 13.9 8.5 21.2 0.0 23.2 28.6 27.6 1.7 

22281 C T S Spike 0.2 0.0 0.0 0.0 0.0 0.8 0.0 0.2 86.6 84.2 0.5 1.9 12.9 6.8 17.7 0.0 28.6 28.6 25.8 1.7 
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Locus From To Gene Protein 

Days since 1st Positive RT-PCR for SARS-CoV-2 

1 37 41 45 50 55 66 82 86 89 93 
93  

(ETA) 
95 98 99 

99  

(ETA) 

100  

(ETA) 
100 

101  

(ETA) 
101 

22550 C T S Spike 0.0 0.0 0.0 0.0 0.1 0.7 0.0 0.0 0.0 0.3 99.4 96.9 75.0 0.2 0.5 6.3 0.5 0.0 5.8 0.0 

22679 T A S Spike 0.0 0.0 0.0 0.2 0.1 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.0 0.0 0.0 0.0 12.5 

22959 G T S Spike 0.0 0.0 1.5 0.0 0.2 0.2 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.0 13.4 0.0 0.0 0.1 0.0 0.0 

23063 A T S Spike 0.0 0.0 0.0 0.0 0.0 32.7 0.1 0.0 1.7 0.1 0.0 0.0 0.1 1.2 0.0 0.1 0.1 0.1 0.0 0.0 

23398 T C S Spike 0.0 0.0 0.2 0.0 0.0 0.2 0.1 0.2 24.9 65.2 0.4 2.5 16.1 12.4 0.1 36.3 34.8 31.1 26.8 0.2 

23948 G C S Spike 0.0 0.3 0.0 0.3 0.1 2.2 0.1 99.5 2.8 9.5 0.2 0.2 7.6 79.3 82.4 76.0 70.1 82.8 65.4 97.7 

23996 C T S Spike 0.2 0.0 0.0 0.4 0.0 0.3 0.0 0.2 0.0 0.0 0.0 0.2 0.1 0.2 0.0 0.0 0.0 0.0 0.0 95.4 

24257 G T S Spike 0.0 0.0 2.1 0.1 27.0 2.4 0.0 0.0 0.2 0.1 0.2 0.0 0.3 0.0 0.0 0.2 10.2 0.0 0.3 0.1 

25033 G A S Spike 0.0 0.1 0.2 1.1 0.0 0.3 0.0 0.0 0.0 0.2 99.3 96.3 77.4 0.3 1.1 4.9 0.1 4.0 6.9 0.2 

25334 G A S Spike 0.0 0.0 0.2 0.1 0.0 0.2 0.0 0.3 0.0 0.1 0.0 0.0 0.0 0.0 20.1 0.0 0.0 0.0 0.0 0.0 

25537 G A ORF3a 
ORF3a  

Protein 
0.0 2.5 15.9 20.0 0.3 2.9 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 

26299 C A E Env 0.0 0.0 0.0 0.0 0.0 0.2 0.1 0.0 0.1 0.3 99.3 97.3 77.9 0.0 37.9 1.3 0.0 2.8 7.0 0.0 

26333 C T E Env 0.2 0.0 0.2 0.0 0.0 0.2 0.0 0.0 0.0 0.3 99.5 97.4 78.0 0.0 37.7 1.3 0.0 3.4 7.1 0.0 

26373 C T E Env 0.0 0.0 0.0 0.2 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 11.8 0.0 0.0 0.0 0.0 0.0 

26529 G A M Membrane 0.1 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.1 0.0 0.2 0.0 0.0 0.0 14.7 0.0 0.0 0.0 0.0 0.0 

26634 G T M Membrane 0.2 0.0 0.2 0.1 0.0 0.0 0.1 0.0 0.2 0.0 43.2 32.4 10.7 0.0 1.8 0.3 0.0 0.0 0.7 0.0 
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Locus From To Gene Protein 

Days since 1st Positive RT-PCR for SARS-CoV-2 

1 37 41 45 50 55 66 82 86 89 93 
93  

(ETA) 
95 98 99 

99  

(ETA) 

100  

(ETA) 
100 

101  

(ETA) 
101 

26647 G A M Membrane 0.2 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 22.6 26.4 6.6 0.2 0.0 0.3 3.1 0.0 0.0 0.1 

26895 C T M Membrane 0.3 0.0 0.0 0.0 0.3 0.0 0.0 0.3 0.0 0.0 99.6 97.6 76.3 0.3 43.6 5.0 0.0 4.5 7.7 0.0 

27087 G A M Membrane 0.0 0.6 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.0 6.2 10.5 22.0 0.2 10.5 0.2 0.0 0.2 1.1 0.0 

27408 T C ORF7a 
ORF7a  

Protein 
0.0 0.1 0.0 0.1 0.0 0.0 0.1 0.0 28.1 65.0 0.3 2.7 14.5 10.5 6.2 29.6 17.5 32.6 26.9 0.0 

27459 G T ORF7a 
ORF7a  

Protein 
0.3 0.1 0.2 0.2 0.3 0.0 0.1 0.4 0.0 3.2 0.2 0.0 7.5 81.8 76.8 65.0 51.8 61.8 65.2 81.6 

27509 C T ORF7a 
ORF7a  

Protein 
0.0 65.5 44.9 79.2 67.5 26.6 0.0 0.1 0.0 0.0 0.0 0.7 0.1 0.2 0.1 0.1 1.3 0.2 1.7 0.0 

27618 T C ORF7a 
ORF7a  

Protein 
0.3 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.0 1.6 99.3 98.0 85.4 0.9 29.6 55.6 0.0 2.4 10.6 0.0 

27634 T C ORF7a 
ORF7a  

Protein 
0.0 0.0 3.1 0.0 26.3 1.2 0.0 0.3 0.0 0.0 0.0 0.3 0.0 0.0 0.0 0.0 3.9 0.0 0.0 0.0 

28068 G T ORF7b 
ORF7B  

Protein 
0.0 0.7 10.6 0.1 0.3 1.1 0.0 0.2 0.0 0.0 0.0 0.5 0.0 0.2 0.1 0.1 0.0 0.0 0.0 0.4 

28121 C T ORF8 
ORF8  

Protein 
0.0 0.3 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.2 0.2 0.0 0.0 0.0 0.0 0.0 15.9 
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Locus From To Gene Protein 

Days since 1st Positive RT-PCR for SARS-CoV-2 

1 37 41 45 50 55 66 82 86 89 93 
93  

(ETA) 
95 98 99 

99  

(ETA) 

100  

(ETA) 
100 

101  

(ETA) 
101 

28209 G C ORF9 
ORF8  

Protein 
0.0 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.7 0.2 1.5 11.9 3.3 0.0 24.9 1.3 28.2 27.7 0.2 

28313 C T N Nucleocapsid 0.0 0.0 0.0 0.2 0.0 0.0 0.0 0.2 0.1 0.0 0.0 0.2 0.2 0.0 0.2 0.0 0.1 0.0 0.0 10.6 

28356 A G N Nucleocapsid 0.0 0.3 2.7 0.2 48.3 0.2 0.2 99.9 2.3 7.1 0.3 0.4 6.5 79.9 88.2 59.7 46.7 62.4 61.7 89.0 

28748 C T N Nucleocapsid 0.0 0.0 0.0 0.0 0.0 0.5 0.0 0.2 1.7 0.0 0.0 1.9 14.0 3.8 0.0 26.7 0.1 27.9 27.5 0.0 

29198 C T N Nucleocapsid 0.0 0.0 0.3 0.2 0.3 0.0 0.0 0.1 0.0 0.0 0.1 0.0 0.2 0.1 21.9 0.2 0.1 0.0 0.2 0.1 

29259 C T N Nucleocapsid 0.0 0.2 0.0 0.0 0.0 0.2 0.1 0.0 0.0 0.0 0.1 0.0 0.2 0.1 0.1 0.1 0.1 0.3 0.0 18.8 

29825 G C N Nucleocapsid 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.0 0.0 0.0 0.0 0.8 0.7 0.0 8.7 0.0 8.1 12.0 0.0 

29825 G T N Nucleocapsid 0.0 0.2 0.0 0.0 0.4 0.0 0.0 99.3 3.3 9.2 0.2 1.1 6.1 80.4 99.6 55.1 40.5 54.2 54.8 99.6 

 

Table 4.3. Prevalence of all nucleotide variants at sequential time points measured by short-read (Illumina MiSeq).  

Mutations in Figure 4.10 are shown here in bold. N = Nucleocapsid, E = envelope, S = Spike; Locus 2343 = NSP2: I513T, 13936 = NSP12b: 

V157L, 20150 = NSP15:N177S, 21600 = S:S13I, 21752 = S:W64G, 21765 = S:𝚫69, 22160 = S:Y200H, 22281 = S:T240I, 22550 = S:P330S, 

23948 = S:D796H, 27509= ORF7a: T39I. Analyses done in collaboration with Dr Steven Kemp and Professor David Pollock. 
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The presence of the mixed population of viruses in this participant’s samples was 

independently confirmed using SGA on samples from three time points - days 1 and 

37, which preceded administration of CP, and day 98, which was after the third dose 

of CP. The absence at days 1 and 37 and the presence at day 98 of a mixed population 

of viruses bearing the different Spike mutations, provides further evidence of dynamic 

population shifts in response to convalescent plasma (Table 4.4). 

 

  Prevalence of mutations (%) 

Timepoint N W64G P330S 𝚫H69/V70 D796H T200I Y240H 

Day 1  7 0 0 0 0 0 0 

Day 37  38 0 0 0 0 0 0 

Day 98  21 4.8 (1) 4.8 (1) 81.0 (17) 68.4 (13*) 14.3 (3) 14.3 (3) 

 

Table 4.4: Single genome amplification data showing the prevalence of each 

mutation in respiratory samples at indicated time points.  

N- indicates the number of single genomes obtained at each time point. * The 

denominator is 19 as the sequence reads for 2 genomes covering amino acid position 

796 were poor quality. WT- wild type Spike pseudotyped virus, mutants; D796H- 

aspartic acid to histidine at Spike protein amino acid position 796, △H69/V70- 

histidine and valine deletion at Spike protein amino acid position 69 and 70 

respectively, W64G- tryptophan to glycine at Spike protein amino acid position 64, 

P330S- proline to serine at Spike protein amino acid position 330, T200I- threonine 

to isoleucine at Spike protein amino acid position 200, Y240H- tyrosine to histidine 

at Spike protein amino acid position 240. 
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4.4 Spike Mutants D796H causes a decrease in infectivity which is compensated 

for by acquisition of 𝚫69/70 deletion 

 

The phenotypic properties of Spike mutant virus bearing four of the observed 

mutants W64G + P330S and 𝚫H69/V70 + D796H were investigated using lentivirus 

pseudotyping infectivity and neutralisation assays. These mutations were engineered 

into codon optimised Spike expression pCDNA_SARS-CoV-2_S plasmid bearing 

D614G by site direct mutatgenesis (SDM), either as single or double mutation as 

indicated (Methods 2.2.8). Pseudotyped viruses were generated by transfection of 

HEK293T cells with p8.91 lentivirus packaging plasmid, pCSFLW luciferase 

expression plasmid and pCDNA_SARS-CoV-2_S Spike expression plasmid.  

Pseudotyped viruses were harvested 48 hours later (Methods 2.2.9). The wild type 

(WT) was the Spike pseudotyped virus bearing D614G and the pseudotyped virus 

bearing W64G + P330S and 𝚫H69/V70 + D796H either individually or in pairs were 

designated single or double mutants prefixed by the amino acid mutation and 

position in Spike protein.  

 

Firstly, the infectivity of these pseudotyped viruses were determined in a single 

round infectivity assay (Methods 2.2.9) by titration on target cells- HEK293T cells 

which had transiently been transfected with ACE2 and TMPRSS2 or HeLA 

expressing ACE2 receptors. The relative light units (RLU) per µl of infectious dose 

was determined using the Steady-Glo Luciferase assay system (Promega). (Figures 

4.13A, B). In another experiment, infectivity was measured by normalising virus 

input for reverse RT activity in the virus supernatant as measured by qPCR (Methods 

2.2.10) (Figures 4.13 C, D). The normalised input was used to infect either HeLa 
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cells expressing ACE2 receptors or HEK293T cells which had transiently been 

transfected with ACE2 and TMPRSS2. Both approaches were consistent in that over 

a single round of infection compared to WT, the acquisition of the single D796H 

mutation led to a 3.5-fold decrease in infectivity, the 𝚫H69/V70 deletions appeared 

to have two-fold higher infectivity compared to WT and the acquisition of the double 

mutant 𝚫H69/V70 + D796H restored infectivity to levels similar to the WT (Figures 

4.13A, B, C, D). Acquisition of W64G+P3300S also led to a two-fold decrease in 

infectivity compared with WT (Figure 4.13A).  
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Figure 4.13. SARS-CoV-2 Spike pseudotyped virus infectivity. A, B. Infectivity 

determined by titration of the pseudotyped viruses on the indicated target cell line. 

Data points are RLU/µl of input virus, are mean ± s.d. of two technical replicates and 

represent two independent experiments. C, D. Infectivity determined by 

quantification of reverse transcriptase activity by qPCR. Data points are RLU 

normalised for RT-activity are mean ± s.d. of two technical replicates and represent 

two independent experiments. WT- wild type Spike pseudotyped virus, mutants; 

D796H- aspartic acid to histidine at Spike protein amino acid position 796, 

△H69/V70- histidine and valine deletion at Spike protein amino acid position 69 and 

70 respectively, W64G- tryptophan to glycine at Spike protein amino acid position 

64, P330S- proline to serine at Spike protein amino acid position 330. 

 

 

4.5 Spike Mutants D796H and 𝚫69/70 individually or in combination does not 

impact Spike incorporation 

 

Spike protein from each pseudotyped virus was detected by Western blot in pelleted 

virions obtained by centrifugation of the supernatant from transfected cells (Methods 

2.2.11). Equal amounts of full-length Spike protein was detected in pelleted virions 

in the WT and each mutant (Figure 4.14). HIV-1 p24 antibody probing was used to 

monitor levels of lentiviral particle production. 
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Figure 4.14. Spike expression of WT and mutant pseudotyped viruses. Western 

blot of pseudotyped virus pellets from supernatants from cells transfected with the 

triple plasmids to produce the WT and mutant pseudotyped viruses that includes the 

Spike protein. Blots are representative of two independent transfections. WT- wild 

type Spike pseudotyped virus, mutants; D796H- aspartic acid to histidine at Spike 

protein amino acid position 796, △H69/V70- histidine and valine deletion at Spike 

protein amino acid position 69 and 70 respectively. Done in collaboration with Dr 

Rawlings Datir. 

 

4.6 The spike D796H evolved to escape neutralisation from polyclonal sera 

 

Serum neutralisation was measured in a single-round in vitro neutralisation assay 

(Methods 2.2.12). Using a lentiviral pseudotyping method, WT, △H69/V70 + 
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D796H, W64G+ P330 and single mutant Spike proteins in enveloped virions were 

generated in order to measure neutralisation activity of CP and participant’s sera at 

time points preceding and following administration CP against these viruses. Serum 

neutralisation curves were generated from which inhibitory dilution 50 (ID50) were 

determined. ID50 is the dilution of serum required to inhibit 50% of infection of a 

SARS-CoV-2 Spike pseudotyped virus in the assay. Human AB serum stored prior 

to 2019 was the negative control. Positive controls were sera from COVID-19 PCR 

positive cases.  

 

Examples of neutralisation curves from participant’s sera against WT are compared 

with neutralisation by a pre-pandemic negative control, a SARs-CoV-2 PCR positive 

control and 3 samples of neutralising convalescent sera from independent recovered 

patients (Figure 4.15). The participant sera from days 38 and 52 had no neutralisation 

activity against the WT virus. However, following administration of the first 2 units 

of CP, participants’ sera from days 66 - 80 had neutralisation activity against WT 

(Figure 4.15).  
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Figure 4.15. Neutralisation curves against the WT pseudotyped virus. Days 38 

and 52 of the participant’s sera with no neutralisation activity against WT (pink). 

Days 66 to 80 of the participant’s sera with neutralisation activity against WT (light 

blue). CP- Convalescent plasma, units 1 to 3 with activity against the WT (green). 

Negative control- pre-pandemic human AB serum (red). Positive control- serum 

from a SARS-CoV-2 PCR positive case (dark blue). D- day sample was taken, day 1 

being first PCR positive SARS-CoV-2 swab. WT- wild type Spike pseudotyped 

virus. 

 

 

D796H alone and the D796H + △H69/V70 double mutant were less sensitive to 

neutralisation by all CP samples. The neutralisation curves show a shift to the right 

for both these mutants (Figure 4.16A). The was at least a 2-fold decrease in ID50 

against the D796H + △H69/V70 mutants by CP samples 2 and 3 and a 1.3-fold 

decrease by CP 1 (Table 4.5). These mutations emerged after administration of CP 

units 1 and 2, diminished and then rebounded after CP unit 3, which may explain why 

the fold decrease by CP 1 was lower than that of CP 2 and 3. △H69/V70 deletion on 

its own had no impact in neutralisation activity by any of the CPs (Figure 4.16A). 

Patient derived serum from days 64 and 66, one day after CP1 and CP2 respectively, 

similarly showed lower potency against the D796H + △H69/V70 mutants, with 1.7 to 

2.6-fold decrease in ID50s (Figure 4.16B, Table 4.5).  

 

W64G + P330S as a double mutant was not detected in the participants’ samples 

until day 93 when it reached a prevalence 99%. It was already diminishing on day 95 

when the 3rd unit of CP was given, probably in response to remdesivir given on day 



 181 

93. It completely disappeared and rebounded again to 25% (W64G) and 6% (P330S) 

by day 101. This double mutant was less sensitive to neutralisation by CP unit 3, 

with a 3.4-fold decrease in ID50 (Fig 4.17, Table 4.6).  CP unit 2 had a 1.5-fold 

decrease in ID50 against the mutant whilst CP1 has equal neutralisation activity 

against the mutant and the WT. (Fig 4.17, Table 4.6). 
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A 

   

B 

 

Fig 4.16. Neutralisation sensitivity of Spike WT, D796H, △H69/V70 and D796H +△H69/V70 pseudotyped lentiviruses. A. Representative 

neutralisation curves for Spike variants against convalescent plasma units 1-3. B. Representative neutralisation curves for Spike variants against 

participant’s sera from days 64 and 66. CP- convalescent plasma, D- day sample was taken, day 1 being first PCR positive SARS-CoV-2 swab. 
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WT- wild type Spike pseudotyped virus, mutants; D796H- aspartic acid to histidine 

at Spike protein amino acid position 796, △H69/V70- histidine and valine deletion 

at Spike protein amino acid position 69 and 70 respectively. Data points represent 

mean neutralisation of technical replicates and error bars represent standard error of 

the mean. Data are representative of two independent experiments. 
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 ID50 Fold decrease 

Sera WT D796H △H69/V70 
D796H+△

H69/V70 

D796H △H69/V70 

D796H+△

H69/V70 

CPI 317.5 236.8 562.9 248.3 1.3 0.6 1.3 

CP2 511.5 255.1 442.3 209.6 2.0 1.2 2.4 

CP3 132.3 52.4 162.8 71.0 2.5 0.8 1.9 

D64 133.5 78.48 78.70 52.25 1.7 1.7 2.6 

D66 109.2 48.23 96.13 43.04 2.3 1.1 2.5 

 

Table 4.5. Inhibitory dilution 50 and fold changes for D796H, △H69/V70 and 

D796H +△H69/V70 spike mutations.  

ID50- inhibitory dilution 50, CP- convalescent plasma, D- day sample was taken, 

day 1 being first PCR positive SARS-CoV-2 swab. WT- wild type Spike 

pseudotyped virus, mutants; D796H aspartic acid to histidine at Spike protein amino 

acid position 796, △H69/V70- histidine and valine deletion at Spike protein amino 

acid position 69 and 70 respectively. No fold decrease (green), moderate fold 

decrease (orange), significant fold decrease (red). 
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Fig 4.17. Neutralisation sensitivity of Spike WT and W64G+ P330 pseudotyped 

lentiviruses. Representative neutralisation curves for Spike variants against 

convalescent plasma units 1-3. WT- wild type Spike pseudotyped virus, mutants; 

W64G- tryptophan to glycine at Spike protein amino acid position 64, P330S- 

proline to serine at Spike protein amino acid position 330. Data points represent 

mean neutralisation of technical replicates and error bars represent standard error of 

the mean. Data are representative of two independent experiments. 
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Sera 

WT 

ID50 

W64G+ P330 

ID50 

Fold decrease 

CPI 2181 2501 0.9 

CP2 597.8 408.4 1.5 

CP3 291.3 85.4 3.4 

 

Table 4.6. Inhibitory dilution 50 and fold changes for W64G+ P330 spike 

mutations.  

ID50- inhibitory dilution 50, CP- convalescent plasma, WT- wild type Spike 

pseudotyped virus, mutants; W64G- tryptophan to glycine at Spike protein amino 

acid position 64, P330S- proline to serine at Spike protein amino acid position 330. 

No fold decrease (green), moderate fold decrease (orange), significant fold decrease 

(red). 

 

 

4.7 The location of D796H and △H69/V70 Spike mutations may affect antibody 

binding and neutralisation by allostery 

 

The location of the Spike mutants D796H and △H69/V70 were mapped using the 

PyMOL Molecular Graphics System v.2.4.0 (https://github.com/schrodinger/pymol-

open-source/releases), onto a previously published SARS-CoV-2 spike structure 

(PDB: 6ZGE). Amino acids 69 and 70 are in the NTD, in an exposed loop with a 

somewhat disordered structure, however in the tertiary protein structure, it is close to 

the receptor binding domain of the Spike protein. This may affect antibody binding 

at this site by a conformational change in the protein structure. D796 is located near 
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the base of Spike in the S2 subunit and is also in an external loop. This site may not 

come into contact with neutralising antibodies but may mediate escape by 

introduction of a charged amino acid, again, leading to a conformational change of 

the protein structure (Figure 4.18).  

 

 

 

 

 

Figure 4.18. Spike mutations ΔH69/70 and D796H. Surface protein representation 

of the Spike homotrimer are coloured separately in shades of grey. In red are the 

amino acid residues H69 and V70, deleted in the N-terminal domain. In orange is 

D796H in the Spike S2 subunit. Close-ups are cartoon stick representation of 

ΔH69/Y70 (above) and D796H (below) (PDB: 6ZGE Wrobek et al., 2020). Source: 

Kemp and Collier et al, SARS-CoV-2 evolution during treatment of chronic 

infection, Nature 592, 277–282 (2021). https://doi.org/10.1038/s41586-021-03291-y. 
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4.8 Discussion 

 

This in-depth analyses of in vivo dynamic evolution and escape, demonstrates within-

host adaptation of SARS-CoV-2 to evade neutralising antibodies.  

 

It is possible that some of the viruses sampled represent a compartmentalised 

population that was previously unsampled, particularly the virus population 

containing W64G + P330S, which emerged at high prevalence on a particularly long 

branch at days 93 and 95.  The SGA analyses suggests that although this was a 

divergent cluster, it was present within the mixed population of viruses at a low level 

in a sample from a later timepoint. In addition, the phylogenetic tree showed that this 

population was rooted within the main population. 

 

Ideally, the neutralisation assay would be replicated in a live virus system. However, 

Spike pseudotyped viral infection assays have been shown to have similar 

characteristics as assays using infectious wild type SARS-CoV-2 (Schmidt et al. 

2020).  

 

Although recent head to head analyses of long read Oxford Nanopore Technology 

(ONT) and short read Illumina found that they are equally good at consensus-level 

sequence determination (Bull et al. 2020), short read Illumina MiSeq data was used 

for variant calling in the mutational prevalence analyses in this study. This is 

because Illumina is known to have a lower sequencing error rate (Bull et al. 2020; 

Kim et al. 2020). However, errors introduced in sample preparation and PCR may 

result in missing some variants and patterns of intrahost diversity. Therefore, future 
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work will include using high-throughput single genome amplification from RNA, 

which lends itself well to exploring variations in  a limited region of the genome (Ko 

et al. 2021), as well as reconciling the dynamic shifts in the virus population with 

antibody responses and mapping the immunodominant epitopes targeted by 

autologous antibodies to the emerging viruses detected.  

 

Of note, no regions outside of the Spike protein were considered in this work. This is 

because the Spike protein is really well characterised and it is the target of neutralising 

antibodies following natural infection. Although other regions outside of the Spike 

protein might contribute to immune escape, the Spike protein is most likely directly 

involved in this process.  

 

This is a study of a single case and therefore limits generalisability. The circumstances 

of this participant with absent B cell, suboptimal T cell response maybe applicable to 

a broad group of immunocompromised hosts for example the elderly. In the next 

chapter I will explore some factors associated with immune response to Spike directed 

mRNA vaccines including age and cytomegalovirus seropositivity. 

 

 

 

 

 

 

 

 



 190 

CHAPTER 5: RESULTS 3- AGE-RELATED 

HETEROGENEITY OF SARS-COV-2 MRNA VACCINE-

ELICITED RESPONSES 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Key Findings: 

 

• SARS-CoV-2 specific binding antibody levels negatively correlate 

with age. 

  

• The odds of an inadequate neutralising antibody response to a spike 

pseudotyped virus after only one dose of the mRNA BNT162b2 

vaccine was 3.7 in those ≥80 years old. 

 

• Poor serum neutralisation of WT Spike pseudotyped virus after the 

first dose of mRNA BNT162b2 is overcome by the booster/second 

dose. 

 

• The frequency of IFN𝛾 secreting Spike specific T cells following 

only one dose of mRNA BNT162b2 vaccine is significantly lower in 

the ≥80 years group compared with the <80 years group. This is 

overcome by the booster/second dose. 

 

• The frequency of IL-2 secreting Spike specific T cells following only 

one dose of mRNA BNT162b2 vaccine is significantly lower in the 

≥80 years group compared with the <80 years group. This however 

was not increased by the booster/second dose. 

 

 

• The frequency of IFN𝛾 secreting Spike specific T cells following 

only one dose of mRNA BNT162b2 vaccine is higher in the ≥80 years 

group with HCMV seropositivity compared to ≥80 year who are 

HCMV negative. 
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From the previous body of work on virus escape from neutralising antibodies, it was 

clear that the ability of the SARS-CoV-2 Spike expressing pseudotyped viruses to 

escape inhibition by neutralising antibodies had implications for response to vaccine-

elicited antibodies. Vaccines are a key tool to controlling the COVID-19 pandemic. 

In particular, mRNA vaccine had shown good efficacy in clinical trials after two 

doses, separated by a three or four week gap (Baden et al. 2020; Polack et al. 2020). 

However, the duration of protection is not known and very few participants above 

the age of 80 years were included in the clinical trials despite being at greatest risk of 

severe disease and death (Docherty et al. 2020). The Joint Committee on 

Vaccination and Immunisation (JCVI) recommended extending the dosing interval 

to 12 weeks in order to vaccinate a greater proportion of the population during a 

period of substantial transmission (Care 2021). This strategy is being considered in 

other countries in order to maximise first dose administration (DW. 2021; Kadire, 

Wachter, and Lurie 2021).  

 

Ageing can impact responses in many ways including but not limited to reducing the 

magnitude of antibody response to vaccines (Wilkinson et al. 2017), shortening the  

persistence of antibody response (Powers and Belshe 1993), limiting the quality of 

antibodies via reduced affinity and breadth, limiting induction of CD4+/8+ T cell 

response (Westmeier et al. 2020) and limiting induction of effector memory 

(Gustafson et al. 2020). Data on vaccine responses, particularly in groups under-

represented in clinical trial are necessary to understand the efficacy of vaccination 

using this regime.  
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Under the ethical framework of an ongoing large NIHR CRF trial called the 

Bioresource, a cohort study was conducted to assess real world immune responses 

following vaccination with mRNA-based vaccine BNT162b21 in elderly participants 

from the community and younger health care workers. The study aimed to 

investigate age as a risk factor for escape from mRNA BNT162b2 vaccine-elicited 

antibody neutralisation. It also aimed to characterise binding antibody responses, T 

cell immune responses to the vaccine by measuring SARS-CoV-2 Spike specific 

IFN𝛾 and IL-2 responses in PBMCs, the B Cell repertoire, autoantibodies and 

inflammatory markers.  

 

 

5.1 Cohort Description and study procedure 

 

One hundred and one participants received the first dose of the BNT162b2 vaccine 

whilst twenty-one received their second dose, including one who was recruited after 

their second dose of vaccine (Table 5.1). The second dose was initially given under 

the manufacturer’s recommended schedule, three weeks after the first but was 

changed during the study to 12 weeks following the JCVI’s recommendation. 

Therefore, the remaining eighty participants are yet to receive their second dose. 

 

Participants recruited reflected the Joint Committee on Vaccination and 

Immunisation (JCVI) priority groups for immunisation and included older adults and 

health care workers receiving the first dose of the BNT162b2 vaccine between the 

14th of December 2020 to the 29th of January 2021. Each participant was seen at least 

3 weeks after their first vaccine dose and up to 12 weeks after. Participants were then 
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seen again at 3 weeks following the second dose of the BNT162b2 vaccine and 

underwent the same blood sampling procedure (Figure 5.1). 
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Figure 5.1: Study flow describing the procedures for participants recruited. The 

numbers of participants with results from each type of assay is indicated. The study 

was approved by the East of England – Cambridge Central Research Ethics 

Committee (17/EE/0025). 

 

 

The median age of the cohort was 81 years (IQR 70-84) and 39% of participants 

were female. Participants were stratified by age into 2 exposure groups- < 80 years 

and ≥ 80 years. 42 (41.6%) of participants were in the <80 years group, whilst 59 

(58.4%) were in the ≥ 80 years (Table 5.1). These exposure levels were chosen 

because the JCVI priority list included participants over the 80 years old as the 

highest priority to receive the available SARS-CoV-2 vaccines. In addition, there 

was considerable concern about the efficacy of only one dose of the vaccine to 

provide protection for the elderly who were at greatest risk from COVID1-9 disease 

during a period of high background transmission in the community. It was 

hypothesised that due to aging, the ≥80 years group would mount an inadequate 

immune response with only one dose of the vaccine and would require a 

booster/second for an adequate protective immune response.  

 

Previous SARS-CoV-2 infection was determined by measuring anti-Nucleocapsid 

protein and anti-Spike protein IgG antibody levels in all participants. When both 

were elevated, the participants were deemed to have likely had exposure to pandemic 

SARS-CoV-2. This is because the mRNA vaccine contains the sequence for the 

Spike protein only. Although cross-reactivity with one of the other seasonal 

coronaviruses could not be excluded, it was assumed that N protein antibody 



 195 

positivity could reasonably be ascribed to recent infection with SAR-CoV-2 given 

high background community transmission rates. 10% of <80 years group and 9% of 

the ≥ 80 years group were positive for both anti-N IgG & anti-S IgG and thought to 

have prior exposure to SARS-CoV-2. As expected, Human cytomegalovirus 

(HCMV) seropositivity was higher in the ≥ 80 years than in the <80 years group 

(54.6% vs 37.0%) (Table 5.1). 

 

 

<80 years (N=42 or 

n/N) 

≥80 YEARS (N=60 

or n/N) 

p 

value 

Female % 40.5 (17) 38.3 (23) 0.83a 

Median age (IQR) years 62.5 (47.0-71.0) 83.0 (81.0-85.5) - 

Sera GMT WT (95% CI) 

   dose 1 

   dose 2 

 

83.4 (52.0-133.7) 

651.0 (155.6-2722.9)d 

 

46.6 (33.5-64.8)c 

555.1 (351.5-876.5)e 

 

0.01b 

nsb 

Serum ID50<20 for WT % 

   dose 1 

   dose 2 

 

21.4 (9) 

0 (0/5) 

 

50.9 (30/59)c 

0 (0/16) 

 

0.003a 

- 

Prior SARS-CoV-2       

combined positive anti-N 

IgG & anti-S IgG % 

 

 

9.8 (4/41) 

 

 

8.6 (5/58) 

 

 

0.85 a 

HCMV positive % 37.0 (10/27) 54.6 (24/44) 0.15 

 

Table 5.1: Characteristics of study participants.  

a Chi-square test, b Mann-Whitney test, cneutralisation data unavailable for one 

individual, dneutralisation data available for 5 of 42, eneutralisation data available for 
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16 of 60, GMT- geometric mean titre, WT- wild type, ID50- (Inhibitory dilution) – 

the serum dilution achieving 50% neutralisation, ns- non-significant, CI-confidence 

interval, N- Nucleocapsid protein, S- Spike protein, IgG- immunoglobulin. 

 

 

5.2 Neutralisation activity of vaccine-elicited sera against SARS-CoV-2 

following first and second dose mRNA BNT162b2 vaccine  

 

The primary outcome was inadequate vaccine-elicited serum antibody neutralisation 

activity at least 3 weeks after the first dose of vaccine, defined as an inhibitory 

dilution 50 (ID50) of ≤1 in 20. This dilution was chosen because although the limit 

of detection of the assay in 1 in 4, there is a degree of variability at lower dilutions 

which is overcome by using a more conservative cut-off. This was measured in an in 

vitro neutralisation assay and is the dilution of serum required to inhibit 50% of 

infection of a Spike pseudotyped virus (Methods 2.3.4). The pseudotyped virus was 

generated by transfection of HEK293T cells with p8.91 lentivirus packaging 

plasmid, pCSFLW luciferase expression plasmid and pCDNA_SARS-CoV-2_S 

Spike codon optimized expression plasmid D614G.  Pseudotyped viruses were 

harvested 48 hours later (Methods 2.3.3). The wild type (WT) was the Spike 

pseudotyped virus bearing D614G mutation in Spike protein. 

 

Serum neutralisation curves were generated from infection of 293T cells transiently 

transfected with ACE2 and TMPRSS2 plasmids and infected with WT Spike 

pseudotyped virus in the presence of a limiting dilution of vaccinee sera. This was 

done in duplicate. ID50s were determined from these curves using Prism 9. (Figure 
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5.2) Examples of serum neutralisation curves from six individuals with reduced 

responses after first dose of the mRNA BNT162b2 vaccine but adequate responses 3 

weeks after the second dose. 

 

 

 

Figure 5.2 Serum neutralisation curves. From vaccine-elicited serum from six 

individuals after first dose (blue) and after dose 2 (red) of mRNA BNT162b2 

vaccine against pseudotyped virus expressing wild type Spike. 

 

 

5.2.1 Poor serum neutralisation of WT Spike pseudotyped virus after the first 

dose of mRNA BNT162b2 is overcome by the booster/second dose 

 

The geometric mean neutralisation titre (GMT) at which ID50 was achieved after the 

first dose was lower in the ≥ 80 years than the < 80 years group [46.6 (95% CI 33.5-

64.8) vs 83.4 (95% CI 52.0-133.7) p<0.01]. (Table 5.1, Figure 5.3A). 21% of the 
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<80 years group had inadequate neutralisation against the WT Spike pseudotyped 

virus with an ID50 of <1:20 compared with 51% of the ≥ 80 years group. After the 

second dose, sera from vaccinated individuals exhibited an increase in neutralising 

titres. The GMT increased for the <80 years group to 651.0 (95% CI 155.6-2722.9) 

and the ≥ 80 years group to 555.1 (95% CI 351.5-876.5) with no statistically 

significant difference between these two groups (Table 5.1, Figure 5.3B).  

 

A 

 

B 

 

 

 

 

Figure 5.3. Neutralisation activity by mRNA BNT162b2 vaccine sera against 

SARS-CoV-2 in a Spike lentiviral pseudotyping assay expressing wild type 

Spike. A. Inhibitory Dilution 50 (ID50) values for individuals after dose 1 (n=101, 

blue) and after dose 2 (n=21, red) a comparing the two age groups; < 80 and ≥ 80 

years. Geometric mean with s.d is shown. Each point is a mean of technical 

replicates from two experiment repeats. B. ID50 for all individuals after dose 1 

(n=101, blue) and after dose 2 (n=21, red). Mann-Whitney test was used for unpaired 
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comparisons and Wilcoxon matched-pairs signed rank test for paired comparisons. p-

values * <0.05, ** <0.01, **** <0.0001, ns not significant, HS – human AB serum 

control. 

 

 

Given that ageing is a continuum and stratification into < 80 and ≥ 80 years groups is 

arbitrary but justified given public health policy at the time, age as a continuous 

variable was correlated with serum neutralisation using a linear regression model. 

Age showed a statistically significant negative correlation with log10 ID50 against 

WT pseudotyped virus after the first but not the second dose of the BNT162b2 

vaccine (Figure 5.4A, B).  

 

A B 

 

 

Figure 5.4. Neutralisation activity by mRNA BNT162b2 vaccine sera against 

SARS-CoV-2 in a Spike lentiviral pseudotyping assay expressing wild type 

Spike. Serum neutralisation of Spike (D614G) pseudotyped lentiviral particles 

(inhibitory dilution at which 50% inhibition of infection is achieved, ID50), log10 
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transformed ID50 after dose 1 (A, n=101) and dose 2 (B, n=21). r– Pearson’s 

correlation coefficient, β slope/regression coefficient, p-value. 

 

 

5.2.2 Older age is a risk factor for poor serum neutralisation of WT Spike 

pseudotyped virus after the first dose of mRNA BNT162b2 

 

A logistic regression model was used to analyse the association between age and 

inadequate vaccine-elicited serum antibody neutralisation against WT pseudotyped 

virus after the first dose of the BNT162b2. The unadjusted odds ratio (OR) for 

achieving inadequate neutralisation against WT was 4.4 (1.7-11.1), p0.002) for 

participants ≥ 80 years old versus <80 years (Table 5.2). In the univariable analyses, 

a longer time interval since the first vaccine dose was received was also associated 

with inadequate neutralisation with an OR of 2.9 (95% CI 1.3-6.8) in those 

vaccinated 9-12 weeks prior compared with those vaccinated between 3-8 weeks 

prior. Sex, prior exposure to SAR-CoV-2 and HCMV serostatus were not associated 

with inadequate vaccine-elicited serum antibody neutralisation. In the fully adjusted 

model including age, sex, and time interval since the first dose of vaccine was 

received, the association of older age with inadequate vaccine-elicited serum 

antibody neutralisation was still present with an OR of 3.7 (95% CI 1.2-11.2) for 

participants ≥ 80 years old versus <80 years but the association with time interval 

since the first dose of vaccine was no longer present as it was a confounder for the 

association between age and  inadequate vaccine-elicited serum antibody 

neutralisation. Other confounders such as the presence of comorbidities and a history 
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of immunosuppressive treatment could not be adjusted for as these data was not 

available for the majority of participants.  
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 Number 

 

Risk 

ID50<20 

Unadjusted 

OR (95% CI) 

P value Adjusted OR* 

(95% CI) 

P value 

WT       

Age group years  

   <80  

   ≥ 80 

 

42 

59 

 

19.1 (8/42) 

50.9 (30/59) 

 

1 

4.4 (1.7-11.1) 

 

 

0.002 

 

1 

3.7 (1.2-11.2) 

 

 

0.02 

Sex 

   Male 

   Female 

 

61 

40 

 

36.1 (22/61) 

40.0 (16/40) 

 

1 

1.2 (0.5- 2.7) 

 

 

0.59 

 

1 

1.2 (0.5-2.9) 

 

 

0.72 

Time since dose 1 weeks 

   3-8 

   9-12 

 

68 

33 

 

29.4 (20/68) 

54.6 (18/33) 

 

1 

2.9 (1.2-6.8) 

 

 

0.02 

 

1 

1.4 (0.5-3.9) 

 

 

0.57 

Previous SARS-CoV-2  

   Negative anti-N IgG 

   Positive anti-N IgG 

 

90 

9 

 

36.7 (33/90) 

44.4 (4/9) 

 

1 

1.4 (0.3-5.5) 

 

 

0.65 

 

 

- 

 

HCMV serostatus 

   Negative 

   Positive 

 

37 

34 

 

43.2 (16/37) 

38.2 (13/34) 

 

 

1 

0.8 (0.3-2.1) 

 

 

0.67 

 

 

- 

 

 

Table 5.2: Neutralisation in participants after the first dose of the mRNA BNT162b2 vaccine against wild type pseudotyped viruses.  

*Adjusted for sex and any other variables in the table with a p value<0.1 in the univariable analyses. WT- wild type, ID50- (Inhibitory dilution) – 

the serum dilution achieving 50% neutralisation, ns- non-significant, CI-confidence interval, HCMV- human cytomegalovirus. 
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5.3 Binding antibody responses following first and second dose mRNA 

BNT162b2 vaccination 

 

5.3.1 Binding antibody levels increases in response to mRNA BNT162b2 vaccine 

 

Binding antibodies to the WT Spike (S), Receptor Binding Domains (RBD) and 

Nucleocapsid (N) proteins were comprehensively measured using a particle-based 

assay. (Methods 2.3.5). The serology was performed by the Department of Clinical 

Biochemistry and Immunology, Addenbrooke’s Hospital, Cambridge, in 

collaboration with Professor Rainer Doffinger. IgA, total IgG and IgG 1-4 responses 

were detected in unexposed healthy controls (UHC), COVID-19 convalescent sera 

and after both doses of vaccine (Figure 5.5A, B). The median anti-S IgG response 

increased between the two time points from 20 297 (IQR 8 481-27 629) MFI to 30 

894 (IQR 30 341-31 180) MFI after the second dose. This was comparable with that 

of COVID-19 convalescent sera which was 29 711(IQR 28 621-30 238) MFI (Figure 

5.5A). The same trend was observed with anti-S IgA responses (Figure 5.5B). This 

confirms the expectation that the booster dose of the vaccine leads to production of 

higher   levels of vaccine specific antibodies.  

 

Although the median anti-N IgG was elevated after the first dose of vaccine 

compared with healthy controls [1 793(IQR 1 283-2 997) vs. 198 (IQR 159-375) 

MFI], it was significantly lower than the response flowing natural infection with 

SARS-CoV-2 (29 877(IQR 28 652-31 008) MFI and may indicate cross reactivity 

with other seasonal coronaviruses or in 9 individuals it was sufficiently elevated 
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along with anti-S IgG to suggest prior SARS-CoV-2 exposure (Figure 5.5A). The 

same trend was observed with anti-S IgA responses (Figure 5.5B)  

 

A 

 

B

 

 

Figure 5.5. Binding antibody responses following vaccination with mRNA 

BNT162b2 vaccine. A. Anti- S, N, RBD IgG responses post first dose (light green, 

n=99) and second dose (dark green, n=21) compared to COVID-19 convalescent 

patients (red, n=18) and healthy controls (grey, n=18) at serum dilutions 1 in 100. B. 

Anti- S, N, RBD total IgA responses post first dose (light green, n=99) and second 

dose (dark green, n=21) compared to COVID-19 convalescent patients (red, n=18) 

and healthy controls (grey, n=18) at serum dilutions 1 in 100. Data presented are 

MFI – mean fluorescence intensity ± s.d. S – Spike, N – nucleocapsid, RBD – Spike 

receptor binding domain, Ig- immunoglobulin. Serology was done by the 

Department of Clinical Biochemistry and Immunology, Addenbrooke’s Hospital, 

Cambridge, UK.  

 

 



 205 

Anti-S and anti-RBD IgG 1-4 increased between vaccine doses (Figure 5.6), as is 

seen in natural infection with SARS-CoV-2. However, the concentration of total and 

subclass anti-S and anti-RBD IgGs were significantly lower in the ≥80 years group 

compared with the <80 years group after dose 1 but was no longer significantly 

different after dose 2 (Figure 5.7). 

 

 

 

Figure 5.6. Anti-S, N, RBD IgG subclass responses post first and second dose of 

mRNA BNT162b2 vaccine. Covid-19 convalescent (n=19), first dose (n=99), 

second dose (n=21). Data presented are median with upper IQR. MFI – mean 

fluorescence intensity. S – Spike, N – nucleocapsid, RBD – Spike receptor binding 

domain, Ig- immunoglobulin. 
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Figure 5.7. Anti-Spike and anti-RBD IgG- total and subclasses after first dose of mRNA BNT16b2 vaccine stratified by age < and ≥80 

years old. MFI – mean fluorescence intensity. S – Spike, RBD – Spike receptor binding domain, Ig- immunoglobulin.  
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5.3.2 Binding antibody levels correlate with age  

 

The binding antibody MFIs after the first vaccine dose were log10 transformed and 

their correlation with age was analysed with a simple linear regression model. 

Pearson correlation was used to determine the correlation coefficient (r) between 

vaccine-elicited Spike specific binding antibody response and age in years.  mRNA 

vaccine-elicited anti-S IgA and IgG responses were significantly, negatively 

correlated with age (Figure 5.8A, B). All anti-S IgG subclasses were also 

significantly, negatively correlated with age (Figure 5.8C).  

 

A B 
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C 

 

Figure 5.8. Correlation between anti-Spike Ig A and IgG binding antibody 

responses and age. A. Anti-S IgA. B. Anti-S total IgG. C. Anti-Spike IgG subclass 

1-4. MFI – mean fluorescence intensity. S – Spike, Ig- immunoglobulin, r– 

Pearson’s correlation coefficient, p- P value, β slope/regression coefficient.  

 

 

5.3.3 Binding antibody levels correlate with serum neutralisation of SARS-CoV-

2   

 

Vaccine specific antibody responses after dose 1 of the mRNA vaccine were also 

correlated with ID50; the serum dilution at which 50% inhibition of WT Spike 

pseudotyped virus bearing D614G. The association between log10 transformed anti-S 
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IgA, total IgG and IgG1-4 subclasses and log10 transformed the ID50 was analysed 

with simple linear regression. Pearson correlation was used to determine the 

correlation coefficient (r) between vaccine-elicited Spike specific binding antibody 

response and ID50. There was a significant positive correlation between anti-S IgA, 

total IgG and IgG1-4 subclasses binding antibody levels and ID50. (Figure 5.9A, B, 

C). These results suggest that poorer neutralisation of WT Spike pseudotyped virus 

by vaccine-elicited antibodies in the ≥80 years group after the first dose of the 

BNT162b2 vaccine, is mediated by lower magnitude of neutralising antibody levels, 

which is in turn determined by age.  

 

A 

 

B 
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C 

 

Figure 5.9. Correlation between anti-Spike Ig A and IgG binding antibody 

responses and serum neutralisation. A. Anti-S IgA. B. Anti-S total IgG. C. Anti-

Spike IgG subclass 1-4. MFI – mean fluorescence intensity. ID50- inhibitory dilution 

at which 50% inhibition of infection is achieved against WT Spike pseudotyped 

virus, S- Spike, Ig- immunoglobulin, r– Pearson’s correlation coefficient, p- P value, 

β slope/regression coefficient.  
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5.4 T cell responses following first and second dose mRNA BNT162b2 vaccine 

 

5.4.1 Frequency of Spike specific T cells following vaccination   

 

Induction of memory T cells is key to T cell vaccine efficacy, therefore T cell 

responses to SARS-CoV-2 spike protein following the first and second doses of the 

mRNA BNT162b2 vaccine were measured. PBMCs from vaccinees were stimulated 

with overlapping peptide pools to the WT SARS-CoV-2 spike or as a virus specific 

control, a peptide pool including Cytomegalovirus, EBV and Flu (CEF+) specific 

peptides. IFN and IL-2 FluoroSpot assay was used to count spike specific T cells. 

An unexposed healthy control (UHC) population was selected from PBMC 

biobanked between 2014-2016 which precedes the current SARS-CoV-2 pandemic, 

in order to provide a background control for SARS-CoV-2 spike protein responses. 

A positive control population was selected from biobanked PBMCs from 

participants with PCR confirmed SARS-CoV-2 infection.   

 

Following the first dose of the mRNA vaccine in the < 80 years group, the frequency 

of IFNγ spike specific T cells was significantly larger than the responses seen in the 

UHC population. However, in the ≥80 years group, the IFNγ spike specific T cell 

responses were not different from the UHC following first dose (Figure 5.10A). 

Spike specific IL-2 T cell frequencies were significantly greater than the UHCs in 

both age groups but there was a difference between the <80 and ≥80 years groups, 

with the ≥80s having significantly lower IL-2 responses (Figure 5.10B).   
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A B 

 

Figure 5.10: T cell responses after the first dose of the mRNA BNT162b2 

vaccine. A. IFN𝛾 FluoroSpot and B. IL-2 FluoroSpot. T cell responses specific to 

SARS-CoV-2 Spike protein peptide pool following PBMC stimulation of unexposed 

healthy controls (n=20) and vaccinees <80 years IFN𝛾 (n=37), IL-2 (n= 33) and ≥80 

years IFN𝛾 (n=54), IL-2 (n=43) three weeks or more after the first doses of mRNA 

BNT162b2 vaccine. SFU- Spot forming unit, IFN𝛾- interferon gamma, IL-2- 

interleukin-2, PBMC- peripheral blood mononuclear cells. Mann-whitney test 

was used for unpaired comparisons and Wilcoxon matched-pairs signed rank test for 

paired comparisons. p-values * <0.05, **** <0.0001, ns not significant. Done in 

collaboration with Dr Mark Wills. 

 

 

Spike specific T cell responses after the first and second dose of vaccines were 

compared with both infected cases of SARS-CoV-2 (confirmed PCR positive) and 

the UHCs. As was expected, IFNγ and IL2 responses in infected individuals were 

significantly greater than the UHCs. The frequency of IFN and IL2 spike specific T 

cells after the first dose was significantly greater than the UHCs. This increased 
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further following the second dose however, only the IFN response was statistically 

significantly increased (Fig 5.11A, B).  

 

A B 

 

Figure 5.11: T cell responses after the first and second dose of the mRNA 

BNT162b2 vaccine. A. IFN𝛾 FluoroSpot and B. IL-2 FluoroSpot. T cell responses 

specific to SARS-CoV-2 Spike protein peptide pool following PBMC stimulation of 

infected SARS-CoV-2 cases (n=46), unexposed healthy controls (n=20) and all 

vaccinees three weeks or more after the first doses IFN𝛾 (n=92), IL-2 (n=76) and 

three weeks after second IFN𝛾 and IL-2 (n=21) of the mRNA BNT162b2 vaccine. 

SFU- Spot forming unit, IFN𝛾- interferon gamma, IL-2- interleukin-2, PBMC- 

peripheral blood mononuclear cells. Mann-whitney test was used for unpaired 

comparisons and Wilcoxon matched-pairs signed rank test for paired comparisons. 

p-values * <0.05, ** <0.01, **** <0.0001, ns not significant. Done in collaboration 

with Dr Mark Wills. 

 

 



 214 

The frequency of IFN and IL-2 vaccine induced spike T cells were compared 

between the <80 years and ≥80 years groups for paired first and second vaccine dose 

samples. The spike specific IFN responses significantly increased for both age 

groups following the second dose. The spike specific IL-2 responses did not 

significantly increase following the robust response induced by the first dose. 

However, the IL-2 response was significantly lower in the ≥80 years group than the 

< 80 years group following the first dose of the vaccine (Figure 5.12A, B).  

 

A B 

 

 

Figure 5.12: T cell responses after the first and second dose of the mRNA 

BNT162b2 vaccine according to age group. A. IFN𝛾 FluoroSpot and B. IL-2 

FluoroSpot. T cell responses specific to SARS-CoV-2 Spike protein peptide pool 

following PBMC stimulation of a unexposed healthy controls (n=20) and vaccinees 

<80 years IFN𝛾 (n=37), IL-2 (n=33) and ≥80 years IFN𝛾 (n=54), IL-2 (n=43) at least 

three weeks after the first doses and <80 years IFN𝛾 (n=5), IL-2 (n=4) and ≥80 years 

IFN𝛾 (n=16), IL-2 (n=16) three weeks after second dose of the mRNA BNT162b2 
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vaccine. SFU- Spot forming unit, IFN𝛾- interferon gamma, IL-2- interleukin-2, 

PBMC- peripheral blood mononuclear cells. Mann-whitney test was used for 

unpaired comparisons and Wilcoxon matched-pairs signed rank test for paired 

comparisons. p-values ** <0.01, *** <0.001, ns not significant. Done in 

collaboration with Dr Mark Wills. 

 

 

5.4.2 Correlation of Spike specific T cell response with serum neutralisation of 

SARS-CoV-2   

 

Given that T helper cells have a role in effecting extrafollicular and follicular B cell 

responses to antigens (Papavasiliou and Schatz 2002), it was hypothesised that Spike 

specific T cell response following vaccination with the mRNA vaccine may be 

correlated with serum neutralisation. The association between log10 transformed 

frequency of IFN and IL-2 vaccine induced Spike T cell responses with log10 

transformed ID50; the serum dilution at which 50% inhibition of infection was 

achieved were analysed with simple linear regression. Pearson correlation was used 

to determine the correlation coefficient (r) between vaccine-elicited Spike specific 

binding antibody response and ID50. IFN and IL-2 vaccine induced spike T cell 

responses did not correlate with ID50 against WT Spike pseudotyped virus after first 

or second dose vaccine (Figures 5.13A-D).  
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Figure 5.13. Correlation between T cell responses against SARS-CoV-2 Spike 

and serum neutralisation of WT Spike pseudotyped virus following dose 1 and 2 

of the mRNA BNT162b2 vaccine. A, B. IFN (n=89) and IL2 (n=74) FluoroSpot 

after first dose. C, D. IFN (n=21) and IL2 (n=21) FluoroSpot after second dose. 

SFU- Spot forming unit, IFN𝛾- interferon gamma, IL-2- interleukin-2, PBMC- 

peripheral blood mononuclear cells, r- Pearson correlation coefficient, p- p value, 

β- the slope or coefficient. Bonferroni adjustment was made for multiple 

comparisons. 

 

 

 

 



 217 

5.4 3 T cell responses to SARS-CoV-2 Spike peptide pools are specific 

 

The PBMC from UHCs and vaccinees after the first dose of the mRNA vaccine were 

stimulated with a peptide pool including Cytomegalovirus, EBV and Flu (CEF+) 

specific peptides. The response to CEF+ peptides were comparable across age 

groups, indicating that differences in observed responses were vaccine specific and 

unlikely due to generalised suboptimal T cell responses/immune paresis (Figure 

5.14). 

    

 

Figure 5.14. FluoroSpot IFN𝛾 PBMC responses to peptide pool of 

Cytomegalovirus, Epstein Barr virus and Influenza virus (CEF). Response from 

unexposed healthy controls (n=20), <80yo (n=37) and >80yo (n=54) three weeks 

after the first doses of Pfizer BNT162b2 vaccine. SFU- Spot forming unit, IFN𝛾- 

interferon gamma, PBMC- peripheral blood mononuclear cells. Mann-whitney 

test was used for unpaired comparisons and Wilcoxon matched-pairs signed rank test 

for paired comparisons. Ns- not significant. Done in collaboration with Dr Mark 

Wills. 
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5.4.4 HCMV seropositivity maybe associated with increased frequency of IFN𝛾 

producing Spike specific Tcells  

 

HCMV seropositivity has been associated with poor age-related responses to 

vaccination (van den Berg et al. 2019). HCMV serostatus was determined for UHCs 

and vaccinees. Given the demographic from which the study population was drawn, 

HCMV positivity was more common in the ≥80 years compared with the <80 years 

group (55% vs 37%) (Figure 5.15A). Individuals in the ≥80 years group with 

positive HCMV serology had significantly higher IFN but not IL2, responses to 

SARS-CoV-2 Spike peptides compared to the <80 years group (Figure 5.15B, C). 

Although not significant, there was a there was a trend towards a lower ID50 in 

HCMV positive individuals (Figure 5.15D). HCMV positive individuals as expected 

has a greater response to CEF peptides than HCMV seronegative. The HCMV 

positive group responded to the CMV peptides in the CEF pool, while the HCMV 

negative group could only have responded to the EBV and Flu components. This 

effect the same in both age groups (Figure 5.15E).  
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Figure 5.15. Human cytomegalovirus serostatus, T cell responses and serum 

neutralisation of WT Spike pseudotyped virus after dose 1 of the mRNA 

BNT162b2 vaccine. A. HCMV serostatus by <80 and ≥80 year groups (n=72), 
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HCMV seropositive (blue), HCMV seronegative (pink). B IFN FluoroSpot (n=72) 

and C. IL-2 FluoroSpot (n=64) T cell responses to SARS-CoV-2 Spike peptides 

after the first dose of BNT162b2 vaccine by HCMV serostatus and age group. D. 

ID50 after the first dose of BNT162b2 vaccine by HCMV serostatus and age group. 

ID50- serum dilution at which 50% inhibition of infection of WT Spike pseudotyped 

virus bearing D614G is achieved. E. IFN𝛾 FluoroSpot response to CEF peptides 

after the first dose of BNT162b2. after the first dose. SFU- Spot forming unit, IFN𝛾- 

interferon gamma, PBMC- peripheral blood mononuclear cells. Mann-whitney 

test was used for unpaired comparisons and Wilcoxon matched-pairs signed rank test 

for paired comparisons. p-values * <0.05, *** <0.001, ns- not significant. Done in 

collaboration with Dr Mark Wills. 

 

 

5.5 Discussion 

It was hypothesised that an appropriate vaccine response would include titres of 

neutralising antibodies sufficient to inhibit infection in a Spike pseudotyped assay. It 

is still unknown what level of neutralisation offers protection. However, an arbitrary 

cut off of ID50 at a serum dilution of 1 in 20 was deemed an adequate response. 

Although the limit of detection of the assay was at a dilution of 1 in 4, I found some 

variability in ID50 estimates at dilutions lower than 1 in 20. In addition, vaccines 

should elicit a response in the T cell arm of the adaptive immune system and it was 

hypothesised that an adequate response to the mRNA BNT162b2 vaccine would 

increase the frequency of Spike-specific IFN𝛾 and IL-12 secreting T cells 

compared with unvaccinated individuals.  The data presented shows that the odds 

of an inadequate neutralising antibody response to a spike pseudotyped virus after 
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only one dose of the mRNA BNT162b2 vaccine was 3.7 in those ≥80 years old. This 

correlated with anti-Spike IgA and IgG binding antibody levels. In addition, 

frequency of IFN𝛾 and IL-12secreting Spike specific T cells following only one 

dose of mRNA BNT162b2 vaccine was significantly lower in the ≥80 years group 

compared with the <80 years group. These age-related differences were overcome 

with a second dose of the vaccine. 

 

In the analyses of the association between age group and inadequate neutralisation, 

other confounders including immune suppression and comorbidities were not 

adjusted for as these data were not collected. They may be other unmeasured 

confounders that were not adjusted for. In other to prevent selection bias, 

consecutive participants were recruited without exclusion and the sample size was 

adequate. 

 

Important correlates of vaccine response have been shown which are age dependent. 

Future work would include following up these participants to look for break through 

SARS-CoV-2 infection, to track the kinetics of neutralisation activity and more 

definitively identify correlates of protection. It would be important to widen the 

study population to include more broadly immunocompromised individuals because 

as seen from the within-host evolution work presented in the previous chapter, a 

suboptimal immune response may drive within-in host adaptation of the virus to 

escape vaccine control. In addition, Spike specific B cell receptor sequencing, 

antibody cloning and expression would be required, as well as a broader analyses of 

T cell phenotype and cytokine responses would be important to further understand 

the processes mediating the effects shown. 
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CHAPTER 6: DISCUSSION 

 

PART 1 

 

6.1  HIV-1 CSF escape in the context of cryptococcal meningitis 

 

HIV-1 CSF escape was uncommon in this study population and occurred in only 4% 

(2/44). The true prevalence of CSF escape in virologically suppressed individuals is 

uncertain. Estimates have ranged from 1.5 to 10 % (Eden et al. 2010; Underwood et 

al. 2018; van Zoest et al. 2017). The prevalence is highly influenced by the limit of 

detection of the HIV-1 VL assay used and the volume of CSF analysed. Studies that 

have done longitudinal sampling have reported that some of these events are CSF 

blips and on resampling persistently detectable HIV-1 VL in the CSF is uncommon 

(reduction from 36% to 3%) (Eden et al. 2016). 

 

However, in neurosymptomatic individuals or people having a lumbar puncture for 

clinical reasons, the prevalence is higher, ranging between 6 and 18% (Kugathasan 

et al. 2017; Mukerji et al. 2017; Mukerji et al. 2018; Rawson et al. 2012). As yet, 

there are no published prevalence studies of CSF escape/discordance from sub–

Saharan Africa, so the burden in this region remains unknown (Collier et al. 2018). 

However, one study looked at the prevalence in a population with HIV-1 subtype C 

in Brazil and found a combined prevalence of CSF escape/discordance of 15.3% (de 

Almeida et al. 2020). Although reported asymptomatic, neuropsychological 

assessment of this cohort found evidence of global neuropsychological deficits in 

participants with CSF escape/discordance compared with HIV-1 negative controls. 
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Overall, CSF escape is higher in symptomatic individuals and those having a 

clinically indicated LP, it was therefore surprising that the prevalence of CSF escape 

in this study was not higher. 

 

 

6.2  CNS compartmentalisation and patient characteristics associated with 

CNS compartmentalisation in the context of CM 

 

Several studies have shown that the presence of HIV-1 replicating independently in 

the CNS is associated with clinically significant neurological disease. However, it 

was unclear to what extent the HIV-1 variants in the CNS are an independently 

replicating/compartmentalised population in patients with co-infection with HIV-1 

subtype C and cryptococcal meningitis.  

 

Visual inspection of the maximum likelihood phylogenetic trees revealed a spatial 

population structure that clearly segregated the taxa of the CSF derived genomes 

from those of the plasma in 2 out of 4 participants. This was supported by the results 

from the compartmentalisation analyses. The prevalence of CNS 

compartmentalisation in this preliminary analysis was determined. The prevalence of 

CNS compartmentalisation was 50% (95% CI 6.8-93.2). This is small sample size 

and the true prevalence maybe a lot smaller or greater as indicated by the wide 

confidence intervals. Consistent with the data presented in this thesis 

CNS compartmentalisation has been found in up to 40% of HIV-1/cryptococcal 

meningitis co-infected participants in other studies in sub-Saharan Africa (Adewumi 

et al. 2020; Lange et al. 2018).  This sample size was too small to do any meaningful 
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analyses of clinical or demographic factors associated with CNS 

compartmentalisation.  

 

 

6.3 Phylogenetic characteristics of paired CNS and plasma genomes of HIV-

1 subtype C in the context of co-infection with cryptococcal meningitis 

 

CNS compartmentalisation was identified by visual inspection of maximum 

likelihood phylogenetic tree as detailed above. Statistical analyses using distance and 

tree-based methods were used in addition and these supported the conclusions from 

visual inspection. In the 2 participants with CNS compartmentalisation, the most 

recent common ancestor was inferred to be a plasma variant that was in circulation 

prior to emergence of the cluster of viruses detected on the CNS. This fits with the 

hypothesis that the viruses in the CNS crosses the blood brain barrier earlier in the 

individual’s history of HIV-1 infection and establishes an independently replicating 

reservoir. In the other participants with intermixed viruses, this evolutionary process 

is not evident. Although, it is possible that all the variants in each compartment have 

not been sampled by SGA and the founder variant may have been missed.   

 

The viruses in the CNS cluster are not clonal, suggesting that the virus has continued 

to evolve in the CNS compartment (Stam et al. 2013). One of the participants with 

CNS compartmentalisation was on ART for 10.6 months, it possible that poor 

penetration of ART into the CSF may have driven this evolution under drug 

pressure.  
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In addition, analyses of the diversity measured by average pairwise distance (APD) 

between genomes in plasma compared with CSF found that participants with CNS 

compartmentalisation had increased diversity of HIV-1 genomes in either their 

plasma or CSF compartment but those participants with intermixed viruses had 

similarly diverse viruses in both compartments. Increased diversity of CSF derived 

HIV-1 genomes has previously been reported (Tong et al. 2015; Liu et al. 2013). 

This maybe due to differential drug levels, cellular and humoral immune responses 

in the CNS and plasma compartments which may exert differential pressure on 

viruses in either compartment, leading to viral evolution and the observed diversity. 

 

Participant 002 had received tenofovir/lamivudine/efavirenz combination therapy for 

10 months but had no DRMs in the context of very high VLs, suggesting this 

participant was non-adherent. However, if this participant had taken some drug for a 

proportion of time, it is likely that the selection pressure exerted by poor ART levels 

may have driven a soft selective sweep and limited the diversity of the HIV-1 plasma 

population as observed by average pairwise distance (APD) (Feder et al. 2016a). In 

contrast participant 003 was not on ART and had a high diversity of viruses in the 

plasma according to APD.  
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6.4 Phenotypic properties of HIV-1 isolated from the CSF 

 

6.4.1 Co-receptor usage 

 

Effective HIV-1 entry and infection is dependent on primary binding to host CD4 

receptor followed by secondary binding to either CCR5 or CXCR4 co-receptors. 

Subtype dependent, co-receptor switch from CCR5 to CXCR4 has also been shown 

to precede the onset of advanced HIV/AIDS. Since cryptococcal meningitis is an 

AIDS defining illness, it maybe expected that patients with HIV-1/CM co-infection 

may utilize the CXCR4 co-receptor. Furthermore, a study of patients with HIV-

1/CM co-infection in South Africa using computer predictive algorithms (CPAs), 

identified participants with CXCR4 utilising HIV-1 env clones in plasma and CSF 

(Sojane et al. 2018). All four participants V3 loop sequences were analysed using 

CPAs- GenotoPheno and Web PSSM. GenotoPheno predicted that all sequences 

from both compartments in all participants tested, utilised the CCR5 co-receptor. In 

contrast, PSSM predicted compartmentalised CNS co-receptor usage, with more than 

half of the CSF sequences from one participant and 3% of CSF sequences from 

another participant utilising the CXCR4 co-receptor. Both these participants had 

CNS compartmentalised viruses. However, this was not consistent with the results in 

the phenotypic co-receptor analyses. All clones derived from CSF and plasma tested 

phenotypically were found to utilise the CCR5 co-receptor. Furthermore, inhibition 

with a CCR5 inhibitor, blocked infection and confirmed dependence of these clones 

on the CCR5 co-receptor.    
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The CPAs have their drawbacks with regards their accuracy in predicting coreceptor 

usage (Low et al. 2007; Sing et al. 2007). They only consider the V3 loop, whereas 

regions outside the V3 loop such as the V2 and gp41 have been found to also 

contribute to determination of coreceptor usage (Huang et al. 2008; Thielen et al. 

2010). Although GenotoPheno accurately predicted coreceptor usage in this dataset, 

PSSM did not. PSSM may have performed more poorly here because it uses the 

amino acid at positions 11 and 25 and the net charge to predict co-receptor usage, 

which is vulnerable to indels in the alignment. 

 

 

6.4.2  Drug resistant mutations (DRMs) 

 

Persistence of HIV-1 in tissue reservoirs such as the CNS, where there is poor drug 

penetration may allow the virus to sequester and replicate (Beguelin et al. 2016; 

Collier et al. 2018; Canestri et al. 2010; Peluso et al. 2012). In addition, mutations 

G73S in protease, M184V and M230I in reverse transcriptase have been reported to 

be significantly over-represented in patients with CSF escape and CNS 

compartmentalisation (Fourati et al. 2014; Liu et al. 2013; Mukerji et al. 2018). The 

RT sequence of 31 paired CSF and plasma samples were analysed and revealed no 

clear evidence of compartmentalised DRMs. The frequency and type of DRMs were 

largely similar in both CSF and plasma compartments. This is not surprising in 55% 

of participants who were not receiving ART. Therefore, their viruses would not be 

under drug pressure. In the two participants identified with CNS 

compartmentalisation, one was treatment naïve whilst the other was treatment 
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experienced. The treatment experienced participant had no DRMs in either 

compartment.  

 

 

 

6.4.3  Neutralisation sensitivity to broadly neutralising antibodies (bnAbs) 

 

The HIV-1 Envelope is the target of neutralising antibodies. It was hypothesised that 

viral escape through mutation of the HIV-1 envelope glycoprotein (Env) maybe a 

means through which an independently replicating viral population can exist in the 

CNS. Given the chronic history of HIV-1 infection in this cohort it was expected that 

clones from both plasma and CSF maybe resistant to neutralisation bnAbs. There 

was heterogeneity in the neutralising effect of bnAbs on the clones of the two 

participants tested. An interesting finding was that the CSF clones from participant 

003 were 3 to 30 -fold more sensitive to neutralisation activity of VRCO1- CD4 

binding site antibody but more resistant to CCR5 inhibition by TAK-779 compared 

to their plasma clones. It is difficult to draw conclusions as to what these patterns of 

neutralisation sensitivity means because each virus is constrained by the niche in 

which it finds itself. However, this may indicate that these CSF clones have become 

adapted to binding CCR5 with higher affinity.  Clones from participant 002 were 

more resistant to bnaAbs compared with participant 003. However, one CSF clone 

from participant 002 was sensitive to neutralisation activity of VRCO1. In contrast to 

participant 003, this clone was sensitive to inhibition by the CCR5 inhibitor. 

 

Data on duration of HIV-1 infection were missing however it is possible that some 

of these observation are driven by the duration of HIV-1 infection and viruses in 
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participants with a longer history of HIV-1 would have had more opportunity to 

acquire adaptations to allow survival in its niche such as the acquisition of more N-

linked glycosylation to facilitate escape from neutralising antibodies (Wei et al. 

2003). 

 

 

PART 2 

 

6.5  SARS-CoV-2 escape in the context of neutralising antibodies 

 

It is increasingly recognised that some individuals have a protracted illness with 

chronic infection with SARS-CoV-2 and persistent viral shedding. The case 

presented in this thesis exemplifies this and provides a rare insight to in vivo escape 

from neutralising antibodies. This case was intensively sampled over the course of 

illness and gave the opportunity to map the viral response to antiviral treatment with 

remdesivir and convalescent plasma (CP) in an individual with poor B and T cell 

immune responses. In this case the dynamics of the viral population revealed a 

shifting landscape of Spike mutations in response to treatment with CP. Two 

mutations- △H69/V70 and D796H emerged after the receipt of CP, diminished after 

a period of time consistent with the wash-out of the CP and remerged after receipt of 

a further unit of CP. D796H was found to be 2-fold more resistant to the neutralising 

activity of the third unit of CP and a combination of △H69/V70 and D796H had a 

similar effect. Other pairs of mutations arose and receded during the interval 

between CP administration, underlying a dynamic process of selective sweeps on the 

viral population.  Interestingly, in a tissue culture system, D796H had a 3.5-fold 
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reduced infectivity compared to wild type (WT) and △H69/V70 had a 2-fold 

increased infectivity and when it occurred with D796H, the infectivity was restored 

to levels similar to WT. This appears to be evidence of within-host adaption 

following CP. It also exemplifies what is referred a “short-sighted” evolution 

whereby a virus acquires “transmissibility-reducing adaptations” in response to 

adaptive immune responses (Lythgoe et al. 2017) – so for example D796H is an 

adaptation to CP but it reduced infectivity in tissue culture. 

 

Two other cases of prolonged shedding that demonstrated within-host evolution have 

been reported. Choi et al10, presented an immunosuppressed individual with 

significant virus evolution, which including NTD deletions and RBD mutations but in 

the absence of SARS-CoV-2 specific antibody therapy. Avanzato et al also reported a 

case of another immunocompromised individual with significant shifts in genetic 

composition of the viral population over 105 days (Avanzato et al. 2020).  In this case 

CP was also used.  

 

Intriguingly, △H69/V70 is observed in the B.1.1.7 variant first reported in the UK and 

it appears that we are witnessing converging evolution where this deletion in the NTD 

maybe a common pathway to restoring detects in infectivity from other spike 

mutations. Other deletion and mutations in the NTD have been reported, for example 

△144 in B.1.1.7 and △242-4 in B.1.135 first reported in South Africa. This is of 

importance because there is evidence of epitopes in the NTD targeted by strongly 

neutralising monoclonal antibodies such as 4A8 (Chi et al. 2020; Collier, De Marco, 

et al. 2021). 
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Divergent cluster of viruses bearing W64G and P330S were identified on days 93 and 

95. This probably represents a previously unsampled compartmentalised population 

but remained rooted within the original population and consistent with having arisen 

from a single underlying viral population. Other studies have reported detection of 

SARS-CoV-2 RNA in sites outside of the airways (Choi et al. 2020; Zhang et al. 

2020).  

 

 

6.6 Age-related heterogeneity to mRNA BNT162b2 vaccine against SARS-CoV-

2 

 

Protection from infectious pathogens elicited by vaccines is driven by neutralising 

antibodies binding to the pathogens and preventing attachment to host cells. The next 

line of defence is the cellular immune response that targets and clears infected cells 

(The Royal Society 2021). The same process applies to protection from SARS-CoV-

2 infection, where studies in rhesus macaques have shown that RBD-specific 

antibodies levels, neutralisation titres and T cells responses to both vaccine and 

natural infection predict protection from SARS-CoV-2 in challenge models 

(Mercado et al. 2020; McMahan et al. 2021). Similarly, a broad neutralising 

antibody and T cell response to the mRNA and Adenovirus vectored vaccines was 

seen in human clinical trials (Anderson et al. 2020; Ewer et al. 2021; Sahin et al. 

2020) and following natural infection in humans with SARS-CoV-2 (Peng et al. 

2020; Zuo et al. 2021; Seow et al. 2020). Although no human challenge studies have 

taken place, it stands to reason that these are likely correlates of protection.  
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B and T cells must work in concert to provide effective protection from infectious 

pathogens (Papavasiliou and Schatz 2002). However, the quality and magnitude of 

responses of both these arms of the adaptive immune system are affected by ageing 

(Gustafson et al. 2020; Westmeier et al. 2020; Wilkinson et al. 2017).  The data 

presented in this thesis showed that 55% of those >80 years had a suboptimal 

neutralising antibody response after vaccination with one dose of BNT162b2 and a 

lower magnitude of neutralising antibody levels compared with the < 80 years (GMT 

83.4 (95% CI 52.0-133.7) vs 46.6 (95% CI 33.5-64.8) p 0.01), which was restored to 

similar levels after the second dose was given. Binding IgA and IgG antibody levels 

were correlated with neutralisation. The finding of a lower antibody response 

following vaccines was reported in Phase I/II trials of the mRNA vaccines  

(Ramasamy et al. 2020; Walsh et al. 2020) and has been seen with other vaccines 

(Anderson et al. 2020). The improvement in antibody levels after the second dose 

was also seen in mouse studies where the ChadOx1 n-CoV-19 Adenovirus vectored 

vaccine was used  (Silva-Cayetano et al. 2021).  

 

Similar to the B cell antibody responses, the data presented show that Spike specific 

T cell responses to BNT162b2 were also impaired by ageing. The frequency of 

Interferon gamma (IFN𝛾) secreting CD8+ T cells and interleukin-12 (IL-12) 

secreting CD4+ T cells responding to stimulation by a pool of Spike peptides were 

shown to be lower in the >80 years group. The IFN𝛾 secreting T cells increased 

after the second dose but the IL-2 secreting T cells were not boosted further.  

Human vaccine studies have shown a Th1 skewed response to vaccination (Ewer et 

al. 2021; Zhu et al. 2020; Sahin et al. 2020; Anderson et al. 2020; Jackson et al. 

2020).  Similar to the data presented, Spike specific T cell response were poorer in 
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aged mice and improved after the second dose when the ChadOx1 n-CoV-19 

Adenovirus vectored vaccine was used  (Silva-Cayetano et al. 2021). In addition, the 

data presented showed an expected higher prevalence of cytomegalovirus (CMV) 

seropositivity in the >80 years but this surprisingly was associated with greater IFN𝛾 

Spike specific responses, although some studies have linked CMV seropositive to 

poorer immune response to vaccines (van den Berg et al. 2019).  

 

The importance of the dual action of both arms of the adaptive immune response in 

protecting against SARS-COV-2 is underlined in a monkey challenge study were 

depletion of CD8+ T cells in the context of low neutralising antibody levels, led to 

inadequate protection from infection (McMahan et al. 2021). This may offer 

sufficient protection in the real-world setting as observational studies have 

demonstrated some effect against severe disease and death after 1 dose of the 

BNT162b2 or ChAdOx1nCoV-19 (Voysey, Costa Clemens, et al. 2021; Bernal et al. 

2021; Vasileiou 2021). 

 

 

6.7 Conclusion 

 

HIV-1 and SARS-CoV-2 are highly successful viruses that have established 

pandemics. They successfully jumped species, overcame transmission bottlenecks 

and adapted to successful transmission in humans.  HIV-1 has demonstrated that it 

highly diverse and can continue to adapt to the constraints of its niche to stablish 

chronic infection in its host. Similarly, we have now seen that in the absence of 
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adequate immune responses, SARS-CoV-2 can similarly adapt to the constraints of 

its niche and establish chronic infection. 

 

Compartmentalised cellular and immune responses in the CNS and plasma 

compartments may exert differential pressure on HIV-1 in either compartment, 

leading to viral escape. Since epitopes on the HIV-1 envelope are the main target for 

humoral immune response (Sok and Burton 2018), variation in Env can occur due to 

selection pressure that render them better adapted to one compartment versus 

another. 

 

CNS compartmentalisation may lead to establishment of a long-lived viral reservoir 

in the CNS that may have different genotypic and phenotypic properties to the 

viruses in the periphery, which has implications for HIV-1 treatment, vaccine and 

cure strategies. Persistence of drug resistant HIV-1 in latent reservoirs is not only a 

challenge for HIV-1 eradication but more immediately for deciding on subsequent 

regimens following virological failure. An understanding of the biology of CNS 

compartmentalisation may yield insights into how patients should be managed. 

 

SARS-CoV-2 immune escape can be driven by suboptimal B and T cell effector 

function, where antibodies have little support from cytotoxic T cells responses. By 

understanding the within-host evolution in response to selection pressures in the 

immunocompromised host we can learn how to improve patient care and adapt our 

pandemic response tools to prevent transmission of such variants. 
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Immune senescence is a well-characterised (Akbar and Gilroy 2020) and impacts on 

vaccine response in multiple ways, including reducing the  magnitude of antibody 

response to vaccines (Wilkinson et al. 2017), shortening the  persistence of antibody 

response (Powers and Belshe 1993), limiting the quality of antibodies via reduced 

affinity and breadth, limiting induction of CD4+/8+ T cell response (Westmeier et al. 

2020) and limiting induction of effector memory (Gustafson et al. 2020). Indeed 

vaccines are impaired/dysregulated with age (Haq and McElhaney 2014). Although 

the second dose was able to boost neutralising antibodies, it is unclear if the elderly 

and other immunosuppressed people will be adequately protected in the protracted 

interval between doses. Suboptimal antibody levels could also provide the optimal 

niche for selecting escape mutants which may in the long term jeopardies our the 

vaccine program’s efforts. It is also possible that more vaccine resistant variants 

would lead to poorer outcome from a single vaccine dose (Collier, De Marco, et al. 

2021).  

 

Knowledge gained from the work presented in this thesis contributes to the field of 

within-host evolution of these two pandemic viruses. It explored the mechanisms 

underlying central nervous system escape of HIV-1 from immune control in subtype 

C HIV-1. It also identified functional adaptions in the Spike protein of SARS-CoV-2 

that drove escape from antibody neutralisation and showed the blue-print for 

emergence of Variants of Concern. This work also identified the elderly as a risk 

group where suboptimal vaccine-elicited immune responses could compromise the 

vaccine program’s efforts. These finding have implications for the immediate choice 

of therapeutic options in patients, public health and vaccination program policy, 

vaccine development and cure strategies.   
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