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ABSTRACT

The coordinated efforts of the innate and adaptive immune systems are essential for the effective control
and clearance of novel SARS-CoV-2 (SARS-nCoV-2) infection. While the innate immune response
provides an immediate but non-specific defense, the adaptive immune response offers specificity and
long-lasting protection. Although anti-SARS-nCoV-2 immune responses are well-characterized, T cell
responses are equally important. But, the role of cytolytic CD8" T cell responses in vaccine-induced
protection against SARS-nCoV-2 is poorly understood, partly because of a lack of robust assays which
accurately measure virus-specific CD8" T cell (CTL) cytotoxicity. The aim of this study was to develop
an assay capable of measuring SARS-nCoV-2 specific CTL responses to both COVID-19 vaccines and
natural infection. This study evaluated two fluorescence-based killing assays. The pseudovirus-based
killing assay aimed to optimize a spike pseudotyped reporter virus to infect target cells for a SARS-
nCoV-2-specific CD8" T cell killing assay. The second assay measured cytotoxic CD8" T cell responses
by labelling antigen-presenting target cells with different concentrations of carboxyfluorescein
succinimidyl ester (CFSE), whereby fluorescence loss represented killing by autologous effector cells.
For the pseudovirus approach, multiple transfection methods and target cell infection conditions were
tested towards achieving a robust fluorescence readout in target cells. However, the assay did not
produce a sufficient fluorescence readout to measure CD8 -mediated elimination of target cells. For the
CFSE-based assay, different concentrations of CFSE were tested and optimized for antigen-specific
and non-specific target cells respectively, followed by optimizing co-culture with autologous CD8" T
cells, both for ex vivo killing measurements or following cultured expansion of T cells. The assay was
validated using peripheral blood mononuclear cells (PBMCs) from people living with HIV (PLWH).
The assay was then used to compare SAR-nCoV-2 specific CTL killing responses in PLWH and without
HIV (PLWoH) vaccinated with Oxford/AstraZeneca, Coronavac or Ad26COV2.S. SARS-nCoV-2-
specific CD8" killing activity was generally low in COVID-19 vaccine recipients. Marginally higher
responses were observed in PLWH receiving vector-based vaccines Oxford/AstraZeneca and
Ad26COV2.S, than PLWoH. Overall, a CFSE-based CD8" killing assay that can measure COVID-19
vaccine responses was successfully developed. Additionally, this assay can be adapted to measure CTL

responses to other viruses and natural viral infections.
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CHAPTER 1: LITERATURE REVIEW

1.1. The COVID-19 pandemic

In December of 2019, an unidentified pneumonia outbreak was reported in Wuhan, Hubei province,
central China (Zhou et al., 2020b). It was further reported that these pneumonia cases grew
exponentially and led to approximately 80 deaths by the end of January 2020 (Zhou et al., 2020b).
Following isolation and genomic analysis of this pathogen, it was found that the pathogen was a novel
coronavirus closely related to severe acute respiratory syndrome coronavirus (SARS-CoV), hence the
name SARS-nCoV-2 (novel severe acute respiratory syndrome coronavirus 2) was adopted (Ciotti et
al., 2020). SARS-nCoV-2 is a betacoronavirus which falls under the subgenus Sarbecovirus and is
considered highly similar to bat SARS-like coronaviruses (Cui et al., 2019, Ciotti et al., 2020, Wu et
al., 2020). The rapid spread of SARS-nCoV-2 around the world and the thousands of deaths caused by
the coronavirus disease (COVID-19) led to the declaration of a global pandemic by the World Health
Organization in March of 2020 (Ciotti et al., 2020). Since the start of the pandemic, South Africa has
recorded more than four million cases of COVID-19 and over 100 000 COVID-19-related deaths (Jassat
et al., 2024).

COVID-19 is characterised by mild flu-like symptoms such as fever, dry cough and headaches or may
present asymptomatic in some diagnosed individuals (Karim et al., 2021b), although cases tend to be
more severe in individuals with underlying comorbidities such as obesity, diabetes, chronic kidney
disease and human immunodeficiency virus (HIV) (Mellor et al., 2021). In severe cases of COVID-19,
infected patients may experience breathing difficulties, pneumonia, stroke and even death (Zhou et al.,
2020b). South Africa has continued to experience challenges in its healthcare service delivery due to a
lack of funding, inadequate recruitment in rural areas and unequal distribution of resources which were
further exacerbated by the COVID-19 pandemic (Mbunge, 2020). In addition, South Africa has the
highest number of people living with HIV (PLWH) in the world, which has added to the severe burden
on both the healthcare and economic sectors (Bulled and Singer, 2020). People living with HIV may
experience severe immune dysfunction which further exacerbates the harmful effects of SARS-nCoV-
2 associated with underlying immunosuppression (Williamson et al., 2020, Karim et al., 2021b). During
HIV infection, many aspects of the adaptive immune response become dysregulated which may result
in prolonged infection due to the ineffective control and clearance of SARS-nCoV-2 (Karim et al.,

2021a, Karim et al., 2021Db).



1.1.1 SARS-nCoV-2 entry mechanism

The cell surface receptor, angiotensin-converting enzyme 2 (ACE2,) is a well-characterised and critical
host entry receptor for other coronaviruses including SARS-CoV and HCoV-NL-63 and mediates entry
of SARS-nCoV-2 into human cells (Kumar et al., 2021). The ACE2 receptor is highly expressed in
multiple cell types which may contribute to higher COVID-19 vulnerability within these cell types. In
addition to its high expression levels in pulmonary tissue which contributes to its ability to cause severe
lung damage, Zheng (2021) has noted that the organs of the digestive system, namely the intestine,
gallbladder, duodenum and ileum, as well as the kidneys have high expression levels of ACE2
(Daniloski et al., 2021). This is consistent with findings related to the clinical manifestations of COVID-
19 such as kidney failure and gastrointestinal symptoms such as diarrhoea (Guan et al., 2020). Structural
differences in the receptor binding domain (RBD) of SARS-nCoV-2 enable the virus to have a
significantly higher ACE2 binding affinity than the SARS-CoV RBD (Mittal et al., 2020, Shang et al.,
2020). To gain entry into the host cell, as depicted in Figure 1.1., ACE2 must bind to the RBD of
SARS-nCoV-2 spike (S) protein which is facilitated by the process of membrane fusion (Jackson et
al., 2022). To initiate membrane fusion, and subsequently allow the virus to enter a host and release its
genetic material, viral entry proteins are required to undergo a conformational change (Kumar et al.,
2021). Before fusion occurs, the S protein adopts a “metastable state” which is an intermediate state
that is prone to transformation into a lower-energy, more stable state (Jackson et al., 2022). This is
necessary to provide sufficient energy to overcome the natural repulsive forces that the virus encounters

with cellular membranes.

The transition of the S protein is facilitated by two proteolytic cleavage steps after ACE2 has been
engaged. The first of these is localized at the S1-S2 boundary and is carried out by host cell proteases
such as furin and transmembrane protease, serine 2 (TMPRSS2). The importance of this cleavage step
is in the fact that it primes the S protein for further conformational changes, thereby facilitating the
transition to a more stable energy state. TMPRSS2, which is located on the surface of the host cell,
cleaves the S protein during viral entry, thus contributing to the activation of the S2 subunit (Shang et
al., 2020). Furin, a cellular protease, cleaves the S protein at the S1-S2 boundary during the virus's
maturation in the host cell's secretory pathway (Shang et al., 2020, Jackson et al., 2022). After the initial
cleavage, a second proteolytic cleavage occurs at the S2' site, which is critical for the complete
activation of the S protein. This cleavage is carried out by endosomal proteases such as cathepsins,
which are non-specific proteases that participate in degradation of proteins in the endosomes and
lysosomes, and promotes the fusion of the viral and cellular membranes in the endosome (Kumar et al.,
2021, Jackson et al., 2022). This co-ordinated two-step proteolytic activation process ensures the fusion
peptide, a hydrophobic region within the S2 subunit, is optimally exposed thereby facilitating its
insertion into the host cell membrane. As the fusion peptide inserts into the host cell membrane, the S2

subunit undergoes further conformational changes and transitions into a more extended structure. This



leads to the formation of a stable post-fusion conformation, which allows the viral and cellular
membranes to merge, consequently releasing the viral genome into the cytoplasm of the host cell
(Whittaker et al., 2021, Jackson et al., 2022). The entry of SARS-nCoV-2 into host cells is a delicate
process and plays a role in the virus's efficiency in utilising the host cell’s machinery for its replication
and propagation (Whittaker et al., 2021). Understanding these entry mechanisms provides insights for
the development of spike-directed vaccines (Seyedpour et al., 2021).
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Figure 1.1.: Schematic representation of SARS-nCoV-2 infection of target cells expressing angiotensin
converting enzyme 2 (ACE2) (created in BioRender, adapted from Hartenian et al. (2020) and Kumar
etal. (2021)).

1.1.2. Emergence of SARS-nCoV-2 variants

Coronaviruses accumulate mutations through the process of recombination when variants with different
mutations infect the same host (Gribble et al., 2021, Jackson et al., 2021, Tegally et al., 2021). During
viral replication, random mutations may be introduced into the viral genome due to the error-prone
nature of viral RNA-dependent RNA polymerase (RdRp) and despite the presence of a proofreading
exonuclease (Lou et al., 2021, Tegally et al., 2021). Furthermore, the mutation rate or the rate at which
a virus evolves is a key contributor to the emergence of SARS-nCoV-2 variants (Markov et al., 2023).
The mutation rate may also be defined as the rate at which genetic changes emerge per every replication
cycle and it is estimated that the mutation rate of SARS-nCoV-2 is approximately 1 x 10 —2 x 10
mutations per nucleotide per replication cycle (Amicone et al., 2022, Markov et al., 2023). This rate is
below the ranges of other RNA viruses like hepatitis C and human immunodeficiency virus (HIV) which

lack an exonuclease proofreading mechanism in their replication machinery (Markov et al., 2023). As



the virus spread and replicated further over the course of the pandemic, chronic infection increased the

likelihood of adaptive mutation by the virus (Lou et al., 2021).

The WHO has developed a SARS-nCoV-2 Variant Classification scheme comprised of two main
categories: variants of concern (VOC) and variants of interest (VOI). A VOC refers to those SARS-
nCoV-2 variants that are capable of drastically altering COVID-19 epidemiology by hindering the
effectiveness of vaccines and neutralizing antibodies (nAbs) and increasing transmissibility. A VOI, on
the other hand, refers to SARS-nCoV-2 variants possessing predictable mutations which are known to
affect the characteristics of viruses such as their infectivity, immune evasion or disease severity (Mistry
et al., 2021). An additional category was also included referring to variants under monitoring (VUM)
which are those variants with specific mutations known to affect viral characteristics and which may
potentially pose a threat to public health in the future, although there is no current evidence of
epidemiological or phenotypic impact (Choi and Smith, 2021). The five major SARS-nCoV-2 variants
of concern recognized by the WHO are: Alpha B.1.1.7 which was first identified in the United
Kingdom, Beta B.1.351 which was first reported in South Africa, Gamma P.1 which was first reported
in Brazil, Delta B.1.617.2 which was first identified in India and Omicron B.1.1.529 (Khan et al., 2022,
Keeton et al., 2022) which was first discovered in South Africa (Mistry et al., 2021).

The first notable mutation which allowed the virus to adapt to its new human host was a point mutation
in the spike protein translating to the substitution of a glycine residue in place of aspartate at amino acid
614 (D614G) of SARS-nCoV-2 (Mittal et al., 2022, Tian et al., 2022). The D614G mutation is present
in all VOC with several clinical infection and animal studies demonstrating that the virus bearing the
D614G mutation is more infectious than the Wuhan-Hu-1 isolate (Mittal et al., 2022, Tian et al., 2022).
It has been observed that the infection efficiency of D614G pseudovirus was eight to ten fold higher
than the wildtype strain (Zhou et al., 2020a) and clinical samples infected with D614G mutant strain
had a higher titre of SARS-nCoV-2 RNA suggesting a higher infectivity than the wildtype strain
(Daniloski et al., 2021). Daniloski et al. (2021) also demonstrated that the D614G mutation increased
entry efficiency for the virus across a wide range of human cell types ranging from lung and liver to
colon using both a replication-competent SARS-nCoV-2 virus and a pseudotyped lentiviral system. It
is hypothesized that D614G can shift the RBD to an “up” conformation, hence promoting binding with
the ACE2 receptor and therefore more efficient virion infectivity (Zhou et al., 2020a).

Another mutation contributing to the enhanced infectivity of VOC is N501Y, which is a key substitution
in the RBD, present in the Alpha, Beta, Gamma and Omicron VOCs (Tao et al., 2021, Dejnirattisai et
al., 2022). This mutation increases ACE2 binding affinity as well as viral replication in the cells of the
upper airway in humans and in the upper respiratory tract of hamsters (Liu et al., 2021b). D614G and
N501Y are also associated with resistance to the current COVID-19 vaccines and an enhanced

reinfection rate (Araf et al., 2022). Another substitution, E484K, may also increase binding affinity to



human ACE2 with some studies suggesting that E484K and N501Y may further enhance binding
affinity when combined (Nelson et al., 2021, Zahradnik et al., 2021). L452R is another RBD mutation
present in the Delta VOC which can enhance the binding affinity of RBD to ACE2, thereby increasing
the likelihood of the virus infecting host cells (Tian et al., 2022). Pseudotyped viruses containing L452R
demonstrated higher levels of cellular entry in lung organoids compared with pseudotyped viruses
containing only D614G, but lower levels with pseudotyped viruses containing N501Y (Deng et al.,
2021). Mutations in the vicinity of the S1/S2 furin cleavage site have occurred independently in several
SARS-nCoV-2 VOCs and include N679K, Q675H/R and P681H/R (Hodcroft et al., 2021). In particular,
P681H/R is associated with an increased positive charge which has been observed to affect virus tropism
by increasing S1/S2 cleavage in human airway epithelial cells (Saito et al., 2021). N-terminal domain
(NTD) mutations have been reported in many VOCs and commonly in individuals with prolonged
SARS-nCoV-2 infections (Choi and Smith, 2021). These deletions at positions 69-70 are associated

with increased viral replication (Kemp et al., 2021).

The presence of mutations among the VOC has contributed to their distinct transmissibility
characteristics (Atlani-Duault et al., 2021). The emergence and spread of these VOCs is linked with the
absence of robust immune protection after an initial exposure to wildtype viruses or even vaccines, a
phenomenon termed “immune evasion” (Hie et al., 2021). To measure immune escape among VOC:s,
viral neutralization assays have been employed which measure functional nAb levels in serum and
plasma (Bewley et al., 2021). Neutralization, or the reduction in viral infectivity due to the binding of
antibodies to the surface of viral particles thereby blocking the viral replication cycle, is an important
measure of the immune response after vaccination or recovery from COVID-19, as well as breakthrough
infections (Takeshita et al., 2022, Ravli¢ et al., 2023). Neutralization assays are crucial for the
quantification of functional nAbs in serum samples and can be used to examine the viral physiology,
viral entry mechanisms and determine host tropisms (Li et al., 2017, Salata et al., 2019, Cantoni et al.,
2021, Bewley et al., 2021). Pseudovirus neutralization assays (PVNAs) have been widely used to
evaluate nAb responses against wildtype SARS-nCoV-2 and different VOCs in plasma from vaccinated
individuals (Cantoni et al., 2021, Donoftio et al., 2021, Zhang et al., 2022). Donoftio et al (2021) has
described a simplified pseudovirus neutralization assay in which all steps can be performed in the same
plate within a standard biosafety level 2 laboratory. Furthermore, the assay was used to determine the
neutralizing potency of nAbs derived from serum samples as serum neutralizing activity has been
closely correlated with protection in several COVID-19 infections (Donofrio et al., 2021). PVNAs were
used to verify the first human monoclonal antibody that neutralizes both SARS-CoV and SARS-nCoV-
2,47D11 (Wang et al., 2020). In addition, plaque reduction neutralization tests have been used which

measure nAbs by in vitro virus neutralization (Bewley et al., 2021).

The Alpha variant is estimated to be 43% to 100% more transmissible than the wildtype but is

neutralized by convalescent sera and is not associated with an increased reinfection risk (Dejnirattisai
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et al., 2022). On the other hand, the Beta variant is up to 50% more transmissible than the wildtype if
immune escape is minimal (Choi and Smith, 2021, Bushman et al., 2021). Multiple studies have
reported that 40% to 50% of convalescent serum samples exhibit no neutralizing activity against the
Beta variant or pseudovirus, although T cell responses are mostly intact even when antibody responses
wane (Sherina et al., 2021). The Delta variant has evolved a heightened transmission ability over other
SARS-nCoV-2 variants (Cele et al., 2022). While it does not show a significant level of evasion from
plasma immunity elicited by ancestral strains, it does demonstrate escape from Beta antibody immunity
(Liu et al., 2021a). Most recently, the emergence of the Omicron variant led to a surge of infections
worldwide as a result of its 32 mutations in the S protein which has made the variant more resistant to
nAbs induced by natural infection or vaccination (Liu et al., 2021a, Khan et al., 2022). Five subvariants
of Omicron have subsequently been detected, namely BA.1, BA.2, BA.3, BA.4 and BA.5. The
continuously evolving nature of the SARS-nCoV-2 variants has greatly contributed to its enhanced
transmissibility and immune evasion capabilities. For these reasons, identifying conservative correlates

of immune protection are necessary for lasting control of COVID-19.



1.2. Antiviral immune responses

Given that the COVID-19 landscape has evolved rapidly since the start of the pandemic, understanding
how immunity translates into protection is imperative. Most viral infections are efficiently resolved by
the two arms of the immune system: the innate immune response and the adaptive immune response
(Seth et al., 2006). The first line of defence is the innate immune system which recognizes foreign viral
material and activates a signalling cascade which controls the spread of the virus to neighbouring cells
(Castro Dopico et al., 2022). In the case of respiratory viruses like SARS-nCoV-2, the initial encounter
occurs in the upper respiratory tract through the nasal epithelium, tonsils and adenoids where mucosal
immunity development is activated (Primorac et al., 2022). Innate immunity is first induced by pattern
recognition receptors (PRRs) present on the cells of the innate immune system (such as phagocytic and
dendritic cells) that detect molecular structures shared by pathogens of various origins (pathogen-
associated molecular patterns, PAMPs) (Seth et al., 2006, Primorac et al., 2022). Toll-like receptors
(TLRs) 3, 7, 8 and 9 are the major PRRs that recognize virally-derived nucleic acids and activate
signalling cascades that result in the induction of type I interferons (IFNs) (Seth et al., 2006). An
impaired IFN type I response, which is characterized by the absence of IFN-$ and low IFN-a activity,
has been observed in severe patients and is associated with an exacerbated inflammatory response
(Hadjadj et al., 2020, Arunachalam et al., 2020). Subsequent adaptive immune responses are
orchestrated by the innate immune response and involve antibodies produced by plasma cells from bone
marrow-derived B lymphocytes (B cells) and effector thymus-produced lymphocytes (T cells)
(Ramasamy, 2020).

1.2.1. The anti-viral adaptive inmune response

The adaptive immune response is comprised of three major cell types: B cells, CD4* helper T cells and
CD8" cytotoxic T cells, as depicted in Figure 1.2. (Ramasamy, 2020, Sette and Crotty, 2021). Dimeric
immunoglobulin (Ig) A antibodies, when transported through the mucosal epithelium to the upper
respiratory tract (URT) airway, can attach to proteins on the virion membrane, agglutinate virions, and
prevent them from binding to epithelial cells (Ramasamy, 2020). Similarly, IgG and IgM antibodies in
the nasal mucosa can neutralize virions and activate the classical complement pathway to destroy
virions and infected cells. Additionally, viral particles encounter major histocompatibility complexes
(MHC) I and II as well as natural killer (NK) cells (Primorac et al., 2022). MHC-I molecules, which
are expressed on all cells with a nucleus serves mainly as an antigen recognition mechanism for CD8"
T cells (Primorac et al., 2022). MHC-II molecules, which are embedded in the membranes of antigen-
presenting cells (macrophages, monocytes, dendritic cells and B cells) activate B cell proliferation and
differentiation as well as CD4" T cells (Lima et al., 2022). Furthermore, CD4" T cells in URT lymphoid

tissues can stimulate B cells and lead to immunoglobulin class switching, where B cells change the



class of antibodies they produce, and antibody affinity maturation, where antibodies are primed for
more effective pathogen-specific binding (Ramasamy, 2020). The humoral-mediated response, mainly
comprised of B cells, has been studied extensively as B cells produce antibodies that are able to bind to
viral particles present in the blood and mucosal surfaces, thus preventing the spread of infection
(Alrubayyi et al., 2021). The evaluation of humoral immunity represents only one aspect of
immunological memory. For this reason, the study of cellular immune responses (T cells) is also

important in formulating a holistic understanding of the immune response to SARS-nCoV-2.
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Figure 1.2.: Schematic representation of antiviral adaptive immunity showing the interaction between
helper CD4" T cells, naive CD4" T cells, antigen-presenting cells (APC), naive CD8" T cells, cytotoxic
CDS8'T cells, and B cells leading to the production of virus-specific antibodies. The diagram details the
role of MHC I - TCR and MHC 1II - TCR complexes as indicated in the key (created in BioRender,
adapted from Mistry et al, (2021)).

1.2.2. Antibody responses to SARS-nCov-2

The antibody response plays a critical role in the control and clearance of SARS-nCoV-2 infection and
can be divided into two phases. During the extrafollicular (EF) phase, B cells are activated to
differentiate rapidly into relatively short-lived plasma cells outside the follicle a few days after infection
(Qi et al., 2022). The EF cells are often of the IgM isotype but can switch to IgG or IgA in response to
viral infections. The germinal centre (GC) phase takes several days to a week to start but can last for
many months (Elsner and Shlomchik, 2020, Qi et al., 2022). Antigen-specific B cells experience

somatic hypermutation where their genetic material is altered to enhance their effectiveness and
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undergo affinity-maturation, which leads to the development of isotype-switched and high-affinity
plasma cells (Qi et al., 2022). These plasma cells establish a durable reservoir primarily situated in the
bone marrow. Both the extrafollicular (EF) and germinal centre (GC) phases generate antigen-specific
memory B cells, which can persist beyond the resolution of the initial infection (Palm and Henry, 2019).
In blood vessels, memory B cells join the circulatory system in surveillance and plasma cells migrate

towards inflammatory sites to fight off infections (Qi et al., 2022).

It has been reported that most individuals infected with SARS-nCoV-2 seroconvert within 2 weeks post
symptom onset and produce antibodies predominantly recognizing the viral spike and nucleocapsid
proteins (Long et al., 2020, Suthar et al., 2020, Premkumar et al., 2020). Elevated serum levels of total
or nAbs in the blood are often associated with more severe cases of COVID-19, but do not guarantee
improved disease outcomes from the initial infection (Robbiani et al., 2020, Chen et al., 2020b, Dan et
al., 2021). Early studies have suggested that the mortality rate among hospitalized COVID-19 patients
could be lowered by administering convalescent plasma, although this finding was not reported by a
larger controlled trial (Hueso et al., 2020, Klassen et al., 2021, Abani et al., 2021). The presence of
nAbs that prevent the virus from entering cells via the ACE2 receptor is a good indicator of the
effectiveness of preventive vaccines. After infection or vaccination, the concentration of these nAbs
against SARS-nCoV-2 peaks within the first few weeks, but then it gradually decreases, which leads to
waning immunity and a higher risk of reinfection by the original viral strain or new SARS-nCoV-2
variants of concern (VOC) or variants of interest (VOI) (Wajnberg et al., 2020, Isho et al., 2020, Seow
et al., 2020). These studies highlight the importance of timing in the initiation and maintenance of

antibody responses.

1.2.3. First generation COVID-19 vaccines elicit short-lived antibody responses

Modern vaccination can be largely attributed to the efforts of Edward Jenner, an 18™ century English
physician. Jenner noticed how milkmaids infected with cowpox virus were immune to smallpox and
decided to inject pus from a pustule of a cowpox patient into a young child who was challenged with
smallpox. The child survived the challenge and this became one of the most influential findings of
modern medicine (Kayser and Ramzan, 2021). It is noteworthy that prior to this discovery, cultures in
the Middle East, Africa and Asia Minor were already using inoculation to immunize children which
firmly established the concept that a person who recovered from a disease generally did not experience
the disease again (Kayser and Ramzan, 2021). An alternative to this inoculation process at the time was
fairly common in China and India which involved nasal insufflation of cotton buds containing a small
amount of a smallpox-derived powder, likely from smallpox scabs (Vargha and Wilkins, 2023). Since

Jenner’s breakthrough discovery, many types of vaccines have been developed against diseases such as



diphtheria, polio and hepatitis which are provided as paediatric vaccines, although novel methods and

vaccine strategies are continuously evolving (Dai and Gao, 2021, Kayser and Ramzan, 2021).

Vaccination is largely considered the most effective method of preventing and controlling the spread of
SARS-nCoV-2 (Mohseni Afshar et al., 2023, Wang et al., 2023a). The current vaccine landscape is
wide-ranging and several vaccine strategies have been developed for SARS-nCoV-2 vaccines since
December 2020 to minimize the effects of COVID-19 and achieve herd immunity (Table 1.1.).
Immunotherapy is an effective clinical treatment strategy for infectious diseases and involves the
passive immunization of antibodies, either laboratory-produced or from the blood of infected patients,
which identify epitopes on the viral particle (Sheikhshahrokh et al., 2020). Given that SARS-nCoV and
SARS-nCoV-2 use the same cell entry receptor, ACE2, neutralizing monoclonal antibodies targeting
the RBD in the spike protein of SARS-CoV can be used for SARS-nCoV-2 and effectively inhibit the
virus by binding to ACE2 and prevent cellular entry (Sheikhshahrokh et al., 2020). While this strategy
does not necessarily prevent infection, it may increase humoral protection against SARS-nCoV-2
infection by targeting various S protein epitopes and functions (Sheikhshahrokh et al., 2020).
Vaccination on the other hand may elicit nAbs which limit viral replication and transmission
(Mostaghimi et al., 2022). Depending on the vaccination type, IgA and IgG can be transported to the
mucosal surface where they hinder S protein attachment to ACE2 and initial viral clearance. If the
infection of host cells is prevented, sterilising immunity is achieved and this is established if viral loads

are undetectable following the vaccine challenge (Mostaghimi et al., 2022).

Inactivated virus vaccines are made non-infectious either physically or chemically and preserve the
integrity of the viral particle thereby allowing multiple viral proteins to be presented for immune
recognition (Dong et al., 2020, Dai and Gao, 2021). Furthermore, they can be easily produced in large
quantities making them a particularly attractive vaccine strategy, although biosafety level 3 facilities
are required to grow the pathogen (Dong et al., 2020). Inactivated vaccines which use whole inactivated
SARS-nCoV-2 as the immunogen give rise to antibodies against the spike (S) antigen and other
structural protein antigens such as envelope protein (E), matrix protein (M) and nucleocapsid protein
(N) antigens (Kan and Li, 2023). The inactivated vaccine platform has been employed in the
development of Coronavac by Sinovac, Covaxin by Bharat Biotech and InCov COVID-19 vaccine by
Sinopharm (Kan and Li, 2023). Inactivated vaccines are particularly useful in pandemic settings when
information about viral pathogens is minimal, although multiple doses of the vaccine are required to
maintain immunity (Liu and Ye, 2022). Interestingly, administering a heterologous booster with
Coronavac has been shown to induce a more immunogenic response compared to homologous boosting
(Lietal., 2022, Jiang et al., 2023). Live-attenuated vaccines have also previously been successful in the
treatment of poliomyelitis and smallpox and utilize a weakly pathogenic virus as the antigen (Minor,
2015). It should be noted, however, that there are concerns about the inclusion of epitopes which do not

induce nAbs or confer protection as they may skew immune responses (Minor, 2015).
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Viral vector vaccines, either replicating or non-replicating, are usually constructed from a carrier virus,
such as an adeno or pox virus, and are engineered to carry a relevant viral gene — in the case of CoVs,
this would be the S gene (Dong et al., 2020). The Oxford/AstraZeneca (ChAdOx1-S) vaccine, the
Convidecia vaccine by CanSinoBio, the Covishield vaccine produced by the Serum Institute of India
and the Ad26.COV2.S vaccine from Janssen Pharmaceuticals by Johnson & Johnson utilized this
strategy whereby the vaccine encodes the S protein of SARS-nCoV-2 (Garcia-Montero et al., 2021,
Wang et al., 2023a). The immunogen is expressed in the context of heterologous infection which
induces innate immune responses necessary for adaptive immunity (Afrough et al., 2019). This strategy
may however recall prior immunity to the vector and is limited to presenting a small number of CoV
antigens to the immune system of the host (Wang et al., 2023a). Vaccine efficacy against symptomatic
SARS-nCoV-2 infection with the Delta variant has been shown to peak in the early weeks following
the second dose of the ChAdOx1-S vaccine and then decreased by 20 weeks to 44.3% efficacy
(Andrews et al., 2022). Waning efficacy was greater in older adults as well as those in a clinical risk
group (Andrews et al., 2022). Protein subunit vaccine Nuvaxovid developed by Novavax was the first
approved recombinant protein-based vaccine against SARS-nCoV-2. The vaccine consists of trimeric
full-length spike glycoproteins derived from SARS-nCoV-2, which are organized into nanoparticles
and combined with a saponin-based adjuvant known as Matrix-M (Firouzabadi et al., 2023). An
additional protein subunit vaccine, Covovax, developed by the Serum Institute of India has been
recommended for use as a booster for individuals receiving other primary vaccine regimens given its
good safety profile and ability to induce a high level of binding and nAbs against SARS-nCoV-2
(Kanokudom et al., 2023).

Another popular vaccine strategy is nucleic acid vaccines such as messenger RNA (mRNA) and DNA
vaccines which are delivered into human cells where they are transcribed into viral proteins. While their
long-term safety profiles remain unknown, mRNA vaccines are highly potent, cost-effective and can
be developed rapidly which makes them a promising alternative to conventional vaccine strategies
(Dong et al., 2020). These vaccines use mRNA which provide instructions to cells to encode the SARS-
nCoV-2 S protein and gives rise to a robust nAb response (Mirtaleb et al., 2023). After vaccination,
immune cells then construct this S protein and display them on cell surfaces (Mirtaleb et al., 2023). The
BNT162b2/COMIRNATY vaccine produced by Pfizer and mRNA-1273/Spikevax vaccine produced
by Moderna are both lipid nanoparticle-formulated, nucleoside-modified RNA vaccines (Francis et al.,
2022). (Mulligan et al., 2020). Patients vaccinated with BNT162b2 and mRNA-1273 vaccines have
shown IgA and IgG antibodies in their saliva (Nahass et al., 2021, Woldemeskel et al., 2022). Phase I/I1
studies have shown that the vaccine elicited mild to moderate symptoms and caused higher neutralizing
titres after the second dose compared to the COVID-19 convalescent sera panel. Notably, a decline of
SARS-nCoV-2 nAbs six months after mRNA vaccination has been reported by Evans et al. (2022) with
individuals vaccinated with BNT162b2 exhibiting lower nAb titres than those vaccinated with mRNA-
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1273. In addition, it was reported that the Omicron variant escaped mRNA vaccine-induced immunity
even three to four weeks after the second vaccine dose (Evans et al., 2022). DNA vaccines have also
demonstrated great potential as therapeutics given their long shelf life, manufacturing costs and ability
to enhance the induction of T cells and antibody production (Dong et al., 2020). Their disadvantage,
however, is that DNA molecules must be transcribed by crossing the nuclear membrane and they

generally have a low immunogenicity (Hobernik and Bros, 2018).

Although antibodies play a crucial role in the immediate defence against infection their levels naturally
decrease after peaking post-vaccination, potentially reducing the efficacy of many COVID-19 vaccines
in the long term. T cells, on the other hand, may provide a more durable protection as they can recognise
and destroy infected cells, and memory T cells can persist for years after infection or vaccination,
providing ongoing surveillance against the virus (Sette and Crotty, 2021). T cell immunity includes
both CD8" cytotoxic T cells, which can directly kill virus-infected cells, and CD4" helper T cells, which
support antibody production and the activation of other immune cells (Grifoni et al., 2020). Memory T
cells can offer protection against severe disease, even when antibody levels have declined (Rydyznski
Moderbacher et al., 2020). Therefore, understanding the T cell response to vaccination is crucial for

evaluating the full scope of SARS-nCoV-2 vaccine-induced immunity.
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Table 1.1.: Comparative efficacy and timelines for peak antibody responses of COVID-19 vaccines.

Vaccine name

COMIRNATY/BNT162b2

Spikevax/mRNA-1273

Viral vector- Vaxzevria/AZD1222
based
Covishield/ChAdOx1 nCo
V-19
Ad26.COV2-S
Convidecia/Ad5-nCoV
Inactivated InCoV COVID-19 Vaccine
virus
Coronavac
Covaxin
Protein Covovax/Nvx-CoV2373
subunit

Nuvaxovid

Manufacturer

Pfizer/BioNTech

Moderna

AstraZeneca

Serum Institute of
India

Janssen—Cilag
International

CanSinoBio

Sinopharm/Beijing
Institute of
Biological Products

Sinovac Life
Sciences

Bharat Biotech

Serum Institute of
India

Novavax

Prevention of
symptomatic
infection
~95% efficacy
(Polack et al.., 2020)

~94.1% efficacy

~70% efficacy

~67% efficacy

~66% efficacy

~65% efficacy after a
single dose

~79% 14 days after
the second dose

(WHO, 2022)

Efficacy varies
between ~50.4% and
~57.5% among
different study
populations (Palacios
et al., 2021, Halperin
etal., 2022)

~77% efficacy after

phase IIT clinical trial phase III clinical trial

~97% efficacy
(Polack et al., 2020)

~90% efficacy

~80 to 90% efficacy
against severe
disease

~139% efficacy after
partial vaccination
and 66.6% after full
vaccination

~859% efficacy
against severe
disease

~059% efficacy 14
days after
vaccination and
~90% efficacy 28
days after

vaccination (Halperin

etal., 2022)

~79% efficacy
(WHO, 2022)

High efficacy but
notable variability
among different

study populations

~93% efficacy after

(Talukder et al., 2022) (Talukder et al..

~50% efficacy
regardless of baseline
serostatus (Shinde et
al., 2021)

~89% efficacy (Heath
etal., 2021)
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2022)

High efficacy but
notable variability
among different
study populations
High efficacy but
notable variability
among different
study populations

Prevention of severe |Peak antibody

About 7 to 14 days
after second dose
(Polack et al.., 2020,
Reynolds et al.,
2023)

About 14 days after
second dose (Baden
et al., 2021,
Reynolds et al.,
2023)

Typically 28 days
after first dose
(Voysey et al..
2021, Reynolds et
al.. 2023)

About 15 days after
second vaccination
dose (Pramod et al.,
2022, Joshi et al..
2023, Thomas et al..
2023)

About 14 days after
a single vaccination
(Sadoffet al., 2021)

Achieved when
usedasa
heterologous
booster after
primary vaccination
regimen is
administered (Li et
al., 2022)

After second
vaccine (booster)
dose (Saeed et al.,
2021)

Achieved after third
vaccination dose
(Li et al., 2022)

After about 6 weeks
(Asokan et al.,
2024)

About 15 days after
booster vaccination
(Lyke et al.. 2023)

About 15 days after
booster vaccination
(Lyke et al., 2023)



1.2.4. Antiviral T cell responses

T cells play an important role in protection from viral infections. CD4" T cells can differentiate into a
wide range of helper and effector types with the ability to recruit innate immune cells, facilitate tissue
repair and instruct B cells (Sette and Crotty, 2021). In a study where healthy volunteers were challenged
with influenza A virus, antibody and T cell responses before and during infection were monitored
(Wilkinson et al., 2012). It was observed that pre-existing CD4" T cells responding to influenza proteins
were associated with less severe illness and lower viral shedding (Wilkinson et al., 2012). During
chronic viral infections when the host is unable to clear the virus, such as in chronic HIV infection,
cytotoxic CD8" T cells limit disease severity and delay the progression of disease (Rosendahl Huber et
al., 2014). Early studies into HIV highlighted the importance of CD8" T cells in delaying the progression
of HIV where a loss of CD8" T cells coincides with disease progression (Rinaldo et al., 1995). The
ability to measure these T cell immune responses is therefore a key criterion in the evaluation of viral
immunity. Detecting antigen-specific immune responses at a cellular level is carried out using the
enzyme-linked immunosorbent assay (ELISA), enzyme-linked immunosorbent spot (ELISpot) assay,
intracellular cytokine staining (ICS) or activation-induced marker (AIM) assays, which mostly examine
T cell recall response in cryopreserved peripheral blood mononuclear cells (PBMCs) (Vardhana et al.,
2022). In addition, interferon-y release assays (IGRAs) which is based on the excretion of IFN- y as an
established T cell activation marker (Tan et al., 2021).

SARS-nCoV-2-specific CD4" T cells typically undergo differentiation into Thl cell and T follicular
helper (Tth) cells. Th1 cells exhibit antiviral effects through the production of IFN-y and other cytokines
while Tth cells play a role in providing support to B cells which are crucial for the development of nAb
responses, formation of memory B cells and long-term humoral immunity (Meckiff et al., 2020). During
acute SARS-nCoV-2 infection, circulating Tth (cTth) cells specific to SARS-nCoV-2 are generated and
have been associated with reduced disease severity (Rydyznski Moderbacher et al., 2020). There is a
wide knowledge gap in the understanding of SARS-nCoV-2-specific T cell responses under various
conditions such as the immediate and long-term response to natural infection as well as the immediate
and long-term response to vaccination or reinfection with multiple variants (Peng et al., 2020). Vaccine
efficacy has been designed based on antibody responses although these responses do not last particularly
long (Jarjour et al., 2021). Memory T cells, however, can exist for years which makes their durability
important for long term immune protection. This has been demonstrated in patients who previously
contracted SARS-CoV in the 2003 outbreak (Le Bert et al., 2020). These patients maintained memory
T cell reactivity to the nucleocapsid protein of the virus for 17 years, reiterating the long-term durability

of T cell responses (Le Bert et al., 2020).
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1.2.4.1 The CD8" T cell response

The CD8" T-cell response, outlined in Figure 1.3., plays a crucial role in the early control and clearance
of respiratory viral infections (Karlsson et al., 2020). Initially, T-cells develop and mature in the thymus,
after which they enter the bloodstream and are transferred to peripheral lymphoid organs (Kudlay et al.,
2022). There is continuous circulation between both the lymphoid tissue and blood which occurs until
a cell encounters its specific antigen through antigen-presenting cells (APCs) and is activated (Kudlay
et al., 2022). T-cells which do not encounter a specific antigen are called naive T-cells (Karlsson et al.,
2020). The T-cells which are activated start to divide and form clones which may either become CD4"
T helper cells or CD8" T killer cells (Kudlay et al., 2022). Following activation, CD8" T-cells can adopt
a variety of mechanisms to eradicate infected cells. Firstly, CD8" T cells can identify and mediate the
killing of infected cells by the secretion of cytotoxic molecules such as perforin and granzymes, an
important function in the control of viral infections and reinfections (Demers et al., 2013, Gerritsen and
Pandit, 2016, Graalmann et al., 2021). This response induces apoptosis in infected cells which reduces
the potential for bystander cells to become infected (Karlsson et al., 2020). The second mechanism is
through the release of interleukin-2 (IL-2), tumor necrosis factor-o (TNF- o) and interferon-y (IFN- )
which are cytokines that promote the phagocytic properties of macrophages and possess antimicrobial
effects (Kudlay et al., 2022). Additionally, the process of infection may elicit pathogen-specific memory
CD8" T cells which can recognize and kill cells long after the first incidence of infection (Gerritsen and

Pandit, 2016).

Memory CD8" T cells are an antigen-specific and long-lived cell population which provide an enhanced
protective response when re-encountering the same antigen. These cells can persist in the absence of
antigen and respond consistently to stimulation, distinguishing them from the host’s random reaction
to a specific antigen (Farber et al., 2016, Gerritsen and Pandit, 2016). This consistent response offers
an evolutionary advantage, reducing the likelihood of the host becoming ill upon re-encountering the
same antigen. This trait is inherited through the germline, contributing to the host’s ability to mount an
effective immune defence when encountering familiar pathogens (Farber et al., 2016). It has been
observed that SARS-CoV infection induced long-lasting, strong virus-specific T cells which were
detectable for up to six years in patients who had recovered from mouse-adapted SARS-CoV (MA15)
infection (Yang LiTao et al., 2006). Since memory B cell responses are generally short-lived in patients
infected with SARS-CoV, the development of vaccines capable of conferring long-term memory CD8*
T cells is highly desirable (Yang LiTao et al., 2006). Antigen-specific CD8" T cells can be classified
intro three subpopulations: antigen-specific effector memory (Tgwm), central memory (Tcem) and tissue-
resident memory (Trm) cells. These cells are able to mediate viral clearance from the infection site
rapidly by secreting effector molecules which limit viral replication (Kohlmeier et al., 2010). These
findings reiterate the importance of memory CD8* T cell responses in conferring long-term immune

protection.
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Figure 1.3.: Mechanism of CD8" T cell-mediated cytotoxicity showing interaction between MHC-1
and TCR in the killing of a target cell (created in BioRender, adapted from Mistry et al. (2021))

1.2.4.2. T cell responses to SARS-nCoV-2 natural infection

Understanding immune memory after infection with SARS-nCoV-2 is an important consideration in
pandemic management (Sette and Crotty, 2021). Immune memory can be generated by natural
infection, vaccination or both (hybrid immunity). Dan et al. reported that the immune system's memory
responses - including antibodies, CD4" T cells, CD8" T cells, and B cells - remained strong even eight
months after infection (Dan et al., 2021). Around 95% of participants still had multiple measurable
memory responses, including memory CD4" T cells. Interestingly, memory CD4* T cells were
detectable in 93% of COVID-19 cases one month after infection, and remained at 92% even at six
months post-infection (Dan et al., 2021). Memory CD4" T cells capable of identifying SARS-nCoV-2
exist in individuals who have not been exposed to the virus previously. Evidence for this comes from
blood samples collected before the pandemic and it has been suggested that these cells are likely
memory T cells from past infections with common cold coronaviruses (Grifoni et al., 2021, Sette and
Crotty, 2021). It should be noted however that low pre-existing endemic human coronavirus (HCoV-
NL63)-specific T cell frequencies are associated with impaired SARS-nCoV-2-specific T cell responses
which has been observed in people living with HIV (Ng'uni et al., 2023). CD8" T cells produced in
response to SARS-nCoV-2 infection mainly exhibit IFN-y and granzyme B expression, alongside some
levels of TNF and IL-24. After eight months from the infection, memory CD8" T cells with an effector
memory (Tem) and CD45RA" effector memory (Temra) phenotype are more common, while there is a
smaller proportion of cells with a central memory (Tcm) phenotype (Dan et al., 2021, Cohen et al.,
2021).
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1.2.4.3. T cell responses to SARS-nCoV-2 vaccination

An in-depth study of 400 South Africa healthcare workers (HCWs) was conducted with serial sampling
since the first wave of SARS-nCoV-2 infections in mid-2020, which was dominated by the D614G
variant (Keeton et al., 2021). Sixty HCWs who were vaccinated with the Janssen Ad26.COV2.S vaccine
induced ancestral spike-specific CD4" and CD8" T cell responses in all groups (namely those who were
never infected with SARS-nCoV-2 and those with PCR-confirmed infection during the first and second
waves) and it was revealed that CD8" responses were present in fewer individuals prior to vaccination
and did not differ significantly between all groups (Keeton et al., 2021). Further, a greater proportion
of participants mounted a CD4" response compared to a CD8" response with polyfunctional profiles of
vaccine responses showing CD4" T cells produced multiple cytokines at the same time while CD8" T
cells produced mostly IFN-y (Keeton et al., 2021). This study also assessed whether vaccine-induced T
cells recognized Beta and Delta VOCs. The results concluded that overall robust CD4" and CD8" T cell
responses are generated after vaccination, regardless of prior infection. CD4" T cells could identify Beta
or Delta just as effectively as the original strain. Among 24 participants, the CD8" T cells targeting the
S protein recognized Beta in 14 out of 15 responders. However, the average strength of the immune
response, measured by cytokine levels, was significantly lower for Delta compared to Beta (p=0.041).
In 15 CD8" responders, 53% experienced a two-fold or greater decrease in their response to Delta, with
five individuals completely losing their ability to recognize Delta. Given that the Omicron VOC
harbours considerably more mutations, the extent to which T cells can contribute to protection from
SARS-nCoV-2 is of interest. Keeton et al. (2022) carried out a study assessing the ability of T cells to
react to Omicron S protein in participants vaccinated with Ad26.COV2.S or BNT162b2 and
unvaccinated patients. It was observed 70% of CD4" and 80% of CD8" T cell responses were maintained
across the study groups. In addition, the magnitude of these cross-reactive T cells was similar for Beta
and Delta VOCs (Keeton et al., 2022). This led to the conclusion that despite its observed susceptibility
to nAbs, most vaccine or infection-induced T cell responses cross-recognize Omicron (Keeton et al.,

2022).

1.2.4.4. T cell responses to SARS-nCoV-2 infection and vaccination in PLWH

Human Immunodeficiency Virus (HIV) primarily targets CD4" T cells (Deeks et al., 2015). During the
acute phase of HIV infection, there is a substantial drop in CD4" T helper cells, while in the chronic
phase a continuous decrease in the CD4" count leads to the onset of acquired immunodeficiency
syndrome (AIDS) (Peng et al., 2020). Although antiretroviral therapy (ART) suppresses HIV infection,
systemic immune activation may persist years after being on an ART regimen and result in low
CD47/CD8" ratios (Peng et al., 2020). Significantly lower nAb responses have been observed in PLWH
at one to three months after mRNA vaccination (Schmidt et al., 2022, Spinelli et al., 2022). Because

vaccine-induced nAbs have been primed to the ancestral S protein in first-generation vaccines, it is
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important to consider how well they are able to neutralize VOCs. No significant differences have been
observed between PLWH and controls when evaluating BNT162b2 mRNA vaccine-elicited antibody
neutralization against the Alpha, Beta and Gamma VOCs (Woldemeskel et al., 2022) as well as

adenovirus-vectored vaccine responses (Pourcher et al., 2022).

Following natural infection by SARS-nCoV-2, people living with HIV (PLWH) experience blunted
immunity to the virus which in turn creates a favourable environment for the hypermutation of SARS-
nCoV-2 (Young, 2022). Nkosi et al. (2022) has described a cohort in South Africa infected with SARS-
nCoV-2 during the first infection waves. This study observed that individuals with HIV viraemia
showed significantly reduced CD4" T cell and CD8" T cell responses, as well as altered cytokine
production profiles, when compared with people living without HIV (PLWoH) or PLWH with healthy
CD4" T cell counts (Nkosi et al., 2022). Among PLWoH, those who were infected in the first wave
produced T cells recognizing Beta spike peptides, while second-wave participants responded to
wildtype spike peptides. The observed cross-reactivity was absent in HIV-viraemic individuals and was
reduced in HIV-suppressed individuals (Nkosi et al., 2022). This diminished cross-reactivity may be
linked to deficiencies in memory B cell responses, reduced B and T cell repertoires and HIV-induced
modulation of B cell maturation pathways in the same cohort following SARS-nCoV-2 infection
(Turner et al., 2021, Krause et al., 2022). In addition, there is evidence that nAbs play a role in clearing
SARS-nCoV-2 and are necessary for such clearance during recovery from HIV-induced
immunosuppression. Although SARS-nCoV-2 can develop significant resistance to neutralization
during prolonged infection in advanced HIV cases, existing population immunity poses a challenge to

viruses that have evolved in this way (Karim et al., 2024).

SARS-nCoV-2-specific T cell responses after vaccination vary depending on the individual’s
immunological status, the vaccine type and time interval following completion of a vaccination series
(Hoft et al., 2024). In studies using three types of vaccines (mRNA, viral-vectored, and inactivated), no
notable disparities in spike-specific [FN-y production were observed between 2 weeks and 6 months
after completing the primary vaccination (Oyaert et al., 2022, Woldemeskel et al., 2022, Frater et al.,
2021, Feng et al., 2022). These studies utilized various assays such as flow cytometry, ELISpot, and
IGRAs to assess T-cell responses. Despite finding no significant differences in the magnitude of T-cell
responses, the proportion of PLWH who developed a T-cell response varied based on the
immunological status of the cohort. Studies with participants having a median CD4" count between
600-900 cells/mm® showed a similar frequency of responders between PWH and controls
(Woldemeskel et al., 2022, Frater et al., 2021, Feng et al., 2022). However, a study involving PLWH
with a median CD4" count of 254 cells/mm?® reported that 32% had no T-cell response, while only 12%
of the control group failed to mount a response at all. It can therefore be said that although the magnitude
of T-cell responses did not significantly differ between PLWH and PLWoH in these studies, the ability

to mount a T-cell response was associated with a higher CD4" count. In addition, T cells generated by
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the ChAdOx1 vaccination showed robust cross-reactivity against the Beta, Gamma and Delta VOCs in

PLWH (Ogbe et al., 2022).

Developing an assay to measure CD8" T cell cytotoxicity to SARS-nCoV-2 infected cells can contribute
to determining the T cell repertoire against COVID-19 and whether PLWH can successfully produce a
cytotoxic CD8" response. This study aims to provide an optimized CD8" T cell pseudovirus killing
assay which may be used to accurately measure the responses of T cells following infection with SARS-
nCoV-2. The development of a high-throughput SARS-nCoV-2 CD8" T cell pseudovirus-based killing
assay is important for vaccine development and immune-based therapeutics. However, detailed
optimized protocols and reagents to carry out these assays are not yet commercially available to the
wider scientific community (Crawford et al., 2020). Furthermore, this study may assist in mitigating
the need for biosafety-level-3 or higher facilities to carry out virus work, allowing this type of research
to be more accessible to research scientists (Yu et al., 2021). A problem related to carrying out this type
of research is that SARS-nCoV-2 is a biosafety level 3 agent, therefore using live virus is not always
feasible as it requires specialized training, equipment and facilities (Crawford et al., 2020). A solution
to this problem would be to use a spiked pseudo lentivirus which can be modified/engineered to express

a fluorescence reporter.
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1.3. Measuring T cell responses

1.3.1. Methods to detect and quantify antigen-specific CD8" T cell responses

As previously highlighted, the ability to quantify these responses, particularly CD8" T cell responses,
is an important requirement in evaluating the functioning of T cells and a variety of assays may be
employed to track cellular immunity. The enzyme-linked immunospot (ELISpot) assay is designed to
quantify antigen-specific T cells at a single cell resolution (Cox et al., 2006). In this assay, cells are
stimulated and incubated on a plate coated with immobilized anti-cytokine antibodies. Cells recognizing
the antigen release cytokines, which are captured locally by coating antibodies. Detection is achieved
through incubation with a secondary antibody (Cox et al., 2006). A colorimetric assay then shows
individually bound spots, each representing a distinct antigen-specific T cell (Cox et al., 2006).
ELISpots are highly sensitive although the need for PBMC isolation which requires freezing and
thawing procedures may affect cell viability after cryopreservation (Mallone et al., 2011). Enzyme-
linked immunosorbent assays (ELISAs) rely on plates coated with “capture” antibodies which attach to
certain cytokines and enable the quantification of their concentration in the sera of infected individuals
or PBMC:s stimulated with antigen-specific peptides (Schwarz et al., 2022). Both ELISAs and ELISpots
are simple and cost-effective to perform, although their sensitivity in relation to other techniques is

lower (Schwarz et al., 2022, Petrone et al., 2023).

Flow cytometry has been used extensively in formulating a better understanding of the behaviour of T
cell subsets. In essence, flow cytometry characterizes individual cells based on proliferation and surface
or intracellular markers that are stained by antibodies and is commonly performed on PBMCs (Schwarz
et al., 2022). Flow cytometry can pinpoint the exact cell types secreting certain molecules and offers
great resolution, unlike ELISAs which measure total cytokine concentration (Dan et al., 2016). The
most common flow-based experiments which evaluate antigen-specific T cells are surface marker
staining, which characterizes extracellular proteins, and intracellular cytokine staining (ICS), which
characterizes intracellular proteins (Schwarz et al., 2022). When there is minimal differential cytokine
expression, activation-induced marker (AIM) assays are more reliable in quantifying antigen-specific
cells based on experimentally determined proteins which are upregulated in response to antigen
recognition (Dan et al., 2016). It should be noted, however, that both ICS and AIM assays require costly
equipment and reagents as well as a level of specialist training to ensure correct characterization of
cytokines and surface antigen markers (Vardhana et al., 2022). Interferon gamma release assays
(IGRAs) have been used in the detection Mycobacterium tuberculosis infection and have now been
widely used in studies of COVID-19 patients of various clinical cohorts (Jaganathan et al., 2021,
Vardhana et al., 2022). Assessing T-cell responses in whole blood by IGRAs is a simple and quick
procedure, offering the additional benefit of closely resembling in vivo conditions compared to testing

purified PBMCs (Tormo et al., 2022). However, this method may not precisely capture the complex
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nature of overall immunity, which includes humoral immunity and the involvement of memory B-cells

(Sette and Crotty, 2021, Tormo et al., 2022).

1.3.2. Types of killing assays

To elucidate the efficacy of the CD8" T cell response against pathogens, killing assays have been
employed which measure the level of specific killing and therefore the quality of cytotoxic CD8* T cell
responses. These assays assess the ability of an effector cell or molecule to kill a target during a defined
period of co-culture where different ratios of effectors to targets can be compared. The chromium
release killing assay, which involves labelling target cells with radioactive chromium and quantifying
the amount of radioactivity released into the culture medium after the addition of effector cells, has
been used for measuring virus-specific T cell-mediated cytotoxicity (Brunner et al., 1968,
Scheibenbogen et al., 2000, Kiesgen et al., 2021). The standard assay is limited to a single timepoint
only as it measures the release of chromium after 4 h of target and effector cell co-incubation which
may exclude the assessment of killing of more resistant target cell types that may require a longer time
to be killed (Kiesgen et al., 2021). Moreover, the additional costs involved in the disposal of radioactive
waste as well as the requirement of a gamma counter, an expensive instrument, must be considered
(Karimi et al., 2014). Lastly, the radioactive nature of this assay, and therefore its potential harm to the
health of the researcher, is a safety concern (Gourdain et al., 2013, Karimi et al., 2014, Kiesgen et al.,
2021). For these reasons, researchers have developed novel killing assay designs involving labelling
cells with non-radioactive fluorescent dyes which provide a safer alternative to the chromium release

assay.

A real-time killing assay has been described which assessed cytotoxicity of natural killer (NK) cells
and is also suitable for antigen-specific cytotoxic T cells (Fassy et al., 2017). Here, target cells were
loaded with cell-permeable calcein-AM dye and the labelled cells were washed and co-incubated with
increasing numbers of cytotoxic NK cells. Natural killer cell-mediated cytotoxicity was measured by
quantifying the number of fluorescent target cells in each well every 15 min over the course of 4 h using
a Cytation 5 cell imaging multimode plate reader. This assay accurately monitors the lysis of target cells
over time, as opposed to flow cytometry assays which only detects target cells undergoing apoptosis
(Fassy et al., 2017). The killing kinetics of NK cells have also been measured by a similar real-time
killing assay described by Kummerow et al. (2014) in comparison to two standard cytotoxicity assays,
the lactate dehydrogenase (LDH) release assay and propidium iodide (PI) uptake assay (Kummerow et
al., 2014). It was observed that the real-time killing assay was more sensitive compared to the LDH

release assay although similar readings were noted for the PI uptake assay (Kummerow et al., 2014).

The fluorescent antigen-transfect target cell — CTL (FATT-CTL) assay measured antigen-specific

cytotoxicity ex vivo (van Baalen et al., 2005). Target cells were generated using nucleofection with
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DNA vectors encoding antigen — green fluorescent protein (GFP) proteins. Viable and dead GFP-
positive cells were quantified by flow cytometry following co-culture at various effector-to-target (E:T)
cell ratios with the calculation of antigen-specific target cell elimination (van Baalen et al., 2005). This
assay was validated using influenza and human immunodeficiency virus (HIV)-specific CTL clones
and demonstrated cytotoxicity at lower E:T cell ratios than the chromium release assay (van Baalen et
al., 2005). A luciferase based viral inhibition assay (VIA) has been previously outlined by Naarding et
al (2014) with the purpose of evaluating vaccine induced CD8" T-cell responses. In this assay, a
replication-competent infectious molecular clone (IMC) which expresses a novel luciferase reporter
(LucR), and the full-length strain-specific genome of the founder HIV-1, CH077.t, was used (Naarding
et al., 2014). The application of CHO77.t- LucR allowed for the comparison of VIA responses against
all viral genes, thereby enabling a wider comparison of CD8" T-cell responses between different
samples tested (Naarding et al., 2014). Furthermore, the development of this VIA provided a more

rapid, cost-effective, and less labour-intensive luciferase readout.

A novel fluorescence target array (FTA) killing assay utilises three fluorescent dyes, carboxyfluorescein
diacetate succinimidyl ester (CFSE), CellTrace Violet, and cell proliferation dye with different
fluorescence emission spectra which have shown low fluorescence variability and low cell cytotoxicity
(Quah et al., 2012). Flow cytometry assays are limited to typically two to seven distinguishable target
cell populations, but this assay opens the possibility of potentially hundreds of different target cell
populations. The FTA killing assay is a highly sensitive technique which is able to detect quantitative
and qualitative differences in polyclonal CTL responses, including minor CTL subsets. This assay has
great potential as a tool to evaluate the functional capacity of CTLs, following vaccination (Quah et al.,
2012). A similar multiplexing approach has also been adopted by Poh et al. (2020) for a cytotoxicity
assay that allows direct measurement of up to 23 different specificities of epitope-specific C8" T cells
in a single reaction. This assay can further validate the epitope candidates in terms of cytotoxic potential

of the cognate CD8" T cells (Poh et al., 2020).

Fluorescence-based assays are undoubtedly a valuable tool in the evaluation of the dynamics of the
immune response. This study aims to optimize a fluorescence-based assay which would allow for the
evaluation of cytotoxic CD8" T cell responses elicited by SARS-nCoV-2 infection or vaccination. In
optimizing the fluorescence-based assay, two distinct approaches will be tested: a pseudovirus-based
assay utilizing fluorescence reporter genes that are incorporated into the pseudovirus design, and a cell
labelling method using fluorescent dye, carboxyfluorescein succinimidyl ester (CFSE). The
pseudovirus-based assay uses reporter genes to measure the extent of target cell infection and
subsequent killing by CD8" T cells. On the other hand, the CFSE-based assay allows for the distinction
between cells which are antigen-specific and those which are not, and therefore the analysis of cell
populations and antigen-specific killing efficiency. Using these two approaches, the study aims to

establish a fluorescence-based assay for the evaluation of CD8" T cell-mediated cytotoxicity, thereby
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enhancing the understanding of immune responses to SARS-nCoV-2 and informing the development

of effective immunotherapies and vaccines.

Hypothesis:

Upon developing an assay to measure cytotoxic CD8" T cell responses to SARS-nCoV-2 infection or
vaccination, it is hypothesized that the cytotoxic CD8" T cell responses in people living with HIV
(PLWH) will be poorer compared to people living without HIV (PLWoH), given that PLWH experience

dysfunctional immunity to the virus.

Aim:

To develop a fluorescence-based killing assay for evaluating SARS-nCoV-2-specific cytotoxic CD8* T

cell responses elicited by SARS-nCoV-2 infection or vaccination.

Objectives:

1. To develop and optimize a pseudovirus-based assay to accurately measure target cell infection
and subsequent killing by CD8" T cells isolated from individuals naturally infected with or
vaccinated against SARS-nCoV-2.

2. To optimize the cell labelling method using carboxyfluorescein succinimidyl ester (CFSE) for
distinguishing between peptide-presenting and non-peptide-presenting cells, enabling the
analysis of antigen-specific killing efficiency by CD8* T cells from individuals naturally

infected with or vaccinated against SARS-nCoV-2.
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CHAPTER 2: A PSEUDOVIRUS-BASED KILLING ASSAY TO
MEASURE T CELL RESPONSES TO SARS-nCoV-2

2.1. Introduction

Cytotoxic CD8" T cells play an integral role in the immune defence against viral infections. These cells
effectively eliminate viral-infected cells through recognition of viral peptides presented on major
histocompatibility complex (MHC) class I molecules on the surface of infected cells (Almendro-
Vazquez et al., 2023). The T cell receptor (TCR) on CD8"* T cells specifically binds to this complex,
initiating the activation of cytotoxic T cells. Once activated, the CD8" T cells can kill the infected cells
and aid in clearing the infection (Almendro-Vazquez et al., 2023). Memory CD8" T cells are a critical
component of protective adaptive immunity against viral infections which is why understanding its
development aids in the design of optimal vaccines (Wherry and Ahmed, 2004). Furthermore, improved
understanding of the role of CD8" T cell response to SARS-nCoV-2 can inform the development of
novel COVID-19 vaccines and therapeutics. In South Africa, where the prevalence of human
immunodeficiency virus (HIV) is high, it is also of interest to determine how the efficacy of cytotoxic
CD8" T cells is affected in people living with HIV (PLWH) or whether PLWH are able to mount a
robust cytotoxic CD8" T cell response. For this reason, measuring this response by means of observing
the depletion of SARS-nCoV-2-infected cells by CD8" T cells may assist in elucidating the CD8" T cell
response in patients co-infected with HIV and SARS-nCoV-2. Studies of live SARS-nCoV-2 are
restricted to biosafety level 3 laboratories which require specialized equipment, training and facilities
(Li et al., 2018). By definition, a pseudovirus is a recombinant viral particle which derives its backbone
and envelope proteins from different viruses (Li et al., 2018). Pseudoviruses are comprised of the crucial
components required for viral infection, namely the envelope proteins from the virus of interest and an
inner core, however native surface protein genes are absent in pseudoviruses and are therefore co-
transfected with a plasmid which can express the desired surface proteins. This recombinant
pseudovirus can then infect multiple host cells but it lacks the ability to self-replicate for more than a
single round (Ory, 1996). For this reason, pseudoviruses are a safer and effective tool as an alternative

to wildtype viruses for use in biosafety level 2 research laboratories (Sanders, 2002, Yu et al., 2021).
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2.1.1. Types of pseudovirus designs

There are several designs and packaging systems that have been adopted to construct SARS-nCoV-2

pseudoviruses.

2.1.1.1.. HIV-1-based lentiviral packaging system

Lentiviral pseudoviruses are often used in the study of viral entry mechanisms and the delivery of genes
(Chen and Zhang, 2021). Lentiviral vectors are able to retain the genetic sequences necessary for viral
transcription, packaging and integration, however, they do not possess the genetic sequences which
encode the HIV envelope proteins (Li et al., 2018, Donofrio et al., 2021). The HIV-1 packaging system
is the most widely adopted pseudovirus packaging system, owing to its versatility and safety (Wang et
al., 2023b). The HIV genome contains structural genes (Gag, Pol and Env), regulatory genes (Tat, Rev,
Nef) and helper genes such as Vif (viral infectivity factor), Vpr (viral protein R), Vpu (viral protein U)
and Vpx (viral protein X) which are cloned into either 2, 3 or 4 DNA expression vectors (Xiang et al.,
2022). The structural genes, namely Gag, Pol and Env, play important roles at various stages of the viral
life cycle. Gag (group-specific antigen) encodes proteins which are essential for the assembly and
release of new HIV viral particles (Murphy and Saad, 2020). Pol (polymerase) encodes enzymes
required for the replication of the viral genome and processing of viral proteins while Env (envelope)
encodes the viral glycoproteins which are crucial for HIV to enter host cells and initiate infection (Hill
et al., 2005, Murphy and Saad, 2020). Regulatory genes encoded by the HIV genome include Tat (trans-
activator of transcription) which controls HIV gene expression, Rev (regulator of virion expression)
which facilitates the export of unspliced or partially spliced viral RNA from the nucleus to the
cytoplasm of infected cells and Nef (negative factor) which plays several roles including enhancing the
infectivity of HIV by downregulating cell surface expression of major histocompatibility complex class
I (MHC-I) molecules, which are involved in presenting viral antigens to cytotoxic T cells (Al et al.,

2021, Sintya et al., 2021, Xiang et al., 2022).

Crawford et al. (2020) has described a multi-vector lentiviral pseudovirus design incorporating three
helper plasmids expressing HIV Gag-Pol (HDM-Hgpm?2), HIV Tat (HDM-tat1b) and HIV Rev (pRC-
CMV-Rev1b) all under a cytomegalovirus (CMV) promoter. The CMV promoter drives the expression
of genes in a variety of cell types and the helper plasmids encoding Gag-Pol, Tat and Rev are necessary
as these are HIV proteins required for effective virion assembly (Nie et al., 2017, Li et al., 2018, Chen
and Zhang, 2021). Without the elements required for HIV to replicate, the pseudovirus can enter cells
and deliver its genetic material without the ability to produce new viruses thereby making it safe for use
in biosafety level 2 facilities. In addition, a plasmid expressing codon-optimized S protein from the
SARS-nCoV-2 Wuhan-Hu-1 strain under a CMV promoter (HDM-IDTSpike-fixK), as well as a
lentiviral backbone plasmid utilizing a CMV promoter to express ZsGreen, a green fluorescent protein

(GFP) variant, were included in the construction of this multi-vector pseudovirus. Using codon-
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optimized SARS-nCoV-2 S protein ensures its efficient expression in human cells while the inclusion
of a plasmid expressing a fluorescent protein allows for the tracking and quantification of infection
throughout pseudovirus-based assays (Crawford et al., 2020, Xiang et al., 2022). In the construction of
an in-house multi-vector pseudovirus, a similar pseudotyping approach used by Crawford et al. (2020)
was adopted with the use of identical spike-expressing and helper plasmids. However, the lentiviral

backbone plasmid used did not express ZsGreen, but rather mCherry, a red fluorescent protein.

The objective of the pseudovirus strategy is to minimize recombination of the viral genes, thereby
reducing the chances of reversion to the original wildtype virus. Generally, two or three plasmids are
co-transfected into a cell line, usually human embryonic kidney or HEK293T cells which are a
transfectable derivative of human embryonic kidney 293 cells, to produce the desired pseudoviruses
(Tuchi et al., 2020). The two-vector packaging system includes a plasmid expressing the SARS-nCoV-
2 S protein and an HIV-1 backbone plasmid expressing the necessary packaging proteins and signals
but with the envelope gene eliminated (Chen and Zhang, 2021). Several studies have utilized this design
incorporating different SARS-nCoV-2 S expression vectors of interest with HIV-1 lentiviral backbones,
such as pNL4-3.Luc.R-E which contains the firefly luciferase reporter gene, as well the mCherry
reporter gene (He et al., 2020, Yang et al., 2020b, Keeton et al., 2021, Izac et al., 2023). mCherry is a
red fluorescent protein with an excitation peak at 587 nm and an emission peak at 610 nm (Vadakkan
et al., 2009). The SARS-nCoV-2 multi-vector packaging system is comprised of a separate transfer
plasmid containing a reporter gene, a packaging plasmid and SARS-nCoV-2 S protein-expressing
plasmid, as opposed to a single HIV-1 backbone plasmid expressing packaging and transfer proteins
together (Chen and Zhang, 2021). Crawford et al. (2020) has described a multi-vector pseudovirus
design comprised of a lentiviral backbone plasmid which encodes a fluorescence reporter gene, ZsGreen
which has an excitation peak at 492 nm and an emission peak at 506 nm, a plasmid expressing the
SARS-nCoV-2 S protein and separate plasmids encoding non-surface packaging proteins necessary for
lentivirus production (Tat, Gag-Pol and Rev). The general approach for lentiviral pseudotyping is

outlined in Figure 2.1.

Lentiviral backbone plasmid
expressing fluorescence
reporter gene

Plasmid encoding
non-surface Gag-
packaging proteins Pol

Plasmid encoding
SARS-CoV-2 S protein

S

—'

/

o

SARS-CoV-2 spike-
pseudotyped
lentiviral particles

Figure 2.1.: General approach for multi-vector lentiviral pseudotyping (Made in BioRender, adapted

from Crawford et al. (2020)).
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2.1.1.2. VS§V-based packaging system

Vesicular stomatitis virus (VSV) is a singled strand RNA (ssRNA) virus is capable of infecting a wide
variety of animal cells (Xiang et al., 2022). As opposed to lentiviruses which utilize an HIV backbone,
VSV possesses an envelope glycoprotein (G) which mediates its entry and it has been observed that G-
deleted VSV can be complemented in trans with envelope glycoproteins of unrelated viruses, such as
coronaviruses (Fukushi et al., 2008). The binding between glycoproteins from vesiculovirus and
receptors directs the VSV-receptor complex to cellular compartments where viral fusion takes place. It
has been established that the low-density lipoprotein receptor and its associated family members serve
as the cellular receptors which mediate VSV’s entry into cells (Munis et al., 2020). The VSV packaging
system was first used to produce pseudotypes of Ebola virus (Takada et al., 1997) and has since been
used in numerous viral entry studies for a variety of viruses including measles virus, leukaemia virus
and hepatitis B (Tatsuo et al., 2000, Okuma et al., 2001, Saha et al., 2005). This packaging system was
also used to produce SARS-CoV pseudotyped viruses due to its ability to generate high titre
pseudoviruses in several different cell lines such as A549 cells, Calu cells and Vero E6 cells (Fukushi

et al., 2008).

Fukushi et al. (2008) describes the protocol to develop these SARS-CoV pseudoviruses whereby 293T
cells were plated onto type I collagen-coated T-75 flasks and transfected with a SARS-CoV spike
protein plasmid. After incubation, the cells were inoculated with VSV pseudotypes expressing GFP.
Culture supernatants containing VSV pseudotypes bearing the SARS-CoV S protein were collected,
centrifuged, and filtered before storage at —80°C (Fukushi et al., 2008). Furthermore, the VSV system
allows for the generation of pseudoviruses with efficient infectivity making them beneficial tools in the
study of viral entry and in the development of vaccines (Xiang et al., 2022). A pseudotyped VSV
bearing the full-length S protein of SARS-nCoV-2 was used in the development of a pseudovirus
neutralization assay (Nie et al., 2020a). This involved infecting spike-transfected HEK293T cells with
VSV*AG (VSV without envelope glycoprotein (G)) encoding firefly luciferase, depicted in Figure 2.2.
After an incubation period of 1h at 37 °C, the inoculum was removed and the cells were washed with
PBS before adding medium supplemented with anti VSV-G antibody to neutralize residual input virus
and prevent false-positive results (Chen and Zhang, 2021). Spike-pseudotyped particles were harvested
20 h postinoculation and were able to infect cells expressing the ACE2 receptor — infection was
determined by fluorescence of the Fluc reporter gene. VSV-based pseudoviruses have therefore been
invaluable in the development of neutralization assays to evaluate antibody responses to SARS-nCoV-

2.

Crawford et al. (2020) has described a protocol in which VSV-G pseudotyped lentiviruses packaging
the human ACE2 (hACE2) receptor were generated by co-transfection of 293T cells, a transfectable
derivative of human embryonic kidney 293 cells, with pHAGE2-EF1alnt-ACE2-WT, a plasmid

containing the ACE2 gene under the control of the EF1a promoter within a lentiviral vector backbone,

27



and lentiviral helper plasmids. The resulting lentivirus was used to infect more 293T cells and the
transduced cells were sorted based on ACE2 expression using specific antibodies. Single cell clones
showing a high expression of ACE2 were identified via flow cytometry and expanded, resulting in the
establishment of a cell line denoted 293T-ACE2 (Crawford et al., 2020). Similarly, Khan et al. (2022)
used VSV-G pseudotyped lentivirus containing hACE2 to infect H1299 cells, a lung carcinoma cell
line. The transduced H1299 cells were subcloned in conditioned media over three weeks and the clones
were assessed for mCherry expression upon infection with a SARS-nCoV-2 mCherry-expressing spike
pseudotyped lentiviral vector using microscopy. The clone with the highest fraction of mCherry-

positive cells was selected and expanded from the stock plate, denoted H1299-E3 (Khan et al., 2022).

Plasmid encoding
SARS-CoV-2 S protein

HEK293T cells + SARS-CoV-2 spike-
anti-VSV pseudotyped VSV*AG
A particles
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Infection |
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[ ]

Figure 2.2.: Method for constructing SARS-nCoV-2 spike-pseudotyped VSV particles (made in
BioRender, adapted from Chen and Zhang (2021)).

2.1.1.3. MLV-based packaging system

Murine leukaemia virus (MLV) is an enveloped retrovirus containing positive-strand RNA bearing
three genes (Gag, Pol and Env) that encode viral capsid proteins, enzymes and envelope proteins,
respectively (Chen and Zhang, 2021). Bartosch et al. (2003) has previously described a three-plasmid
pseudovirus design strategy for evaluating hepatitis C viral entry comprising a transfer plasmid
encoding a luciferase reporter gene, a plasmid encoding the desired envelope glycoprotein and a
packaging plasmid expressing Gag and Pol but lacking the Env-coding gene (Bartosch et al., 2003). A
similar design has been used to construct SARS-CoV- 2 pseudoviruses in which an MLV Gag-Pol
packaging plasmid, a SARS-nCoV-2-specific S protein-encoding plasmid and a transfer plasmid

encoding a luciferase reporter gene were co-transfected, as depicted in Figure 2.3. (Walls et al., 2020).
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Zheng et al. (2021) have also used this design to generate SARS-nCoV-2 pseudoviruses for easy and
rapid measurement of nAb titres in serum or plasma of COVID-19 patients (Zheng et al., 2021).

Packaging construct O ..
.. b : \ \
Transfer vector ‘ ------- . ( )
R o \ [
Plasmid encoding - SARS-CoV-2 Spi ke-
SARS-CoV-2 § protein O pseudotyped MLV particles

Figure 2.3.: General method for constructing SARS-nCoV-2 spike-pseudotyped MLV particles (made
by BioRender, adapted from Chen and Zhang (2021)).

2.1.1.4. Pseudovirus applications

Chen et al. (2018) has described the development of an HIV-1 pseudovirus neutralization assay that
utilizes the A3R5 human CD4" lymphoblastoid cell line. The study focused on optimizing various
parameters such as cell counts, infection time and virus dose to enhance the efficiency of the
pseudovirus production system (Chen et al., 2018). The A3R5 pseudovirus assay demonstrated
significantly higher sensitivity in detecting the inhibitory effects of both monoclonal nAbs and plasma
samples against tier 1 and tier 2 virus strains when compared to a standard fluorescence assay (Chen et
al., 2018). In another study by Mavhandu et al. (2020), HIV-1 subtype C pseudoviruses with a luciferase
reporter were used to test the inhibitory effects of selected plant substances and reverse transcriptase
(RT) inhibitors Zidovudine (AZT) and nevirapine (NVP) in 293T cell transfections. While AZT and
NVP effectively inhibited wildtype pseudoviruses in a dose-dependent manner, pseudoviruses with RT
resistance mutations showed limited suppression (Mavhandu et al., 2020). Notably, catechin from
Peltophorum africanum and a methanol extract from Elaeodendron transvaalense demonstrated potent
inhibition of HIV-1-C and HIV-1-B pseudoviruses, suggesting the assay's potential for identifying
novel RT inhibitors. Heyndrickx et al. (2008) has described an assay in which five replication-
competent HIV-1 isolates and corresponding Env pseudoviruses were generated by co-transfecting
HEK293T cells with specific plasmids. Primary PBMCs from a single donor and GFP-transduced
human osteosarcoma cells (Ghost) cells expressing CD4* and either chemokine receptor 5 (CCR5) or
chemokine receptor 4 (CXCR4) were used as target cells. Pseudoviruses were pre-incubated with
different antiviral compounds and added to the Ghost cells or PBMCs, with infection levels measured
via luciferase activity. Replication-competent viruses were similarly tested in PBMCs, with HIV p24

antigen levels measured after seven days (Heyndrickx et al., 2008). It was observed that the pseudovirus
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stocks showed higher infectivity in Ghost cells compared to the PBMCs, although both pseudovirus
assays (in Ghost and PBMCs) were more sensitive compared to the replication-competent virus PBMC
assay, indicated by dose responses curves (Heyndrickx et al., 2008). This assay confirmed that

pseudovirus-based assays are useful to evaluate antiviral infectivity.

2.1.2. Applications of SARS-nCoV-2 pseudoviruses

In conducting in vitro studies on the interactions between viruses and host cells, pseudoviruses have
previously been employed (Steffen and Simmons, 2016). More recently, SARS-nCoV-2 pseudoviruses
were used to demonstrate that SARS-nCoV-2 infection is dependent on angiotensin-converting enzyme
2 (ACE2) and transmembrane protease, serine 2 (TMPRSS2) (Hoffmann et al., 2020). Here, both
SARS-nCoV-2 and SARS-CoV spike proteins were incorporated into VSV particles (Hoffmann et al.,
2020). Using a panel of well-characterized cell lines of both human and animal origin (including A549,
Calu-3 and H1299), it was tested which cells were susceptible to SARS-nCoV-2 spike-driven entry. All
cell lines tested were susceptible to entry by the recombinant SARS-CoV or SARS-nCoV-2 -VSV
pseudovirus particle, suggesting similar entry receptors between SARS-CoV and SARS-nCoV-2
(Hoffmann et al., 2020). In addition, a lentiviral packaging system was used to determine cell
susceptibility, virus receptor and entry pathways for SARS-nCoV-2 (Ou et al., 2020). The lentiviral
packaging system was also used to construct SARS-nCoV-2 pseudoviruses to demonstrate that human
monoclonal antibodies (mAbs) block SARS-nCoV-2 S protein to the ACE2 receptor, which is an
important approach for understanding alternative methods for COVID-19 prevention and treatment
(Chen et al., 2020a). It was observed that three monoclonal antibodies (mAbs) were neutralized by the
luciferase-encoding SARS-nCoV-2 pseudotyped lentiviral as the percentage infection showed a
decrease when mAb concentration was increased (Chen et al.,, 2020a). A spiked SARS-nCoV-2
pseudovirus has been used to establish an in vitro model to study the effect of SARS-nCoV-2 infection
on the human brain (Yi et al., 2020). This study revealed that mature neurons in the brain express ACE2

at the soma and are susceptible to viral entry by the spike-pseudotyped SARS-nCoV-2 (Yi et al., 2020).

Antibody neutralization assays targeting the S protein on SARS-nCoV-2 pseudoviruses have been
widely investigated (Nie et al., 2020b, Yang et al., 2020b, Zettl et al., 2020, Cele et al., 2021, Donofrio
et al.,, 2021, Keeton et al., 2021, Izac et al., 2023). It has been reported that pseudovirus-based
neutralization assays have showed good correlation with live virus-based assays in addition to being
relatively high throughput and requiring less sample serum (Bentley et al., 2015). Pseudotyped lentiviral
particles were constructed and used to measure the neutralizing activity of human sera or plasma against
SARS-nCoV-2 which provided a useful complement to enzyme-linked immunosorbent assays
(ELISAs) (Crawford et al., 2020). Zettl et al. (2020) conducted a study using a VSV-based SARS-

nCoV-2 pseudovirus to assess nAb levels in individuals recovering from mild to moderate COVID-19.
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SARS-nCoV-2 spike-pseudotyped VSV*AG(FLuc) was incubated with serial dilutions of serum from
convalescent COVID-19 patients with the pseudotype infection rate being determined by measuring the
FLuc reporter activity 18 h post-infection and it was found that the majority of patients had low levels
of nAbs (Zettl et al., 2020). Nie et al. also investigated nAbs against SARS-nCoV-2 using a VSV
pseudovirus packaging system. Keeton et al. (2021) performed a neutralization assay by preparing
SARS-nCoV-2 pseudotyped lentiviruses via transfection with either the ancestral SARS-nCoV-2 spike
variant (D614G), the Beta spike or Delta spike plasmids and a firefly luciferase-encoding lentiviral
backbone plasmid (Keeton et al., 2021). Here, plasma samples from vaccine recipients were incubated
with the SARS-nCoV-2 pseudotyped lentiviruses after which HEK293T cells engineered to overexpress
the ACE2 receptor were added (Keeton et al., 2021). The luminescence of the luciferase reporter gene
was measured and it was observed that in two groups who had prior SARS-nCoV-2 infection, there was
a significant boost in neutralization after vaccination against D614G and Beta variants (Keeton et al.,
2021). A notable study carried out by Garcia-Beltran et al. (2021) evaluated the potency of sera from
99 individuals who received either one or two doses of BNT162b2 or mRNA-1273 vaccines by
constructing different pseudoviruses containing the S protein of 10 circulating SARS-nCoV-2 strains.
The study reported that 5 out of 10 pseudoviruses harbouring mutations in the receptor binding domain

(RBD) were resistant to neutralization (Garcia-Beltran et al., 2021).

Pseudoviruses have been employed to evaluate the potency of COVID-19 vaccines in both preclinical
and clinical stages of development. Several vaccines, such as the S RBD subunit protein vaccine
developed by Sichuan University (Yang et al., 2020a), the full-length S glycoprotein vaccine created
by Novavax (Tian et al., 2021), and the mRNA vaccines from Pfizer and Moderna (Corbett et al., 2020,
Mulligan et al., 2020), along with the adenovirus vector vaccine developed by Janssen and Oxford
University (Mercado et al., 2020, van Doremalen et al., 2020), as well as the inactivated vaccine
developed by Sinovac Biotech and Beijing Institute of Biological Products (Gao et al., 2020), utilized
pseudovirus systems to assess the neutralizing ability of antibodies induced post-vaccination. Screening
of small-molecule SARS-nCoV-2 inhibitors have also been carried out using SARS-nCoV-2
pseudoviruses. A lentiviral-based SARS-nCoV-2 pseudotyped particle has been used to evaluate potent
membrane fusion inhibitors (Zhu et al., 2020). Pseudotyped SARS-nCoV-2 has also been used to screen
for SARS-nCoV-2 entry inhibitors with 15 active drugs being identified as SARS-nCoV-2-specific
entry inhibitors (Yang et al., 2021). Spiked pseudoviruses have undoubtedly contributed significantly
to the understanding of SARS-nCoV-2 infection and B cell responses elicited by natural infection and
vaccination. However, mechanistic studies of SARS-nCoV2 are still largely unexplored. Integrating
spiked pseudoviruses in CD8"-mediated killing assays may help to elucidate the T cell response to
SARS-nCoV-2, especially in PLWH, while abrogating the complexities and risks of live virus assays.
A standardised spiked-pseudovirus killing assay is lacking the literature. Thus, this project aims to

develop and optimise such an assay with the end goal of assessing the killing activity of SARS-nCoV-
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2-specific CD8" T cells from various clinical cohorts by co-culturing these cells with spiked

pseudovirus-infected cells.

2.1.3. Development and optimization of the pseudovirus SARS-nCoV-2 killing assay

The use of pseudoviruses for the development of the SARS-nCoV-2 killing assay offers several
advantages. When SARS-nCoV-2 spike pseudoviruses are used to infect ACE2-expressing target cells,
they mimic the infection of SARS-nCoV-2 offering a safer alternative to using live SARS-nCoV-2.
Furthermore, the incorporation of a fluorescence reporter in the design of the pseudovirus allows for
the measurement of CD8"-mediated killing at different ratios of effector and target cells. Additionally,
the lentiviral packaging system has been widely used and is well-studied, as outlined in the literature
above. To develop a pseudovirus-based killing assay, three spike pseudotyped reporter virus designs
were tested: a multi-vector lentiviral pseudovirus design similar to the design used by Crawford et al.
(2020), a two-vector pseudovirus design incorporating an untruncated spike plasmid, as well as a two-
vector pseudovirus design incorporating truncated spike plasmid used by Keeton et al. (2021) and
Moyo-Gwete et al. (2022). In optimizing the pseudovirus infection titres for these spiked pseudotyped
reporter viruses, different parameters were tested including varying the incubation times post
pseudovirus infection, the amount of pseudovirus used during inoculation and assessing the effect of
differing dilution factors. To further optimize the spike pseudotyped reporter virus, both classical
transfection and nucleofection were used to generate the pseudoviruses and their infection titres were
compared to determine which transfection method generated higher titre pseudoviruses. The

optimization strategy carried out for each of the pseudovirus designs is outlined in Figure 2.4.
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Figure 2.4.: Flow chart illustrating optimization strategy for three SARS-nCoV-2 spiked pseudovirus

designs. (A) Multi-vector pseudovirus. (B) Untruncated spike two-vector pseudovirus. (C) Truncated

spike two-vector pseudovirus.
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Hypothesis:

It is hypothesized that the use of a spike pseudotyped reporter virus will serve as a robust target cell
reporter to allow for the measurement of the loss of spiked pseudovirus-infected cells following co-
culture with CD8" T cells isolated from individuals naturally infected with SARS-nCoV-2. This assay
will provide a reliable means to assess the SARS-nCoV-2-specific cytotoxic CD8" T cell response
among people living with HIV (PLWH) and people living without HIV (PLWoH), as well as the effect
of vaccination on CD8" T cell responses to SARS-nCoV-2.

Aim:

To optimize a spike pseudotyped reporter virus to infect target cells for a SARS-nCoV-2-specific CD8"
T cell killing assay.

Objectives:

1. To optimize the titre of wildtype spiked pseudoviruses.

2. To optimize flow-based detection of pseudovirus-infected in multiple target cells.

3. To optimize co-culture conditions for killing of pseudovirus-infected target cells by isolated
CDS8'T cells.

4. To perform killing assays using the optimized pseudovirus, to compare cytotoxic CD8" T cell

responses to SARS-nCoV-2 natural infection, and/or vaccination in PLWH and PLWoH.

34



2.2. Materials and Methods

2.2.1. Summarised approach for optimisation of reporter spiked-pseudovirus generation

To optimise the generation of high titre spiked-pseudovirus, experiments were conducted using both
multi-vector and two-vector pseudovirus designs. Initially, a multi-vector spiked pseudovirus, produced
via classical transfection, was used to identify an optimal target cell line. This involved inoculating
various cell lines with the pseudovirus at dilutions of 1:2, 1:4, and 1:8, followed by assessing infectivity
using flow cytometry. Once the optimal target cell line was selected, the infection duration was
optimized by exposing this cell line to the multi-vector pseudovirus at time points of 24 h, 48 h, 72 h,
and 96 h, using pseudovirus dilutions of 1:1, 1:2, and 1:4. Subsequently, the multi-vector pseudovirus
was produced by nucleofection to further enhance the pseudovirus titre. A similar series of experiments
were performed to optimise the duration of infection. A two-vector pseudovirus incorporating an
untruncated D614G plasmid was created using both classical transfection and nucleofection. The
optimal infection duration for this pseudovirus was evaluated by inoculating the target cell line with
pseudovirus dilutions of 1:1, 1:2, and 1:4 at 72 h and 96 h, including a VSV-GFP control for
comparison. Following these experiments, a truncated version of the D614G plasmid was used to
generate a two-vector spiked pseudovirus via classical transfection, identified as the superior
transfection method from previous tests. This pseudovirus was applied to the target cell line at dilutions
of 1:1, 1:2, and 1:4 for 96 h, and infectivity was evaluated using flow cytometry. Lastly, to optimise the
pseudovirus titre further, various seeding densities were tested prior to pseudovirus inoculation. The

detailed methodologies for these optimizations are outlined below.

2.2.2 Cell line culture

2.2.2.1 HEK293T cells

HEK293T cells were gifted by the HIV Pathogenesis Programme, Durban, South Africa and thawed in
culture medium (DMEM supplemented with 10% heat-inactivated FBS, 1% HEPES and 1%
penicillin/streptomycin (Gibco, Schwerte, Germany)). The cells were centrifuged at 1000 rpm for 10
min and the supernatant was discarded. The cells were resuspended in 5 ml culture medium before
being transferred to a vented T»s culture flask. The HEK293T cells were incubated at 37°C in 5% CO»

with daily monitoring of cell growth.

2.2.2.2 HEK293T cells expressing angiotensin converting enzyme 2 receptor (293T-ACE2)

HEK293T cells engineered to overexpress the ACE2 receptor (293T-ACE2 cells) were a gift from the
Moore group, HIV & SARS-CoV-2 Virology Section, National Institute of Communicable Diseases,
Johannesburg, South Africa. Cells were thawed and cultured in Dulbecco’s Modified Eagle Media
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(DMEM) (Gibco, Schwerte, Germany) supplemented with 10% heat inactivated FBS, 1% L-glutamine,
3 mg/ml puromycin and 10 mg/ml gentamycin, and incubated at 37°C and 5% CO,.

2.2.2.3 H2199-E3 cells

H1299-E3 cells were gifted by the Sigal group, Africa Health Research Institute, Durban, South Africa
(Cele et al., 2021, Khan et al., 2022). The cells were cultured in RPMI 1640 medium supplemented
with 10% heat inactivated fetal bovine serum (FBS) (Gibco, Schwerte, Germany), 1% HEPES buffer

solution, 1% non-essential amino acids, 1% sodium pyruvate and 1% L-glutamine (Gibco, Schwerte,

Germany), and incubated at 37°C and 5% CO..

2.2.2.4 Trypsinization

At 80 — 90% cell confluency, the culture medium was decanted from the T»s flask and the cells were
washed once with 10 ml PBS before the addition of 500 pul 0.05% trypsin-EDTA (1X) (Gibco, Schwerte,
Germany). The cells were incubated for 5 min at 37°C in 5% CO, and the trypsinization reaction was
neutralized thereafter with 10 ml culture medium once the cells had been detached. The cells were

passaged twice before proceeding to nucleofection or classical transfection.

2.2.3 Plasmids used, propagation and isolation

2.2.3.1 List of plasmids used for reporter spiked pseudovirus generation

Plasmids used in this study are described in Table 2.1.

Table 2.1.: Plasmids required for generation of a reporter spiked-pseudovirus
Plasmid Source Relevant citations

5-vector spiked pseudovirus

mCherry A gift from the Sigal group at (Crawford et al., 2020, Cele et al.,
HDM-IDTSpike-fixK AHRI, Durban, South Africa. 2021)

HDM-Hgpm?2

HDM-tatlb

pRC-CMV-Revlb

2-vector spiked pseudovirus

pBR43-AEnv-NefSF2GFP = A gift from the Brockman Lab (Gao et al., 1996, Ohagen et al.,
2003)
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D614G A gift from the Moore group, (Keeton etal.,2021, Moyo-Gwete
HIV & SARS-CoV-2 Virology etal., 2023)
Section, NICD, Johannesburg,

South Africa.
Truncated D614G A gift from Thandeka Moyo-
Gwete, NICD, Johannesburg,
South Africa.
pCMV-VSV-g A gift from Bob Weinberg (Stewart et al., 2003)

(Addgene plasmid # 8454)

2.2.3.2 Plasmid propagation in Escherichia coli

Luria-Bertani (LB) broth (ThermoFisher Scientific, Eugene, Oregon, United States) was prepared by
adding two tablets to 100 ml dH,O and autoclaved in a Schott bottle. The broth was allowed to cool
before 50 ml broth was transferred to sterile conical flasks, after which 500 ul Escherichia coli
transformed with respective plasmid DNA was added to each of the flasks. The flasks were gently
swirled before the addition of 50 ul ampicillin to each flask. The flasks were left to shake at 150 rpm in
a 30°C automatic shaker for 72 h.

2.2.3.3 Bulk plasmid isolation

Following the shaking incubation, plasmid isolation was carried out using the ZymoPURE™ Plasmid
Midiprep Kit (Zymo Research Corporation, Irvine, California, United States). In brief, 50 ml of the
bacterial culture was centrifuged at 4000 rpm for 10 min in a 50 ml Falcon tube. The supernatant was
decanted and the bacterial cells were resuspended in 8 ml ZymoPURE™ P1. The solution became
viscous after the addition of 8 ml ZymoPURE™ P2 which indicated lysis completion and at this point,
8 ml ZymoPURE™ P3 was added to the solution to neutralize the reaction. The neutralized lysate was
loaded into the ZymoPURE™ Syringe Filter-X and clarified into a 50 ml Falcon tube. ZymoPURE™
Binding Biffer was added to the cleared lysate and mixed thoroughly before being inserted into to the
Zymo-Spin™ V-PS Column Assembly. The mixture was centrifuged at 500 x g for 2 min until all the
cleared lysate had passed through the column. The column was washed with 5 ml ZymoPURE™ Wash
1 and 2, discarding the flow-through each time. A final wash was performed with ZymoPURE™ Wash
2 followed by centrifugation to remove the residual wash buffer. The purified DNA was then eluted by
transferring the column into a clean Eppendorf tube, incubating at room temperature for 5 min and

centrifuging at 10 000 x g for 1 min. The eluted plasmid DNA was stored at < -20°C.
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2.2.4 Transfection methods for pseudovirus generation

2.2.4.1 Classical transfection

On the day before transfection, ~5 x 10° HEK293T cells were seeded on a 6-well plate in 2 ml culture
medium without antibiotics so the cells were 80% confluent at the time of transfection. For each
transfection sample, complexes were prepared by diluting 4 pg of total DNA in 250 pl DMEM without
additives in Eppendorf tubes. Total DNA encompassed multiple vectors described in Table 2.2. In
separate Eppendorf tubes, 8 ul polyethyleneimine (PEI) was diluted with 250 pl DMEM without
additives for each transfection sample and incubated for 5 min. The diluted PEI was combined with the
diluted DNA and incubated for a further 30 min at room temperature. To each well of HEK293T cells,
500 pl of the transfection was added in a drop-wise fashion, forming a spiral from the outside inwards.
The plate was incubated at 37°C and 5% CO; for 4 to 6 hours before the DMEM was removed and
replace with complete DMEM with antibiotics. The supernatants were harvested and filtered through
a 0.45 um syringe filter 72 h post-transfection before being frozen in 500 ul aliquots at -80°C in

cryovials.

2.2.4.2 Nucleofection

The nucleofection was carried out as per the Amaxa™ 4D-Nucleofector™ kit manufacturer’s protocol.
In brief, the appropriate Nucleofector™ program was selected on the 4D-Nucleofector™ System. An
aliquot of DMEM was pre-warmed to 37°C while HEK293T cells at 80-90% confluency were harvested
by trypsinization described above. The cells were resuspended in 10 ml culture medium and an aliquot
of cells were counted to determine cell density. Following counting, ~5 x 10° cells per condition were
centrifuged at 1000 rpm for 10 min. The supernatant was discarded and the pellet was resuspended in
100 pl room temperature 4D- Nucleofector™ Solution per condition. Pseudoviral plasmid DNA was
prepared and added to each of the mastermixes according to Table 2.2 after which they were transferred
to Nucleocuvette™ Vessels. The Nucleocuvette™ Vessels were carefully placed in the 4D-
Nucleofector™ X Unit and the nucleofection was run to completion. After nucleofection, the cells were
removed from the Nucleocuvette™ Vessels for each condition and resuspended in 2 ml pre-warmed
culture medium in a 6-well plate. The cells were incubated at 37°C in 5% CO; incubator for 72 h. After
the 72 h incubation, the pseudovirus was harvested from each well by filtering culture supernatant

through a 0.45 um syringe filter before being frozen in 500 pl aliquots at -80°C in cryovials.
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Table 2.2.: Amounts of plasmid DNA required to construct a reporter spiked-pseudovirus using
classical transfection and nucleofection.
Plasmid Amount per classical Amount per nucleofection (ug)
transfection (ug)

5-vector spiked pseudovirus

mCherry 1 1
HDM-IDTSpike-fixK 0.34 0.34
HDM-Hgpm?2 0.22 0.22
HDM-tatlb 0.22 0.22
pRC-CMV-Revlb 0.22 0.22
2-vector spiked pseudovirus

pBR43-AEnv-NefSF2GFP 32 32
D614G/truncated or D614G or 0.8 0.8
pCMV-VSV-¢g

2.2.5 Infection of 293T-ACE?2 or H1299-E3 cells with spiked-pseudovirus

2.2.5.1. Standard infection protocol

One day before infection, ~1.25 x 10 target cells in a final volume of 100 pl were seeded in a flat-
bottom 96-well plate. For the inoculation process 100 ul of the respective pseudovirus was added to the
target cells (as per above culture conditions) which were then subjected to serial dilutions of pseudovirus
to media. Specifically, the pseudovirus was diluted at ratios of 1:1, 1:2, and 1:4. The cells were
incubated at 37°C in 5% CO, for each specified incubation time. Following respective incubation times,
25 ul trypsin-EDTA (1X) was added to each well to detach the cells. The cells were incubated for 15
min at 37°C in 5% CO; after which they were transferred to a U-bottom 96-well plate and pelleted at
1800 rpm for 6 min. Two washing steps were performed using 200 pl 3% bovine serum albumin (BSA)
(Sigma, Munich, Germany) in phosphate buffered saline (PBS) (Gibco, Schwerte, Germany) to remove
unbound pseudovirus and debris. The cells were resuspended after the final wash in 1% BSA in PBS
before performing fluorescence activated cell sorting (FACS) preparation and evaluation of the

infection efficiency at each time point and under the various dilution conditions.

2.2.5.2 Optimisation of infection protocol

Target cells were infected as described above in duplicate plates, each pertaining to a specific infection
duration: 24 h, 48 h, 72 h and 96 h. The cells were incubated at 37°C in 5% CO, for each specified

incubation time before removing for FACS preparation and analysis.
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2.2.5.3 Optimisation of cell-to-virus infection ratio

As described above, target cells were seeded in a 96-well plate one day before infection. Initially, 50 ul
of pseudovirus was added to the target cells in a 1:2 dilution. The cells were then subjected to serial
dilutions of 1:4 and 1:8. After experimentation, 100 pl of pseudovirus was tested instead of the initial

50 ul for all subsequent experiments

2.2.5.4 Optimisation of target cell density

To assess the effect of cell seeding density on the pseudovirus titre, varying densities of 293T-ACE2
cells were tested. Cells were seeded in a 96-well plate at densities of ~1.25 x 10*, ~2.5 x 10* and ~5 x
10* cells per well. The seeding was performed one day prior to infection, and the cells were infected

according to the protocol described above.

2.2.6. FACS for 5-vector mCherry spike pseudovirus after 293T-ACE?2 or H1299-E3 cell infection

Flow cytometry was performed on the LSR Fortessa™ using the BD FACSDiva™ software and
analysis was performed on FlowJo v10.8.1. 293T-ACE2 and H1299-E3 cells were initially gated based
on forward scatter (FSC-A) and side scatter (SSC-A). Gating was refined to single cells for both cell
types, and the subsequent fluorescence channels utilized to detect infection in H1299-E3 cells were PE-
CF594 for mCherry and AF488 for YFP. These channels were used to detect the expression of mCherry
and YFP, indicative of multi-vector pseudovirus infection. For 293T-ACE2 cells, the fluorescence
channels utilized to detect multi-vector pseudovirus infection were PE-CF594 for mCherry and FSC-
A. Statistical analyses were performed using GraphPad Prism 10.0.3 (GraphPad Software, Inc, San
Diego, CA).

2.2.7. FACS for 2-vector GFP spike pseudovirus after 293T-ACE?2 infection

Flow cytometry was performed on the LSR Fortessa™ using the BD FACSDiva™ software and
analysis was performed on FlowJo v10.8.1. 293T-ACE2 cells were initially gated based on forward
scatter (FSC-A) and side scatter (SSC-A). Gating was refined to single cells, and the subsequent
fluorescence channels utilized to detect two-vector pseudovirus infection in 293T-ACE2 cells were
AF488 for YFP expression and FSC-A. Statistical analyses were performed using GraphPad Prism
10.0.3 (GraphPad Software, Inc, San Diego, CA).
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2.3. Results

2.3.1 Selection of optimal target cell line for SARS-nCoV-2 pseudovirus infectivity

When conducting viral infectivity assays involving human cell lines, it is important to understand which
cell lines are susceptible to the virus and to what degree (Pires De Souza et al., 2022). The ACE2
receptor is the main entry receptor used by SARS-nCoV-2 to gain entry into host cells (Jackson et al.,
2022) and given that several cell lines do not naturally express the ACE2 receptor at high levels, it is
necessary to generate transient and stable cell lines which highly express ACE2 to facilitate infection
by SARS-nCoV-2 pseudoviruses (Crawford et al., 2020, Cele et al., 2021, Khan et al., 2022). The
infection protocol, whereby target cells were adhered to a microplate and inoculated with pseudovirus
was described previously (Crawford et al., 2020). However, the lentiviral backbone plasmid used in this
study did not express ZsGreen, but rather mCherry, a red fluorescent protein, which is compatible with
H1299-E3 cells. These H1299-E3 cells were engineered with fluorescent nuclei where the mCherry
gene was included in the lentiviral vector to serve as a marker for successful transduction and to
facilitate the tracking of infected cells. The strong expression of mCherry in these cells allowed for

quantification of infection rates using flow cytometry (Khan et al., 2022).

To assess the infectivity of a multi-vector wildtype spiked pseudovirus generated by classical
transfection (Crawford et al., 2020), two target cell lines, H1299-E3 cells and 293T-ACE2 cells, were
infected using 50 ul of the in-house multi-vector pseudovirus, depicted in Figure 2.5 (A) and (B). Flow
cytometry analysis revealed that H1299-E3 cells produced more mCherry signal than 293T-ACE2 cells,
suggesting greater levels of spiked pseudovirus infection in H1299-E3 cells, as illustrated in Figure 2.5
(C) and (D). This was evident in the infectivity percentages at different pseudovirus dilution factors
where 50 pl of the pseudovirus was added to 100 pl of cells (1:2 dilution) and then serially diluted at
1:4 and 1:8 dilutions. Furthermore, Figure 2.5 (E) showed that the percentage of mCherry fluorescence
peaked at the 1:2 dilution for both the 293T-ACE2 and H1299-E3 cells. This was additionally confirmed
by the bar graph in Figure 2.5 (F) showing the median fluorescence intensity (MFI) where the MFI
peaked at the 1:2 dilution for the H1299-E3 cells. Consequently, it was determined that for optimal

infectivity, the H1299-E3 cell line is the most suitable for conducting pseudovirus infections.
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Figure 2.5.: Comparative analysis of in-house multi-vector pseudovirus infection in 293T-ACE2 cells
and H1299-E3 cells. (A) Gating strategy for uninfected control 293T-ACE2 cells, showing the main
cell population and single cells, with no indication of infection in the PE-CF594 mCherry versus AF488
YFP plot. (B) Gating strategy for uninfected control H1299-E3 cells, also displaying the primary cell
population and single cells, with minimal cell infection in the PE-CF594 mCherry versus AF488 YFP
plot. (C) Representative flow cytometry plots displaying infection percentages in 293T-ACE2 cells
following infection with in-house multi-vector SARS-nCoV-2 spiked pseudovirus at different dilutions
(1:2, 1:4, 1:8). (D) Representative flow cytometry plots displaying infection percentages in H1299-E3
cells following infection with in-house multi-vector SARS-nCoV-2 spiked pseudovirus at different
dilutions (1:2, 1:4, 1:8). (E) Graph comparing the relative infection rates between 293T-ACE2 cells and
H1299-E3 cells across various dilutions (1:2, 1:4 and 1:8). (F) Bar graph illustrating the median
fluorescence intensity (MFI) of infected 293T-ACE2 and H1299-E3 cells.

2.3.2. Infection optimization of multi-vector pseudovirus generated by classical transfection

In order to obtain a high pseudovirus infection titre, and therefore an efficient flow cytometry readout
which would allow the quantification of the reduction in pseudovirus fluorescence as a function of
killing by CD8" T cells, the optimal infection conditions for the in-house multi-vector pseudovirus
needed to be determined. After carrying out the infection protocol described by Crawford et al. (2020)
to determine the optimal cell line for infection, it was observed that the percentage of mCherry positive
cells was relatively low, as depicted in Figure 2.5. To optimize the infection of H1299-E3 cells, various
parameters were investigated including 1) the adjustment of infection time and ii) the quantity of
pseudovirus added to the H1299-E3 cells during infection. Since the use of 50 ul of pseudovirus
generated a relatively low percentage of mCherry positivity in both cell lines tested, 100 ul of
pseudovirus was tested at serial dilutions of pseudovirus to cells (1:1, 1:2 and 1:4) for subsequent

experiments.

2.3.2.1. Incubation time-scale analysis

A time-scale analysis was carried out to evaluate the effect of incubation time by varying the duration
after the addition of pseudovirus to the H1299-E3 cells. Figure 2.6 (A) depicts the gating strategy used
to determine the threshold for percentage mCherry positivity. The representative flow cytometry plots
depicted in Figure 2.6 (B — E) show the infection status of the H1299-E3 cells after infection with 100
ul multi-vector SARS-nCoV-2 spiked pseudovirus at each tested time point. These infection results,
which were carried out in duplicate, suggested a dose-dependent decrease in the infection rate with
increasing dilution of the pseudovirus. The uninfected control plots where no virus was added, served
as a baseline to confirm that any increases in the percentage of mCherry positive cells were due to the

addition of the pseudovirus at their respective dilutions. Figure 2.6 (F) showed that the highest
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fluorescence intensities were observed at the 72 h and 96 h time points at a 1:1 dilution, with Figure
2.6 (G) confirming this observation. After testing the effect of both infection time and pseudovirus
quantity on the infection rate, a high pseudovirus titre required for the measurement of killing activity
could still not be obtained using multi-vector spiked pseudoviruses constructed by classical transfection.
Due to the challenges faced in obtaining a significantly high pseudovirus fluorescence readout, a

mechanical transfection method, nucleofection, was tested to improve the titre of the pseudovirus.
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Figure 2.6.: Infection duration optimization for in-house multi-vector pseudovirus generated by
classical transfection. (A) Gating strategy for uninfected control H1299-E3 cells, showing the main cell
population and single cells, with no indication of infection in the PE-CF594 mCherry versus AF488
YFP plot. (B) Representative flow plots showing percentage of mCherry positive cells 24 h post
infection in H1299-E3 cells at different dilutions (1:1, 1:2, 1:4). (C) Representative flow plots showing
percentage of mCherry positive cells 48 h post infection in H1299-E3 cells at different dilutions. (D)
Representative flow plots showing percentage of mCherry positive cells 72 h post infection in H1299-
E3 cells at different dilutions. (E) Representative flow plots showing percentage of mCherry positive
cells 96 h post infection in H1299-E3 cells at different dilutions. (F) Line graph illustrating the mean
percentage of mCherry positive H1299-E3 cells following pseudovirus infection at various dilutions
(1:1, 1:2, and 1:4) over time (n=2). The highest infection rates were observed at 96 h post-infection,
particularly with the 1:1 dilution. Infection efficiency decreases with lower concentrations of
pseudovirus. (G) Bar graph illustrating median fluorescence intensity (MFI) of infected H1299-E3 cells

at each time point post infection.

2.3.3. Infection optimization of multi-vector pseudovirus generated by nucleofection

Nucleofection is an electroporation-based technology which introduces DNA into the cell nucleus
through pulsed electric fields (Pordevi¢ et al., 2022). The Amaxa™ 4D-Nucleofector™ kit is used to
deliver a wide range of substrates, usually DNA, directly to the nuclei of target cells. Additionally, the
pulse and transfection buffers are well-optimized to ensure minimal cytotoxicity thus preserving the
cell functionality (Pordevi¢ et al., 2022). A new batch of pseudoviruses were generated using the
Amaxa™ 4D-Nucleofector™ kit manufacturer’s protocol while maintaining the original multi-vector
pseudovirus design used above. As done for the pseudoviruses generated by classical transfection, an
identical incubation time-scale analysis was carried out for the nucleofection-generated pseudoviruses.
The gating strategy in Figure 2.7 (A) and representative plots (Figures 2.7 (B — E)) showed the
relationship between the dilution factor and pseudovirus fluorescence compared with an uninfected
control. A higher percentage of mCherry-positive cells was expected for viruses generated by
nucleofection compared to classical transfection as nucleofection was expected to be a more efficient
transfection method. Indeed, it was observed that at a 1:1 dilution, the pseudovirus fluorescence peaked
at the 72 h time point (Figure 2.7 (F) and (G)) when the cells were infected by nucleofection-generated
pseudoviruses compared to those generated by classical transfection which peaked at 96 h. As seen
with the multi-vector pseudovirus generated by classical transfection, it was observed that higher
concentrations of pseudovirus result in a higher percentage of mCherry positive cells, suggesting a dose-

dependent infection efficiency.
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Figure 2.7.: Infection duration optimization for multi-vector pseudovirus generated by nucleofection.
(A) Gating strategy for uninfected control H1299-E3 cells, showing the main cell population and single
cells, with no indication of infection in the PE-CF594 mCherry versus AF488 YFP plot. (B)
Representative flow plots showing percentage of mCherry positive cells 24 h post infection in H1299-
E3 cells at different dilutions (1:1, 1:2, 1:4). (C) Representative flow plots showing percentage of
mCherry positive cells 48 h post infection in H1299-E3 cells at different dilutions. (D) Representative
flow plots showing percentage of mCherry positive cells 72 h post infection in H1299-E3 cells at
different dilutions. (E) Representative flow plots showing percentage of mCherry positive cells 96 h
post infection in H1299-E3 cells at different dilutions. (F) Line graph illustrating the mean percentage
of mCherry positive H1299-E3 cells following pseudovirus infection at various dilutions (1:1, 1:2, and
1:4) over time (n=2). The highest infection rate was observed at 72 h post-infection, particularly with
the 1:1 dilution. Infection efficiency decreased with lower concentrations of pseudovirus. (G) Bar graph
illustrating median fluorescence intensity (MFI) of infected H1299-E3 cells at each time point post

infection.

While the nucleofection-generated pseudoviruses showed an improved efficiency over classical
transfection methods, with higher viral titres observed at an earlier time point, the current multi-vector
pseudovirus design still leaves room for optimisation. To further enhance the transfection efficiency a
two-vector pseudovirus design, which incorporates a critical spike protein mutation associated with

increased infectivity, was implemented.

2.3.4. Infection comparison of untruncated two-vector pseudoviruses generated by classical

transfection and nucleofection

Given the continued challenges faced in generating a high titre 5-vector pseudovirus by both these
methods, a new 2-vector pseudovirus design was employed which has been used extensively in SARS-
nCoV-2 neutralization assays (Cele et al., 2021, Riou et al., 2022). This design comprises a GFP reporter
gene, which was used to measure pseudovirus fluorescence, with a D614G envelope vector. A two-
vector system can offer better control over the expression of the transgene as there are fewer elements
to regulate, and therefore easier to achieve a balanced expression of the necessary proteins (Dull et al.,
1998). This is important for the correct assembly and functioning of the pseudovirus. Furthermore,
while mCherry has its own benefits, such as longer wavelength emission which can reduce cellular
autofluorescence, the increased brightness of GFP may make it a more effective reporter for certain
laboratory experiments where sensitivity and detection limits are imperative (Shaner et al., 2005). It
was therefore of interest to determine whether this pseudovirus design generated a higher titre
pseudovirus when using either nucleofection or classical transfection methods, after the previously

optimized infection time points, either 72 or 96 h post infection. For this reason, an infection comparison
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was carried out on 293T-ACE2 cells to determine which transfection method and incubation time point
generated pseudoviruses of a higher titre, as H1299-E3 cells are not compatible with the GFP reporter.
An optimized VSV-GFP pseudovirus was used as a positive control to confirm that this experimental
design is capable of producing a valid result (Figure 2.8 (A — G)). It is known that VSV has a wide
tropism, with the ability to infect many cell types (Whitt, 2010). Given the ubiquitous nature of the
VSV-GFP control virus, if the positive control does not yield the expected outcome, it may suggest
issues with the experimental conditions or methodology. After infecting the cells for a period of 72 h
and 96 h, a high proportion of infected cells was observed for the VSV-positive control, affirming that
the overall infection protocol was efficient. At all dilutions and time points, nucleofection (Figures 2.8
(B) and (D)) consistently resulted in a lower percentage of GFP positive cells than classical transfection.
This suggested that classical transfection (Figures 2.8 (C) and (E)) was a more efficient method for

transfecting these cells with the pseudovirus.
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Figure 2.8.: Infection duration optimization for untruncated two-vector pseudovirus generated by
nucleofection and classical transfection. (A) Gating strategy for uninfected control 293T-ACE2 cells
after 72 h, showing the main cell population and single cells, with minimal infection in AF488 YFP vs.
FSC-A plot. (B) Representative flow plots showing percentage of GFP positive cells 72 h post infection
with untruncated two-vector pseudovirus generated by nucleofection in 293T-ACE2 cells at different
dilutions (1:1, 1:2, 1:4), with the inclusion of a VSV-GFP control at a 1:4 dilution (n=2). (C)
Representative flow plots showing percentage of GFP positive cells 72 h post infection with untruncated
two-vector pseudovirus generated by classical transfection in 293T-ACE2 cells at different dilutions
(1:1, 1:2, 1:4), with the inclusion of a VSV-GFP control at a 1:4 dilution. (D) Representative flow plots
showing percentage of GFP positive cells 96 h post infection with untruncated two-vector pseudovirus
generated by nucleofection in 293T-ACE2 cells at different dilutions (1:1, 1:2, 1:4), with the inclusion
of'a VSV-GFP control at a 1:4 dilution (n=2). (E) Representative flow plots showing percentage of GFP
positive cells 96 h post infection with untruncated two-vector pseudovirus generated by classical
transfection in 293T-ACE2 cells at different dilutions (1:1, 1:2, 1:4), with the inclusion of a VSV-GFP
control at a 1:4 dilution (n=2). (F) Percentage graph showing GFP positive cells for 1:1 dilution 72 h
and 96 h post infection. The highest percentage of GFP positive cells was observed 96 h post-infection
with two-vector pseudovirus generated by classical transfection, particularly with the 1:1 dilution.
Infection efficiency decreased with lower concentrations of pseudovirus. (G) Bar graph illustrating
median fluorescence intensity (MFI) of infected 293T-ACE2 cells 72 h and 96 h post infection with

two-vector pseudoviruses generated by nucleofection and classical transfection.

2.3.6. Generation of truncated spike two-vector pseudovirus

Several studies have noted different methods to increase the titre of spike protein-pseudotyped vectors
(Yu et al., 2021, Chen et al., 2021) and a common method noted is the truncation of the spike protein
cytoplasmic tail (Chen et al., 2021). It has been noted that SARS-nCoV-2 spike contains an endoplasmic
reticulum (ER) retention signal at its C terminus, which is removed by the tail truncations of 13 amino
acids or 18 to 21 amino acids that are frequently employed (Crawford et al., 2020). Compared to the
full-length spike, these truncations were reported to generate ~10- to 20-fold higher titres of VSV
vectors (Chen et al., 2021). To generate pseudoviruses with a high titre, truncated D614G spike plasmids
(National Institute of Communicable Diseases) were used to improve the original two-vector
pseudovirus design. The pseudoviruses were generated by classical transfection for 96 h as this was the
overall optimal transfection method and incubation time observed for the untruncated spike two-vector
pseudovirus. An infection was carried out on 293T-ACE2 cells with the newly generated truncated
spike pseudoviruses and the untruncated pseudoviruses to compare their infectivity percentages as a
result of the altered spike protein. At a 1:1 dilution, the infectivity percentage of the truncated spiked

pseudovirus was approximately three times higher than that observed for the untruncated spiked
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pseudovirus. A higher infectivity percentage for the truncated spiked pseudovirus was also observed at
a 1:2 dilution, although the infectivity percentage at a 1:4 dilution was higher for the untruncated spiked

pseudovirus (Figure 2.9 (A — D)).

2.3.6.1. Cell density comparison

In an attempt to further optimize the titre of the truncated spiked pseudoviruses, a cell density
comparison was carried out with 293T-ACE2 cells where instead of adjusting the amount of
pseudovirus used, the amount of cells seeded before pseudovirus infection was adjusted (~1.25 x 104,
~2.5 x 10*, ~5 x 10* cells) as this could play a role in increasing the total amount of cells available for
pseudovirus infection, thereby increasing the infectivity. It was observed that at higher cell seeding
densities, the percentage of GFP positive decreased substantially when infected with the same dilution

(1:1) of truncated and untruncated two-vector pseudovirus (Figure 2.9 (E — H)).
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Figure 2.9.: Comparison between truncated two-vector pseudovirus and untruncated two-vector
pseudovirus. (A) Gating strategy for uninfected control 293T-ACE2 cells after 96 h, showing the main
cell population and single cells, with minimal infection in AF488 YFP vs. FSC-A plot. (B)
Representative flow plots showing percentage of GFP positive cells 96 h post infection with truncated
two-vector pseudovirus generated by classical transfection in 293T-ACE2 cells at different dilutions
(1:1, 1:2, 1:4), with the inclusion of a untruncated two-vector pseudovirus control at a 1:1 dilution (n=2).
(C) The highest percentage of GFP positive cells was observed 96 h post-infection with untruncated
two-vector pseudovirus generated by classical transfection, particularly with the 1:1 dilution. (D) Bar
graph illustrating median fluorescence intensity (MFI) of infected 293T-ACE2 cells 96 h post infection
with truncated two-vector pseudoviruses classical transfection. (E) Gating strategy for uninfected
control 293T-ACE2 cells after 96 h at a seeding density of ~1.25 x 10* cells, showing the main cell
population and single cells, with minimal infection in AF488 YFP vs. FSC-A plot. (F) Representative
flow plots showing percentage of GFP positive cells 96 h post infection with truncated two-vector
pseudovirus generated by classical transfection in 293T-ACE2 cells at different seeding densities with
(n=2). (G) Bar graph illustrating percentage GFP positive cells after infection of 293T-ACE2 cells 96
h post infection with two-vector pseudoviruses generated by classical transfection. (H) Bar graph
illustrating median fluorescence intensity (MFI) for GFP positive cells after infection of 293T-ACE2

cells 96 h post infection with two-vector pseudoviruses generated by classical transfection.

After observing that the overall titres were still too low for an effective fluorescence readout, despite
altering the pseudovirus design and plasmids used, a new fluorescence-based assay design was adopted,

without the use of spiked pseudoviruses.
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2.4. Discussion

The generation of a high titre SARS-nCoV-2 spiked pseudovirus is crucial for the quantification of
killing activity upon the addition of cytotoxic CD8" T cells. This is due to the fact that the initial
percentage of reporter fluorescence (in this case either mCherry or GFP) needs to be high enough at
baseline without the addition of effector CD8" T cells to accurately assess the reduction in fluorescence
intensity upon the addition of CD8" T cells, which would be a function of CD8"-mediated killing. There
are several reasons why despite extensive optimization efforts, achieving a high titre pseudovirus
proved challenging. Firstly, the quality and purity of the plasmid DNA used for transfection may impact
the efficiency of pseudovirus production, which may have in turn resulted in the low pseudovirus titres
observed (Chong et al., 2021). It is also likely that the choice of transfection reagent, in this case PEI,
and its compatibility with the cell line can affect the uptake of plasmid DNA (Longo et al., 2013). To
mitigate these issues, further steps can be taken to ensure high-quality plasmid is being used, in addition
to the DNA quality assessment that was previously carried out using a nanodrop. These include
optimizing the choice and amount of transfection reagents being used as well as testing different
commercially available plasmid preparation kits designed for high-yield and high-purity DNA (Chong
et al., 2021). Cell harvesting techniques were crucial to avoid washing away of infected cells following
different incubation times. Improper or rigorous washing may have caused cells to wash away, thereby
resulting in low fluorescence intensity percentages observed. It should also be noted that the sensitivity
and stability of the fluorescent reporter gene (for example, mCherry) used to measure infectivity can
affect the detection of pseudovirus-infected cells (Thimmiraju et al., 2024). Low expression levels or
rapid degradation of the reporter gene can lead to underestimation of infectivity rates. Ensuring that the
reporter gene is under the control of a strong promoter for robust expression can help mitigate this

(Thimmiraju et al., 2024).

2.4.1. Limitations

Interestingly, pseudoviruses generated using classical transfection methods showed overall higher
infectivity percentages when compared with nucleofection-generated pseudoviruses for both the five-
vector and two-vector model. Classical transfection, particularly when using reagents like PEIL is a well-
established method that is generally less harsh on cells compared to nucleofection (Chong et al., 2021).
Nucleofection involves the use of electrical pulses to introduce DNA into cells, which can be more
efficient, but also more stressful to the cells, potentially leading to higher cell death and lower cell
viability (Pordevi¢ et al., 2022). This stress can reduce the number of viable cells capable of producing
pseudovirus, thereby lowering the overall titres observed for nucleofection in Figures 2.6 and 2.7.
Additionally, classical transfection methods allow for more gradual uptake of DNA, which can result
in more stable and sustained expression of the transfected genes. This is particularly important for the
production of pseudoviruses, where the coordinated expression of multiple plasmids is required (Chong

et al., 2021). In this study, only two technical replicates per condition were carried out which may
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potentially skew the results observed. The addition of three replicates instead of two would provide a
more accurate average of the infection titre for each condition. Another important consideration in the
generation of high-titre pseudoviruses is the choice between multi-vector and two-vector designs. The
multi-vector design involves the use of multiple plasmids, each encoding different components
necessary for pseudovirus assembly, namely the structural proteins, regulatory proteins, and the
envelope protein outlined in section 2.1. The multi-vector system can be more complex and challenging
to optimize, as it requires the co-transfection of several plasmids in precise ratios. For nucleofection in
particular, the total volume of plasmid DNA, as per the Amaxa™ 4D-Nucleofector™ kit manufacturer’s
protocol, cannot exceed 10 pl which may prove difficult when handling multiple plasmid types. This
can lead to lower transfection efficiency, as the likelihood of each cell taking up all necessary plasmids
decreases with the number of plasmids being used (Carrefo et al., 2024). In contrast, the two-vector
design simplifies the transfection process by reducing the number of plasmids required. Typically, one
plasmid encodes the envelope protein, while the other encodes the core and accessory proteins necessary
for pseudovirus assembly. This approach can enhance transfection efficiency, as cells are more likely
to take up both plasmids, leading to higher overall pseudovirus production (Carrefio et al., 2024). The
reduced complexity also minimizes the risk of recombination events, enhancing the safety profile of the

pseudovirus system.

2.4.2. Future recommendations

Given that the use of a lentiviral packaging system used in this study generated low-titre pseudoviruses,
using alternative pseudoviral packaging systems, such as VSV-G or MLV, may generate higher titre
pseudoviruses. In addition, testing different SARS-nCoV-2 spike variants, as opposed to the wildtype

spike used in this study, may offer enhanced immunogenicity.

2.5. Conclusion

In terms of safety, both pseudovirus designs are generally considered safe for use in biosafety level 2
laboratories, provided that the plasmids are carefully designed to eliminate any sequences that could
enable replication (Crawford et al., 2020). The multi-vector system may require more rigorous
validation to ensure that no unintended recombination events occur. On the other hand, the two-vector
system, with its simpler design, may be easier to validate and monitor for safety. The choice between
multi-vector and two-vector designs largely depends on the requirements of the study in question. While
the pseudovirus approach for developing an assay to measure CD8" T cell responses to SARS-nCoV-2
did not yield an ideal titre, valuable insights were gained into the complexities of implementing a

pseudovirus-based approach.
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CHAPTER 3: A CFSE-BASED KILLING ASSAY TO MEASURE T
CELL RESPONSES TO SARS-nCoV-2 VACCINATION

3.1. Introduction

For the pseudovirus-based direct killing assay, the aim was to co-culture CD8" T cells with pseudovirus-
infected target cells. The specific killing of the target cell population would have been measured in vitro
by tracking the loss of fluorescence, indicating the elimination of the target cells. As detailed in Chapter
2, the assays relied on a robust fluorescence readout to allow for the quantification of the killing activity.
In this instance, a sufficient pseudovirus fluorescence signal was not achieved to allow for an accurate
measurement of killing activity. Therefore, the lack of a robust readout signal in the pseudovirus
approach prompted the adoption of an alternative fluorescent dye-based method for developing the CTL
killing assay. This approach has been shown to produce a much stronger and more reliable signal,
enabling the detection of CTL killing of labelled targets with greater sensitivity and reliability (Riss et
al., 2004, Ingulli, 2007, Parish et al., 2009, Ndhlovu et al., 2019). One of the most commonly used
fluorescent dyes for tracking cells in vivo is carboxyfluorescein diacetate succinimidyl ester (CFSE)
which is able to passively diffuse into the cytoplasm of cells where it is cleaved by enzymes and
becomes highly fluorescent as a result (Ingulli, 2007, Dalgaard et al., 2010). The CFSE dye conjugates
with intracellular proteins and is retained in the cells without leakage, making it a versatile tool in the

development of cytotoxicity assays without interfering with cellular functions (Ingulli, 2007).

CFSE is well-documented as a useful proliferation marker as the dye is long-lived and is distributed
evenly among daughter cells upon cell division allowing resolution of up to eight to eleven rounds of
cell division by flow cytometry (Quah et al., 2012, Lyons et al., 2013). The use of CFSE was originally
described for studies of lymphocyte migration where purified spleen cells were labelled with CFSE and
the proliferation of CFSE-labelled cells was expressed as a percentage of the response obtained with
unlabelled cells (Weston and Parish, 1990). Here, labelled lymphocytes were detected by flow
cytometry after intravenous injection into mice and it was observed that these labelled lymphocytes
were detectable up to eight weeks post injection, making CFSE ideal for long term in vivo migration
studies (Weston and Parish, 1990, Parish et al., 2009). More recently, Terrén et al. (2020) has described
a protocol for the labelling and analysis of proliferation for human T and natural killer (NK) cells using
CFSE. This involves preparing a stock solution of CFSE and then incubating the cells in a working
solution of CFSE after which they are washed with fetal bovine serum (FBS) and cultured in medium
under various conditions, with unstained cells serving as controls for proliferation analysis (Terrén et
al., 2020). Similarly, Lyons et al. (2013) described a CFSE proliferation assay in which a single-cell
suspension of the cells of interest were labelled with CFSE after which they were washed with the
appropriate culture medium twice to ensure the removal of CFSE bound to protein within the

supernatant, preventing any uptake of CFSE into bystander cells (Lyons et al., 2013).
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Gaiha et al. (2019) and Collins et al. (2021) have also employed proliferation assays to measure the
proliferation of CD8" T cells when exposed to HLA-optimal HIV peptides. Here, the individual HLA-
optimal HIV peptides which were tailored to each participant’s genotype were introduced to CFSE-
labelled mononuclear cells and incubated at 37°C for six days after which they were assessed by flow
cytometry. For this experiment, a negative control of cells which were not exposed to the peptides were
included and positive controls included cells with anti-CD3 and anti-CD28 antibodies (Collins et al.,
2021). Responses were assessed by the reduction of the fluorescence signal. The results revealed that
HIV-specific CD8+ T cell proliferation is progressively and selectively impaired in individuals who
experience aborted viral control (AC), compared to those with durable control (DC) (Collins et al.,
2021). In addition to proliferation assays, CFSE-based cytotoxicity or killing assays have been
employed in an array of studies owing to their advantages over traditional killing assays. Given that
CFSE is a long-lived dye, this is particularly advantageous when assessing the killing activity of effector
cells, for example CD8" T cells, over longer periods as opposed to the conventional 4-hour chromium-
release killing assay (Brunner et al., 1968). Furthermore, the ability to measure cytotoxic responses over
longer periods may offer insights into apoptotic pathways which act slowly, compared to rapid perforin-

mediated cell death (Jedema et al., 2004).

3.1.1. CFSE-based killing assays

Jedema et al. (2004) has described a CFSE-based cytotoxicity assay used in monitoring immune
responses against leukemic cells. The target cell populations were peripheral blood from a patient with
acute myeloid leukaemia (AML) labelled with CFSE. After terminating the CFSE labelling reaction
with fetal calf serum (FCS) and subsequent wash steps, the cells were plated in a 96-well plate at a
concentration of ~5 x 10 cells per well. Thereafter, cytotoxic T lymphocytes (CTLs) were added at
various effector-to-target cell ratios and incubated at 37°C. For this particular assay, specific antibodies
were added to the cells and stained at different intervals (4 h, 24 h, 48 h and 72 h) before being analysed
by flow cytometry. Here, the percentage survival at each of the time points was calculated by dividing
the absolute number of viable CFSE-positive target cells by the absolute number of viable CFSE-
positive target cells before the addition of CTLs, then multiplying the result by 100 (Jedema et al.,
2004). This assay was particularly relevant in that it allowed for precise quantification of viable
leukemic cells over time, demonstrating the dynamics of CTL-induced cell death over longer periods
(Jedema et al., 2004). A similar assay involving K562 leukaemia cells, which were used as target cells,
interestingly noted that labelling the K562 target cells with CFSE while the effector cells, lymphokine-
activated killer (LAK) cells, were labelled with CellTrace Violet did not result in any cross-staining
between the two cell populations during co-culturing when analysed by flow cytometry (Wu et al.,
2021). This emphasized the versatility of CFSE when used in conjunction with other cellular dyes in

the design of cytotoxicity assays.
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In another study, Choi et al. (2019) has described a cytotoxicity assay in which mice were treated with
antibodies to deplete regulatory T cells (Treg) or to block PD-1 interactions before being primed with
C57SV fibrosarcoma cell line. Splenocytes were then recovered from the mice and pulsed with either
irrelevant peptides or cognate peptides to create target cells after which they were labelled with different
concentrations of CFSE to differentiate the peptides with which the cells were pulsed (Choi et al., 2019).
The CFSE-labelled cells were then injected into the mice and after four hours, the mice were euthanized
and the spleens were processed to analyse the CFSE-labelled target cells. Flow cytometry was then used
to quantify the distinct CFSE-labelled target cell populations, allowing the specific lysis of each target
cell population to be calculated (Choi et al., 2019). This cytotoxicity assay revealed the specific killing
ability of CTLs in an in vivo setting, reflecting the actual number of antigen-specific CTLs (Choi et al.,
2019). Barber et al. (2003), Byers et al. (2003) and Ingulli (2007) have also carried out cytotoxicity
assays using mice and have demonstrated the mechanisms of target cell destruction by CD8" T cells in
vivo. Choi et al. (2019) demonstrated that using CFSE at different concentrations to label cells allowed
for the distinction between cell populations based on the addition of peptides. Additionally, Noto et al.
(2013) described a cytotoxicity assay in which effector CD8" and target CD4" T cells were magnetically
isolated. Here, the CD4" target cells were labelled with a low concentration and a high concentration of
CFSE after which the low CFSE-labelled CD4" target cells were pulsed with a peptide of interest (Noto
et al., 2013). To measure basal apoptosis, separate control wells were included with target cells alone
during the effector and target cell co-culture phase and the cytolytic activity of antigen-specific CD8"

cells was measured by flow cytometry.

Ndhlovu et al. (2019) employed a similar approach in the design of a CFSE-based killing assay to
measure CD8" T cell responses in people living with HIV (Ndhlovu et al., 2019). This killing assay
measured the ability of effector CD8" T cells to selectively kill target cells that were loaded with HIV-
specific peptides. In this assay, autologous CD4" T cells were divided into two groups and labelled with
different concentrations of CFSE (termed “CFSEhmign” and “CFSEiow”) to distinguish them. One group
was pulsed with HLA class I matched optimal peptides, while the other group served as a control with
irrelevant peptides. In the context of HIV, optimal peptides are known to be effectively presented by
the individual's HLA class I molecules and are recognized by HIV-specific CD8" T cells. The irrelevant
peptides are sequences of amino acids which are not recognized by the CD8" T cells specific to HIV.
Target cells were then mixed and co-cultured with CD8" T cells at a 1:1 effector-to-target ratio. After a
4-hour incubation, the cells were analysed using flow cytometry to determine the selective elimination
of antigen-presenting target cells. The killing capacity of the CD8" T cells was then calculated based

on the percentage reduction of viable antigenic cells compared to control cells.
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In designing a CFSE-based killing assay to measure CD8" T cell responses to SARS-nCoV-2
vaccination between people living with HIV (PLWH) and people living without HIV (PLWoH), a
similar experimental design used by both Noto et al. (2013) and Ndhlovu et al. (2019) was utilized for
this research project. The CFSE-based killing assay outlined in Figure 3.1. involves stimulating
peripheral blood mononuclear cells (PBMCs) from SARS-nCoV-2-vaccinated individuals with SARS-
nCoV-2-specific peptides of interest and expanding the cells over two weeks. After expansion, the CD8"
T cells are then captured using magnetic beads after which the remaining lymphocytes, are labelled
with two concentrations of CFSE to allow for their distinction during flow cytometry. One cell
population is pulsed with SARS-nCoV-2-specific peptides while the other serves as a control
population. Following the addition of the effector CD8" T cells at different effector-to-target cell ratios
and an overnight incubation period, flow cytometry can be carried out to assess antigen-specific killing
by the CD8" T cells. This assay may offer novel insights into the differences in cytotoxic potential of
CD8'T cells between PLWH and PLWoH in a vaccinated cohort.
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Figure 3.1.: Overview of the optimized CFSE-based killing assay to measure SARS-nCoV-2 specific
CD8" T cell responses. The process begins on Day 1 with the stimulation of PBMCs using SARS-
nCoV-2 peptides and continues until Day 13 with the expansion of cells in R10 medium supplemented
with IL-2. On Day 14, CD8" T cells are isolated using MACS separation and then co-cultured with
CFSE-labelled target cells that are either pulsed with the same SARS-nCoV-2-specific peptide or left
un-pulsed. The assay setup includes various effector-to-target cell ratios (1:1, 1:2, 1:4) to determine
optimal cytotoxicity, followed by flow cytometric analysis to assess the selective elimination of SARS-

nCoV-2 peptide-specific target cells, reflecting the cytotoxic capability of the CD8" T cells.
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Hypothesis:

Labelling target cells with different concentrations of CFSE, will provide a robust readout to measure

killing by cytotoxic CD8" T cells. It is expected that this will demonstrate differential responses between
people living with HIV (PLWH) and people living without HIV (PLWoH) who have been vaccinated
against SARS-nCoV-2.

Aim:

To develop an optimized CFSE-readout killing assay to measure CD8"* T cell responses against SARS-
nCoV-2-specific target cells co-cultured with CD8" T cells isolated from PBMCs of PLWH and PLWoH
vaccinated against SARS-nCoV-2.

Objectives:

L.

A I

Optimise CFSE labelling conditions and co-culture conditions using HIV-specific killing as a
model CD8" T cell response system.

Optimize SARS-nCoV-2 spike peptide pulsing for ex vivo and T cell-expanded killing assays.
Determine optimal effector-to-target cell ratios to achieve robust cytotoxicity measurements.
Compare robustness of assay readouts under ex vivo with that of T cell expansion conditions.

Perform the optimized killing assay on PBMCs of multiple COVID-19-vaccinated participants.
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3.2. Materials and methods

3.2.1. Study participants and sample collection

Optimization of CFSE labelling and co-culture conditions for the killing assay was conducted using
PBMCs from study participants recruited in the HIV Pathogenesis Programme (HPP) Acute and Elite
Controller cohorts and the FRESH (Females Rising through Education, Support, and Health) cohort.
To assess the optimized killing assay, PBMCs were collected from study participants recruited in the
Botswana-Harvard AIDS Institute Partnership (BHP) COVID-19 vaccine study. The BHP participants
were all vaccinated against COVID-19 with either the AZD1222 (Oxford/AstraZeneca), Coronavac
(Sinovac) or Ad26.COV2.S (Johnson and Johnson) vaccine. Written informed consent was obtained
from all study participants. All samples were stored in liquid nitrogen at the AHRI Biorepository.
Sample collection was approved by Biomedical Research Ethics Committee (BREC) at the University
of KwaZulu-Natal.

3.2.2. General workflow of ex vivo CFSE killing assay

PBMCs were thawed and rested for 2 h at 37°C in 5% CO,. Magnetic activated cell sorting (section
3.2.6), CFSE staining (section 3.2.7), peptide pulsing (section 3.2.8) and co-culturing (section 3.2.9)
were performed and the cells were incubated for 16 to 18 h overnight at 37°C in 5% CO. The following
day, antibody staining (section 3.2.10) was performed and CD8"-mediated killing was quantified
(section 3.2.11).

3.2.3. General workflow of CFSE killing assay for expanded T cells

On Day 1 of expansion, PBMCs were stimulated with either HIV-specific or SARS-nCoV-2-specific
peptide pools in a 96-well plate overnight at 37°C in 5% CO». The cells were transferred to a 24-well
plate the following day and fed with R10 medium supplemented with IL-2 every two to three days. On
day 13 of expansion, expanded PBMCs were washed once with 10 ml fresh R10 medium and left to
rest overnight at 37°C in 5% CO,. After resting overnight, magnetic activated cell sorting (section
3.2.6), CFSE staining (section 3.2.7), peptide pulsing (section 3.2.8) and co-culturing (section 3.2.9)
were performed and the cells were incubated for 16 to 18 h overnight at 37°C in 5% CO. The following
day, antibody staining (section 3.2.10) was performed and CD8"-mediated killing was quantified
(section 3.2.11).
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3.2.4. T cell expansion for PBMCs from PLWH

To expand HIV antigen-specific T cell populations, peripheral blood mononuclear cells (PBMCs)
isolated from PLWH were stimulated with 20 pl each of 20 uM HIV Clade C Global Pool comprised
of eight peptide pools spanning the HIV genome. This was carried out in a 96-well plate and incubated
at 37°C in 5% CO; overnight. The cultured cells were then moved to a 24-well plate and were fed two
to three times weekly with RPMI 1640 medium supplemented with heat-inactivated fetal bovine serum
(FBS), 1% penicillin/streptomycin, 1% HEPES buffer and 1% L-glutamine (Gibco, Schwerte,
Germany) and 100 U recombinant IL-2 (Miltenyi Biotec, Bergisch Gladbach, Germany). On Day 13 of
expansion, the cells were washed twice with fresh medium, not containing IL-2 (R10 medium), and left

to rest at 37°C in 5% CO; overnight.

3.2.5. T cell expansion for PBMCs from participants vaccinated against COVID-19

To expand SARS-nCoV-2 antigen-specific T cell populations, peripheral blood mononuclear cells
(PBMC:s) isolated from individuals vaccinated against SARS-nCoV-2 were stimulated with 3 pul each
of SARS-nCoV-2 S and S1 (wildtype — WT, 2 ug/ml) (Miltenyi Biotec, Bergisch Gladbach, Germany)
in a 96-well plate and incubated at 37°C in 5% CO, overnight. The cultured cells were then moved to a
24-well plate and were fed two to three times weekly with RPMI 1640 medium supplemented with
heat-inactivated fetal bovine serum (FBS), 1% penicillin/streptomycin, 1% HEPES buffer and 1% L-
glutamine (Gibco, Schwerte, Germany) and 100 U recombinant IL-2 (Miltenyi Biotec, Bergisch
Gladbach, Germany). On Day 13 of expansion, the cells were washed twice with fresh medium, not

containing IL-2 (R10 medium), and left to rest at 37°C in 5% CO- overnight.

3.2.6. Magnetic activated cell sorting (MACS) for CD8" isolation

For both ex vivo and expanded T cell conditions, the CD8" T cells were isolated from PBMCs using
CD8" microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany) as per the manufacturer’s protocol.
Briefly, the expanded cells were washed in R10 medium and centrifuged at 1800 rpm for 6 min. The
cells were counted and the washing step was repeated with 2% MACS buffer (2% bovine serum albumin
(BSA) (Sigma, Munich, Germany) in phosphate buffered saline (PBS) (Gibco, Schwerte, Germany)).
The supernatant was decanted and resuspended in 80 ul MACS buffer with 20 pl CD8" microbeads.
The volumes of buffer and beads were adjusted accordingly, depending on whether the cell counts
obtained for the sample were greater than 1 x 107 cells. The solution was incubated at 4°C for 15 min
after which 1 ml MACS buffer was added to the cells and centrifuged at 300 xg for 10 min in a pre-
cooled 4°C centrifuge. The supernatant was discarded and the cells were resuspended in 500 pl MACS
buffer.
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3.2.6.1. Magnetic separation

The MACS column (Miltenyi Biotec, Bergisch Gladbach, Germany) was placed in the magnetic field
of a magnetic separation stand and rinsed with 1 ml MACS buffer to prevent drying out of the column.
The cells were placed in the column, allowed to run through and collected in a clean 15 ml Falcon tube
(Gibco, Schwerte, Germany). To ensure a higher purity of CD8" T cells, the cells were run through the
column a second time and collected. The CD8" depleted cells were flushed with 6 ml MACS buffer and
set aside. The CD8" T cells were eluted in a separate 15 ml Falcon tube by removing the column from
the magnetic stand, placing 5 ml MACS buffer into the column and firmly pushing the plunger into the

column.

3.2.7. CFSE staining of target cells

Staining with CFSE (ThermoFisher Scientific, Eugene, Oregon, United States) allows for separation of
the two populations on flow plots based on the CFSE signal intensity. Following magnetic separation,
the CD8" depleted cells and CD8" enriched cells were centrifuged at 1800 rpm for 6 min. The CD8"
enriched cells were resuspended in 1 ml fresh R10 medium and left to rest at 37°C in 5% CO,. The
CD8" depleted cells were washed twice in 10 ml PBS and centrifuged at 1800 rpm for 6 min. The
supernatant was discarded and the cells were separated into two equal aliquots. One aliquot was stained
with a high concentration of CFSE (CFSE;e) and the other aliquot with a low concentration of CFSE
(CFSEiow) for 7 min at 37°C in 5% CO,. The standardised concentrations for the CFSEnigh and CFSElow
dyes were 0.2 pg/ul and 0.001 pg/ul, respectively. On the day of staining, 1 pl of the CFSE stock (1
ug/ul) was diluted in 4 ul dimethyl sulfoxide (DMSO), after which 1 pl of the 0.2 pug/ul working stock
was added to 6 ml PBS to make up the CFSEpig labelling solution. To make up the CFSElw labelling
solution, 1 pl of the CFSE stock (1 ug/ul) was diluted in 999 ul PBS, after which 1 ul of the 0.001
ug/ul working stock was added to 6 ml PBS. To terminate the CFSE staining reaction, 2 ml filtered
heat-inactivated FBS (Gibco, Schwerte, Germany) was added to each stained aliquot and inverted
before centrifugation at 1800 rpm for 6 min. The cells were washed twice with 10 ml fresh R10 medium

after which the CFSE, cells were left to rest in 1 ml fresh R10 medium at 37°C in 5% CO.,.

3.2.8. Peptide pulsing

For both ex vivo and expanded T cell conditions, the CFSEpig-labelled cells were resuspended in fresh
R10 medium in a 96-well plate. Based on the available cell quantity, an aliquot of cells was allocated

to the un-pulsed target cell control well.
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3.2.8.1. Peptide pulsing for PBMCs from PLWH

The CFSEpigi-labelled cells were resuspended in 180 pl fresh R10 medium in a single well of a 96-well
plate. To induce stimulation, 20 ul of 20 uM HIV Clade C Global Pool was added to the cells. The cells
were mixed by gently pipetting up and down. The cells were then placed in the incubator for a total of
1 hr, with intermittent pipetting every 15 min. Following the incubation period, the cells were washed
with 10 ml of R10 media, counted, and centrifuged at 1800 rpm for 6 min to eliminate the peptide. The

supernatant was decanted, and the cells were resuspended in 1 ml of media per 1 million cells.

3.2.8.2. Peptide pulsing for PBMCs from participants vaccinated against COVID-19

The CFSEpigri-labelled cells were resuspended in 194 pl fresh R10 medium in a single well of a 96-well
plate. To induce stimulation, 3 ul each of PepTivator® SARS-CoV-2 Prot S (2 pg/ml) and
PepTivator® SARS-CoV-2 Prot_S1 (2 ng/ml) were pooled and added to the cells. The cells were mixed
by gently pipetting up and down. The cells were then placed in the incubator for a total of 1 hr, with
intermittent pipetting every 15 min. Following the incubation period, the cells were washed with 10 ml
of R10 media, counted, and centrifuged at 1800 rpm for 6 min to eliminate the peptides. The supernatant

was decanted, and the cells were resuspended in 1 ml of media per 1 million cells.

3.2.9. CDS8" T cell and target cell co-culture

Following peptide pulsing, and resuspension of cells in R10 media (1 ml per million cells), the CFSEign
and CFSEjew cell populations were combined in a 1:1 ratio. These cells constituted the target cells, and
a constant amount of this mixture was added to each experimental condition. Specifically, 100 ul of
target cells, totalling 1 x 10° cells, were added to each well. The introduction of CD8* T cells was
performed differentially based on the following target-to-effector cell ratios describe in Table 3.1
below. Control wells were prepared by adding ~1 x 10° target cells only to a separate well. This was
also carried out for the un-pulsed target controls ~1 x 10° CD8* T cells were added. The cells were
incubated for 16 to 18 h overnight at 37°C in 5% CO2. Replicate conditions were included depending
on cell availability. The cells were incubated for 16 to 18 h overnight at 37°C in 5% CO..

Table 3.1: Amount of cells allocated for each target-to-effector cell ratio during co-culture

Target-to-effector Amount of CFSE-labelled Amount of CD8" T
(T:E) ratio (target) cells per well (effector) cells per well
1:1 ~1x10° ~1 x10°
1:2 ~1x10° ~2x10°
1:3 ~1 x 10 ~3 x 10
1:4 ~1x10° ~4 % 10°
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3.2.10. Antibody staining and FACS readout of killing

Following the overnight incubation period, the plate was centrifuged at 2000 rpm for 6 min to pellet the
cells. A surface antibody cocktail was prepared, with Live/Dead fixable aqua dead cell stain, anti-CD3
Brilliant Violet (BV) 711 (BioLegend, CA, United States), anti-CD4 BV650 (BD BioSciences, Franklin
Lakes, NJ) and anti-CD8 (BV786) (BD BioSciences, Franklin Lakes, NJ). The supernatant from each
well was decanted, and 40 pl of the surface antibody cocktail was added to each well. The plate was
then incubated at room temperature for 20 min, with the entire plate covered in foil to maintain the
integrity of the fluorescent labels. Following the incubation period, the cells were resuspended in 150
ul of 2% FBS in PBS per well and centrifuged at 2000 rpm for 6 min. The supernatant was decanted,
and the cells were resuspended in 150 pl of PBS, supplemented with an additional 150 pl to ensure all
cells were being decanted from the wells. The resuspended cells were then transferred to appropriately
labelled cluster tubes and FACS tubes for analysis via flow cytometry on the LSRFortessa™ (BD
BioSciences, Franklin Lakes, NJ). The initial gating on FSC-A vs. SSC-A selected the lymphocyte
population based on cell size and granularity. Using FSC-H vs. FSC-A allowed for the exclusion of
doublets, ensuring that only single cells are analysed. The next gate distinguished live cells from dead
cells and subsequent gating on CD3™ cells identified the T cell population. Within the T cell population,
cells were further gated to distinguish between CD4" (CD3*CD4"%) and CD8" T cells (CD3*CDS8"). The
CFSE fluorescence intensity was measured to identify the CFSE-labelled target cells that were subject
to CD8" T cell-mediated killing.

3.2.11. Killing index quantification and statistical analyses

Killing index quantification was determined by generating killing curves for different participants and
plotting the percentage elimination rate of target cells at various target-to-effector (T) ratios. The

percentage elimination was calculated based on the following equation:

% CFSEhigh cells in No CD8 control— % CFSEhigh cells in experimental condition

X
% CFSEhigh cells in No CD8 control 100

The killing curves were then generated and statistical analyses were performed using GraphPad Prism
10.0.3 (GraphPad Software, Inc, San Diego, CA. Analysis was carried out using simple linear regression
to establish the effectiveness of CD8" T cell-mediated killing. The slope of the regression line, or
gradient, represented the killing efficiency whereby a steeper slope indicated a higher killing capacity.
This method allowed for a comparison of cytotoxic responses between different individuals or groups,
such as people living with HIV (PLWH) and people living without HIV (PLWoH), vaccinated against
SARS-nCoV-2.
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3.3. Results

3.3.1. Optimization of CFSE dilutions for labelling of target cell populations

In order to measure direct killing of antigen-specific target cells, two different concentrations of CFSE
were used to differentially label identical proportions of peptide-pulsed, CD8 -depleted cells and un-
pulsed CD8*-depleted cells; with antigen-specificity being exhibited by autologous CD8* T cells only,
reducing the number of peptide-pulsed cells, while un-pulsed cells remain constant. To achieve this
differential fluorescence readout, CFSE,w and CFSEpig concentrations were arbitrarily assigned to un-
pulsed and pulsed target cell respectively. Optimizing the respective concentrations of CFSE for
labelling of target cells is therefore critical for accurate discrimination between the un-pulsed (CFSEjow)
and pulsed (CFSEmign) populations ensures that the two target cell populations can be identified and
analysed in flow cytometry, as carried out by Noto et al. (2013) and Ndhlovu et al. (2019). The precision
in CFSE labelling directly affects the ability to measure selective killing of peptide-pulsed target cells
by CD8" T cells. Insufficient or excessive concentrations CFSE may lead to overlapping signal
intensities, thereby compromising the assay's accuracy. By establishing the optimal dilutions of CFSE
necessary to distinguish between the peptide pulsed and un-pulsed populations, the sensitivity and
specificity of the CD8" T cell killing assay is enhanced. This optimization is crucial for obtaining valid

and reproducible results, which are important for the analysis of CD8" T cell-mediated cytotoxicity.

3.3.1.1. Determining optimal CFSE o, dilution factor

As previously emphasised, determining the optimal CFSE,,, dilution is necessary to ensure accurate
discrimination between un-pulsed, CFSEow and pulsed CFSEnn labelled target cells in cytotoxicity
assays. In this test, a standard working solution of CFSEpign (1.67 x 10 pg/ul), was prepared by mixing
1 ulof 1 pg/ul stock CFSE with 6 ml of PBS, intended for achieving a high fluorescence intensity. This
served as the base solution for subsequent dilutions. For the first dilution, 100 pl of the CFSEpig stock
solution was transferred into a new tube containing 900 pl of PBS, resulting in a 1:10 dilution intended
to reduce the fluorescence intensity, thereby creating the first CFSE,ow population. This was repeated as
1:10 serial dilutions to achieve a 1:100 dilution and 1:1000 dilution respectively. It was expected that
the CFSEw population will exhibit a lower fluorescence intensity that does not overlap with the
CFSEhign population when the labelled cells were combined. The results in Figure 3.2 showed a distinct
separation in fluorescence intensities when the fluorescence data of 1:1000 CFSE dilution was
overlayed with that of the standard CFSEx;e concentration, permitting differentiation between the two
different cell populations (Figure 3.2) . Therefore, a 1:1000 dilution was applied as the CFSEjow

concentration in subsequent experiments.
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Figure 3.2: Optimisation of CFSEj.w concentration for differential labelling of peptide-pulsed and un-
pulsed target cells. (A) Representative flow plot showing parent gating strategy, followed by
differentiation between CFSE.w and CFSEig populations based on CFSE fluorescence intensity for
1:10 dilution. (B) Analysis of CFSEi, and CFSEx;en populations across various CFSE dilutions (1:10,
1:100, 1:1000), demonstrating the impact of dilution on the discrimination between differently labelled
cell populations. (C) Histogram plots correlating with Panel B depicting analysis of CFSEi (blue) and
CFSEhign (red) populations across various CFSE dilutions (1:10, 1:100, 1:1000).

69



3.3.1.2. Determining optimal CFSEg, dilution factor

In optimizing the dilution factor for the cells labelled with a low concentration of CFSE, it was observed
that the signal intensity of the cells labelled with the standard stock concentration of CFSE was notably
too high, beyond detectable limits when conducting flow cytometry analysis. Therefore, a CFSEnign
dilution series was assessed to optimise the appropriate CFSEpg concentrations for quantifiable
fluorescence intensity range for peptide-pulsed target cells. For this, the CFSE working volume was
increased from 6 ml to 6.5 ml and 7 ml of PBS respectively to which 1 ul of CFSE (1 pg/ul) was added.
The concentration for CFSEw was kept constant. It was observed that increasing the diluent volume to
6.5 ml produced a negligible change in the CFSEig, fluorescence intensity compared to the standard
protocol of 6 ml of PBS. Increasing the diluent to 7 ml PBS produced a distinct population, however a
proportion of cells still produced fluorescence intensity beyond detection limits, requiring further

optimization of CFSEx;e concentration (Figure 3.3).

Given that the fluorescence intensity of a proportion of CFSEwe -labelled cells were still too high, the
dye concentration was optimized by performing a dilution series of CFSE stock before further adding
to 6 ml of PBS. The stock concentration of CFSE was serially diluted with dimethyl sulfoxide (DMSO)
to make up a 1:10 and 1:100 dilution. Next, 1 ul of each CFSE dilution was added to separate tubes of
PBS (6 ml). The concentration of CFSE,ow was kept consistent and an additional negative control, PBS
with no CFSE, was added to validate that all CFSE labelled cells exhibited fluorescence above
background. Following CFSE labelling, cells were stained with Live/Dead fixable aqua dead cell stain
and CD3 antibodies, limiting the number of fluorescent channels to three (BV711, HV500 and FITC),
taking care to limit the effect of spectral overlap compensation on the CFSE intensity. As depicted in
(Figure 3.4 (A — D)), the results of the CFSE staining across different dilutions including an unstained
control in a population of lymphocytes showed that the standard stock concentration of CFSE was
notably too high when labelling the cells. The 1:10 dilution, produced a reduced intensity within
quantifiable ranges, yet still distinct from the CFSE, and unstained populations. At the 1:100 dilution,
CFSE intensity began to overlap with that of the CFSE,w population. Despite the 1:10 dilution showing
a clear separation from the CFSEw, the two populations were appearing notably close. Thus, an
additional CFSEpign dilution, a 1:5 dilution, was prepared and compared with the 1:10 dilution, as
depicted in (Figure 3.4 (E) and (F)). It was observed that the 1:5 dilution showed a clearer distinction
from the CFSE,,w population when the cells were combined and stained for flow cytometry. Therefore,
a 1:5 dilution was adopted as the stock concentration for the CFSEw;g cell population for subsequent

experiments.

70



A A A A
< T ) Single Cells “: | o E
| 1socd . 1 150K 92,5 ™~ K
O O
A 2. 3| .. & B, -
175 gl R o ™ w4  CFSElow CFSEhigh
a a , ; 77.7 21,9
50K = 50K = O O 1
FSC-A FSC-A LIVE/DEAD HV500 CFSE
A 6 ml 6.5 ml 7 ml
n° o ' = 100
— 10 < q 1wty 10*
'; 3 E E
B o
8 w5 CFSElow CF281Egigh i’ : CFSElow CFSEhigh 10° CFSElow CFSEhigh
O 77,7 ) 3 17,8
3 o 3 75,6 241 0 d 82,0
0 i 4 |03:
' mn ' Im Im5 I mn I Im" Im5 '“D I Im Im"’
A
0K -
15K =
800 =
15K =
ok 800 4
)
o
3 1.0k =
C [e] 400
© 500 o
500
00
? T L] T T T ! T L T T T o L T -41/‘\
o 10t 10° I ot 0 0 w0t 10’
CFSE

Figure 3.3.: Optimisation of CFSEwig concentration for differential labelling of peptide-pulsed and un-

pulsed target cells. (A) Representative flow plot showing gating strategy for identifying lymphocytes

and single cells, followed by differentiation between CFSEl, and CFSEig populations based on CFSE

fluorescence intensity for cells stained with the standard CFSE stock concentration. (B) Analysis of

CFSEow and CFSExien populations across various CFSE dilutions (6 ml, 6.5 ml, 7 ml), demonstrating

the impact of dilution on the discrimination between differently labelled cell populations. (C) Histogram

plots correlating with Panel B depicting analysis of CFSEjow (blue) and CFSEnin (red) populations

across various CFSE dilutions (6 ml, 6.5 ml, 7 ml).
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Figure 3.4: Further optimisation of CFSEw concentration for differential labelling of peptide-pulsed
and un-pulsed target cells. (A) Representative flow plots showing parent gating strategy and CFSE
fluorescence intensity in live CD3+ cells (B) Scatter plots of CFSE intensity of CD3+ T cells across
four different conditions: standard CFSE stock concentration, 1:10 dilution, 1:100 dilution, established
CFSE\,w dilution and an unstained control, highlighting the impact of dilution on fluorescence intensity.
(C) Superimposed contour plots showing the fluorescence intensity of the CFSEen labelled cells in
relation to the CFSE,ow labelled cell population (in blue). (D) Histograms correlating with Panel C,
quantifying the shifts in CFSE fluorescence across the different dilutions. (E + F) CFSE fluorescence
analyses for cells labelled with a 1:5 and 1:10 dilution of CFSE, combined with cells labelled with the
established CFSE,o dilution.

3.3.2. Flow cytometry panel optimization

Given that the dilution factors for both the CFSEi.w and CFSExen cell populations were now optimized,
a suitable flow cytometry staining panel needed to be established to ensure various cell populations can
be correctly identified and characterized based on specific surface markers. A panel consisting of
Live/Dead fixable aqua (HV500) dead cell stain, anti-CD3 Brilliant Violet (BV) 711, anti-CD4 BV650
and anti-CD8 BV786 was applied to further distinguish target cells as Live CD3"CD4" from effector
cells which were Live CD3*CDS8". As a control, to rule out signal loss from increasing the complexity
of the compensation matrix, a subset of cells were alternatively stained with Live/Dead and CD3 BV711
only (Figure 3.5 A). Also, an additional counting step was added before the CFSEow and CFSEnign
labelled cell populations were combined to ensure an accurate comparison between the target and
control populations could be carried out, which would enhance precise measurement of the specific
cytotoxic activity of effector CD8" T cells in a killing readout. As depicted in Figure 3.5 (B) the addition
of CD4" and CD8" markers allowed for clear distinction of these cell populations during flow cytometry
analysis without compromising CFSE intensity. The panel was thus accepted for subsequent flow

cytometry analyses when examining killing activity by effector CD8" T cells.
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Figure 3.5: Flow cytometry analysis of CFSE-labelled cells stained with different cocktails of surface
antibodies. (A) Representative flow plots showing gating strategy displaying lymphocyte population
based on FSC-A vs. SSC-A, singlet discrimination using FSC-H vs. FSC-A, subsequent gating on CD3"
T cells, and CFSE fluorescence intensity in live cells for cells stained with surface Stain A (B)
Representative flow plots showing gating strategy displaying lymphocyte population based on FSC-A
vs. SSC-A, singlet discrimination using FSC-H vs. FSC-A, subsequent gating on CD3" T cells, and

CFSE fluorescence intensity in live CD4" T cells for cells stained with surface Stain B.

3.3.3. Testing the CFSE elimination assay in a model anti-viral immune response

Due to the novelty of SARS-nCoV-2, prior to performing the elimination assay in the COVID-19
context, it was first decided to test the assay in an established immune response context - that of CD8*
T cell elimination of HIV-infected CD4* T cells — before using the assay to measure unknown SARS-
nCoV-2 responses. Almost all individuals who are infected by HIV can mount CD8" T cell responses,
including those who fail to control infection (Collins et al., 2020). This ensures that the optimized
conditions, including magnetic activated cell sorting, CFSEow and CFSEign dilutions, the staining panel
and peptide pulse conditions accurately reflect the ability of CD8" T cells to target and eliminate
antigen-specific cells. Additionally, using PBMCs with known robust responses helped establish
baseline data for future iterations of the killing assay. For this model killing assay, PBMCs from an
HIV elite controller (Participant 1) were used to elucidate the antigen-specific killing activity of effector
CD8" T cells in this participant by pulsing autologous CD8-depleted PBMCS with HIV-specific Global
Pool (Clade C) peptides, comprising eight peptide pools spanning the HIV genome and combining
peptide-pulsed and un-pulsed target cell populations at different ratios with autologous effector CD8*
T cells. A control was added where CD8" effector cells were excluded to demonstrate the dependency

of any observed cytotoxicity on the presence of antigen-specific CD8" T cells.
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It was evident that at different ratios of target-to-effector cells, a dose-dependent killing response was
observed, noted by a decrease in the percentage of CFSEun labelled cells following the addition of
autologous CD8" T cells, illustrated in Figure 3.6 (A) and (B). The addition of the un-pulsed CFSEnigh
labelled cell control, representing cells which are not HIV-specific, demonstrated the antigen-specificity
of the observed killing response as this control was comparable to the “No CD8" control with similar
distributions of CFSEow and CFSEmign cell populations in both conditions. A killing assay run was
carried out on an additional HIV acutely-infected patient sample to confirm the reproducibility of the
killing assay. Due to limitations with the number of cells available for co-culturing, after performing
the killing assay, a control containing un-pulsed CFSExn labelled cells could not be included. As
expected, a dose-dependent killing response was observed for Participant 2 at different ratios of target-

to-effector cells.

In the analysis of dose-dependent killing, generating killing curves for different participants is useful
for understanding the effect of various clinical parameters, such as HIV status, on immune responses.
In this case, the percentage elimination rate was calculated at each target-to-effector ratio, relative to
the control population containing no CD8+ T cells, and plotted (Collins et al., 2021). Killing curves for
both Participant 1 and Participant 2 (Figure 3.6 (C) and (D)) were generated, as well as a simple linear
regression line for each patient, to establish the effectiveness of CD8+ killing between these individuals
as a function of the gradient of the trendline. It was expected that higher gradient values would denote
greater killing capacity when comparing different patient samples. As observed in Figure 3.6 (E),
Participant 1 showed a higher killing efficiency, as indicated by a steeper slope, compared to Participant
2. Going forward, this analysis strategy was used to elucidate the CD8" T cell responses between PLWH
and PLWoH vaccinated against SARS-nCoV-2.
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Figure 3.6.: HIV-specific killing assay to optimize CFSE readout. (A) Representative flow plots
showing gating strategy displaying lymphocyte population based on FSC-A vs. SSC-A, singlet
discrimination using FSC-H vs. FSC-A, subsequent gating on CD3" T cells, CD4" T cells, CD8" T cells
and CFSE fluorescence intensity in live cells for the “No CDS8 condition” in Participant 1. (B)
Representative scatter plots for Participant 1 showing different co-culture ratios and controls. (C)
Representative histogram plots corresponding with Panel B for Participant 1 (n=2). (D Representative
histogram plots for Participant 2 showing different co-culture ratios and controls (n=3). (E) Killing
curves for Participant 1 (red) and Participant 2 (blue) showing HIV-specific CD8" T cell killing activity
between two patients across various target-to-effector (T:E) ratios. The graph illustrates the percentage
of target cell elimination as a function of increasing E ratios, and linear regression lines (dotted) show
the trend of target cell elimination for Participant 1 (red) and Participant 2 (blue), with corresponding
equations provided for each participant’s response curve. Participant 1 exhibited a steeper increase in

cell elimination across the ratios compared to Participant 2.

3.3.4. Ex vivo killing assay using PBMCs isolated from SARS-nCoV-2 vaccinated individuals

Having established optimal target-to-effector cell ratios and controls in a controlled, model context, the
assay could now be used to measure CD8" T cell killing activity in PBMCS from individuals who had
been vaccinated against SARS-nCoV-2. For this, a PLWoH vaccinated with the Ad26.COV2.S
COVID-19 vaccine from the previously described Botswana-Harvard AIDS Institute Partnership cohort
was used to assess if cytolytic SARS-nCoV-2 CD8* T cell responses were elicited after vaccination.
The killing curve depicted in Figure 3.7 (C) showed that the percentage of target cell elimination
remained consistently low across all ratios, indicated by the nearly flat slope in the graph. The linear
regression model, represented by the equation Y=1.193X+1.694Y, suggested only a slight increase in
killing efficiency as the number of CD8+ T cells increased relative to the target cells, however the

overall change was minimal.
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Figure 3.7: Ex vivo SARS-nCoV-2-specific killing assay. (A) Representative flow plots showing gating

strategy displaying lymphocyte population based on FSC-A vs. SSC-A, singlet discrimination using
FSC-H vs. FSC-A, subsequent gating on CD3" T cells, CD4" T cells, CD8" T cells and CFSE

fluorescence intensity in live cells for the “No CD8 condition” in a PLWoH vaccinated with

Ad26.COV2.S COVID-19 vaccine. (B) Histogram plots displaying CD4" T cell populations

differentiated by CFSE intensity under varying conditions: No CD8" control, 1:1 CFSEjpg un-pulsed

control, and increasing target-to-effector (T:E) ratios of 1:1, 1:2, and 1:4 CD8" T cells (n=1). (C) Killing

curve showing the percentage of target cell elimination as a function of increasing effector ratios.
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3.3.5. In vitro killing assay using expanded PBMCs isolated from PLWH

Expanding PBMCs in the presence of a specific peptide allows for the selective activation and
proliferation of T cells that are specific to that peptide (Rosendahl Huber et al., 2014). This antigen-
specific expansion helps to increase the proportion of T cells that are reactive to the target antigen,
thereby leading to an easily quantifiable cytotoxic response during the killing assay. In addition,
controlling the conditions under which the T cells are expanded and stimulated, such as the
concentration of peptides and cytokines used, the killing assay protocol can be standardized compared
to ex vivo killing assays (Sato et al., 2009). This standardization allows for more reproducible results
across killing assays measured for different participants. A 14-day expansion was therefore carried out
on PBMC:s isolated from an HIV elite controller (Participant 1) after which the optimized killing assay
was performed. It was observed that the killing index for this patient had markedly increased compared
to ex vivo conditions, as depicted in the killing curves in Figure 3.8 (C). The killing curve illustrates
the expansion of antigen-specific CD8"* T cells in in vitro conditions compared to ex vivo, as evidenced
by steeper gradients in the in vitro killing curve. Therefore, 14-day culture expansions were performed

for all subsequent participants prior to conducting killing assays.
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Figure 3.8: Comparison of in vitro and ex vivo HIV-specific killing assays. (A) Representative flow

plots showing gating strategy displaying lymphocyte population based on FSC-A vs. SSC-A, singlet

discrimination using FSC-H vs. FSC-A, subsequent gating on CD3" T cells, CD4" T cells, CD8"* T cells

and CFSE fluorescence intensity in live cells for the “No CD8 condition” in Participant

1. (B)

Representative contour plots displaying CD4" T cell populations differentiated by CFSE intensity under

varying conditions: No CD8" control, 1:1 CFSEen un-pulsed control, and increasing target-to-effector

ratios of 1:1, 1:2, and 1:4 CD8" T cells (n=3). The effect of CD8" T cells which are still present in the
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CDS8-depleted fraction after MACS separation results in residual killing of the target cells. (C)
Representative histogram plots corresponding with Panel B. (D) Killing curve comparing the
percentage of target cell elimination as a function of increasing effector (E) ratios for Patient 1 at in

vitro (purple) and ex vivo (red) conditions.

3.3.6. In vitro killing assay using expanded PBMCs isolated from COVID-19 vaccinated

individuals

Using PBMCs expanded for 14 days, provided by the Botswana-Harvard AIDS Institute Partnership
(BHP), an in vitro killing assay was conducted for people living with HIV (PLWH) and people living
without HIV (PLWoH) who were vaccinated against COVID-19 to compare differences in their

cytotoxic responses post-vaccination with three COVID-19 vaccinations.

3.3.6.1. AZD1222 (Oxford/AstraZeneca) vaccine

The killing curve in Figure 3.9 (B) illustrates the cytotoxic response in a PLWH (light green line) where
the percentage elimination rate increased as the concentration of CD8" T cells increased, with a
regression line equation Y = 5.220X + 4.640. A similar relationship was observed in the PLWoH
(orange line) where the percentage elimination rate increased as the concentration of CD8" T cells
increased, with a regression line equation Y = 3.612X - 0.9530. The PLWH showed a slightly higher
cytotoxic activity compared to the PLWoH, indicated by the steeper slope of the regression line for this
patient which may imply variability in vaccine-induced immune responses between PLWH and

PLWoH.
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Figure 3.9.: Comparison of cytolytic CD8" T cell responses between PLWH and PLWoH vaccinated
with AZD1222 (Oxford/AstraZeneca) COVID-19 vaccine. (A) Representative flow plots showing
gating strategy displaying lymphocyte population based on FSC-A vs. SSC-A, singlet discrimination
using FSC-H vs. FSC-A, subsequent gating on CD3" T cells, CD4" T cells, CD8" T cells and CFSE
fluorescence intensity in live cells for the “No CDS8 condition” in a PLWoH vaccinated with the
AZD1222 COVID-19 vaccine. (B) Killing curve showing comparative cytotoxic response in a person
living with HIV (PLWH) (light green) and a person living without HIV (PLWoH) (orange) vaccinated
with the AZD1222 COVID-19 vaccine.

3.3.6.2. Coronavac (Sinovac) vaccine

The killing curve in Figure 3.10 (B) illustrates the cytotoxic response in a PLWH (light green line)
where the percentage elimination rate remained relatively low as the concentration of CD8" T cells
increased, with a regression line equation Y = 0.8490X + 0.994. For the PLWoH (orange line) the
percentage elimination rate increased slightly as the concentration of CD8* T cells increased, with a
regression line equation Y = 2.573X - 0.5670. The slopes of both regression lines for each participant
were relatively gentle indicating poor cytotoxic activity for these participants following vaccination,

regardless of HIV status.
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Figure 3.10.: Comparison of cytolytic CD8" T cell responses between PLWH and PLWoH vaccinated
with Coronavac (Sinovac) COVID-19 vaccine. (A) Representative flow plots showing gating strategy
displaying lymphocyte population based on FSC-A vs. SSC-A, singlet discrimination using FSC-H vs.
FSC-A, subsequent gating on CD3" T cells, CD4" T cells, CD8" T cells and CFSE fluorescence intensity
in live cells for the “No CD8" condition” in a PLWoH vaccinated with the Coronavac COVID-19
vaccine. (B) Killing curve showing comparative cytotoxic response in a person living with HIV
(PLWH) (light green) and a person living without HIV (PLWoH) (orange) vaccinated with the

Coronavac COVID-19 vaccine.

3.3.6.3. Ad26.COV2.S (Johnson and Johnson) vaccine

The killing curve in Figure 3.11 (B) illustrates the cytotoxic response in a PLWH (light green line)
where the percentage elimination rate increased as the concentration of CD8" T cells increased, with a
regression line equation Y = 6.007X + 2.577. For the PLWoH (orange line) the percentage elimination
rate increased slightly as the concentration of CD8" T cells increased, with a regression line equation
Y=4.417X + 2.847. The PLWH showed a slightly higher cytotoxic activity compared to the PLWoH,
indicated by the steeper slope of the regression line for this patient which may imply variability in

vaccine-induced immune responses between PLWH and PLWoH.
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Figure 3.11.: Comparison of cytolytic CD8* T cell responses between PLWH and PLWoH vaccinated
with Ad26.COV2.S (Johnson and Johnson) COVID-19 vaccine. (A) Representative flow plots showing
gating strategy displaying lymphocyte population based on FSC-A vs. SSC-A, singlet discrimination
using FSC-H vs. FSC-A, subsequent gating on CD3" T cells, CD4" T cells, CD8" T cells and CFSE
fluorescence intensity in live cells for the “No CDS8 condition” in a PLWoH vaccinated with the
Ad26.COV2.S COVID-19 vaccine. (B) Killing curve showing comparative cytotoxic response in a
person living with HIV (PLWH) (light green) and a person living without HIV (PLWoH) (orange)
vaccinated with the Ad26.COV2.S COVID-19 vaccine.
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3.4. Discussion

The optimized CFSE-based killing assay described in Chapter 3 leveraged the long-lived and highly
fluorescent properties of carboxyfluorescein diacetate succinimidyl ester (CFSE) to track and quantify
the cytotoxic activity of CD8" T cells over an extended period. Additionally, the results presented in
this chapter demonstrated the assay's effectiveness in distinguishing between peptide-pulsed and un-
pulsed target cells, allowing for the measurement of antigen-specific cytotoxic CD8" T cell responses.
One of the main challenges in using CFSE is the potential for fluorescence overlap between
differentially labelled cell populations. As described in the optimization section, achieving the correct
CFSE concentrations was important to ensure the CFSEi. and CFSEng populations could be
distinguished. Notably, the efficiency of CFSE labelling can vary between different cell types and
experimental conditions, as illustrated in Figures 3.2 and 3.3. Factors such as the cell size, membrane
permeability, and well as variations between different batches of reconstituted CFSE, may lead to
variability in fluorescence intensity (Dalgaard et al., 2010). This in turn affects the reproducibility of

the assay, highlighting the necessity for the careful initial optimization steps carried out.

While CFSE is generally considered a non-toxic dye and does not interfere with cellular functions, high
concentrations or prolonged exposure to CFSE can potentially impact cell viability and function
(Ingulli, 2007). For this reason, the inclusion of a baseline “No CD8"” control during the co-culture
phase validated that any observed effects were due to the cytotoxic activity of CD8+ T cells, and were
not artifacts of CFSE labelling. Furthermore, the inclusion of the “un-pulsed CFSE;e” control at a 1:1
dilution demonstrated the specificity of the CD8" T cell-mediated killing. By including target cells
labelled with a high concentration of CFSE but not pulsed with the specific peptide, it could be
determined whether the observed cytotoxic activity was truly antigen-specific. If the CD8" T cells were
specific to the peptide, they would selectively kill the peptide-pulsed CFSExn target cells, The un-
pulsed CFSEnin target cells would largely remain unaffected in this instance, as illustrated in Figures
3.5 (B) and 3.7 (B). Furthermore, the effect of residual or “leaky” CD8" T cells after MACS separation
shown in Figure 3.8 (A) may have played a role in the reduced CFSEpign population size observed, even
in the control conditions. This may be easily rectified with the addition of a second column in which
the residual CD8" T cells can be properly captured prior to co-culturing target and effector cells to

ensure an accurate an cleaner readout.

In measuring the CD8" T cell response, both an ex vivo and in vitro T cell expansion approach were
compared. The ex vivo killing assay may show the immediate cytotoxic response, for example, post-
vaccination. On the other hand, the in vitro killing assay provides a more comprehensive assessment of
the cytotoxic potential of CD8* T cells by allowing for the expansion and activation of antigen-specific
T cells. This approach is particularly useful to evaluate the long-term efficacy of vaccines and the

potential for memory T cell responses (Farber et al., 2016, Gerritsen and Pandit, 2016, Jarjour et al.,
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2021). Figure 3.8 (D) showed the differences in CD8" T cell responses when cells are used post-
isolation (ex vivo) versus after a period of expansion and activation (in vitro) in Participant 1, an HIV
elite controller. The linear regression lines for both approaches provided a quantitative measure of the
killing efficiency. The steeper slope of the in vifro regression line suggested a more robust cytotoxic
response compared to the ex vivo approach. For vaccines targeting chronic infections like HIV, or
emerging pathogens like SARS-nCoV-2, the ability to elicit robust and long-lived CD8" T cell
responses is crucial (Almendro-Vazquez et al., 2023). The in vitro killing assay therefore provided a

more comprehensive assessment of this potential.

In particular, Participant 1, a PLWH, was able to mount a robust CD8" T cell response, demonstrating
that PLWH can achieve high levels of antigen-specific cytotoxicity, post-expansion. Notably,
individuals who are elite controllers of HIV are able to maintain HIV RNA to less than 50 copies per
ml in the absence of antiretroviral therapy (Walker, 2007). Such individuals with minimal T cell
responses are able to suppress HIV in vitro due to a highly functional, broadly directed central memory
T cell population (Ndhlovu et al., 2012). In an acutely infected PLWH (Participant 2), depicted in
Figure 3.6 (E), the less steep slope of the regression line indicated a lower killing efficiency compared
to Participant 1. While CD8" T cells in acute HIV infection are able to perform antigen-specific killing
to an extent, the lower killing efficiency compared to the elite controller suggests that the cytotoxic
potential of CD8" T cells in acute HIV infection may be compromised. This is in line with studies which
have highlighted that untreated HIV infection causes progressive CD8" T cell dysfunction (Jensen et
al., 2015, Ferrari et al., 2011). These findings highlight the sensitivity of the CFSE-based killing assay

in demonstrating differences in CD8"-mediated killing between participants with varying HIV statuses.

When the optimized killing assay was tested on participants who were vaccinated against COVID-19,
it was observed that the overall cytotoxic responses were generally low in all participants. This finding
implies that first-generation COVID-19 vaccines did not generate robust CTL responses for these
participants. In applying the in vitro CFSE-based killing assay to a cohort of participants comprised of
PLWH and PLWoH from Botswana, notable differences were observed in the CD8" killing activities
with regards to the HIV status and type of vaccination received by the chosen participants. It was
observed that PLWH exhibited a stronger CD8" T cell cytotoxic response to the AZD1222
(Oxford/AstraZeneca) and Ad26.COV2.S (Johnson and Johnson) vaccines compared to PLWoH. This
could suggest that these vaccines are capable of eliciting a more robust cellular immune response in
PLWH, which may be beneficial for this group given the potential for HIV to compromise immunity.
It should be noted, however, that the difference in the killing activities observed were marginal and the
inclusion of more participants vaccinated with these vaccine types would be needed to draw any
reasonable conclusions. It is also important to consider that the SARS-nCoV-2 spike-specific peptide
pool that was used to stimulate cells in this assay may not have been highly antigenic, thereby resulting

in poor killing efficiency of the CFSEh;g, cells by CD8" T cells. This may be due to several factors such
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as poor binding affinity to MHC molecules or lack of recognition by T cell receptors (Walls et al.,
2020).

For the participants who received the Coronavac vaccine, similar cytotoxic responses were observed
between PLWH and PLWoH. This indicated that this vaccine may not affect the CD8" T cell responses
based on HIV status. Notably, the Oxford/AstraZeneca and Johnson and Johnson vaccines use viral
vector platforms and appeared to elicit stronger CD8" T cell responses than the Sinovac vaccine, which
uses an inactivated virus platform. The viral vector vaccines might therefore be more effective in
stimulating cellular immunity, which is an important consideration for vaccine deployment, especially
in PLWH. This has also been noted by Voysey et al. (2021) and Sadoff et al. (2021) who noted ~80%
and ~85% efficacy of the Oxford/AstraZeneca and Johnson and Johnson vaccines against severe
COVID-19 disease, respectively (Voysey et al., 2021, Sadoff et al., 2021). In comparison to the Sinovac
vaccine, the vaccine efficacy varies among different populations but is maintained between ~50.4% and
~57.5% against mild to moderate COVID-19 (Palacios et al., 2021, Halperin et al., 2022). Overall, the
optimized CFSE-based killing assay provided a sensitive and effective method for measuring antigen-
specific cytotoxic CD8" T cell responses. This assay's application demonstrated differences in the CD8"
T cell responses across various HIV statuses and COVID-19 vaccination types, demonstrating its

potential to evaluate vaccine efficacy and immune responses among different populations.

3.4.1. Limitations

It is important to note the limitations associated with this study. The sample size of this particular study
was low, therefore accurate conclusions about the efficacy of different COVID-19 vaccinations among
differing HIV statuses could not be drawn. Furthermore, information regarding the CD4" counts, viral
loads and ART statuses of the participants in the BHP cohort were not available. These are crucial
considerations when performing analysis of individual CD8" T cell responses as they may influence the
killing capacities observed. In addition, the chosen participants for this study were all female and
therefore, larger sample sizes encompassing male and female participants would provide a more holistic

depiction.

3.4.2 Future recommendations

The CFSE-based killing assay showed differences in the efficacy of vaccine-induced CD8" T cell
responses for two vector-based vaccines and one inactivated virus vaccine in PLWH and PLWoH.
Performing the assay on participants who have been vaccinated with mRNA vaccines such as
BNT162b2 and mRNA-1273, which have largely been considered the most effective of the COVID-19

vaccines, may reveal interesting insights into vaccine-induced CD8" T cell responses for these
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individuals (Polack et al., 2020, Reynolds et al., 2023). Furthermore, the inclusion of participants who
are PLWH at different stages of infection, or perhaps different stages of treatment, may reveal
information about the killing efficacy of CD8" T cells under these different conditions and how COVID-
19 may modulate this. In terms of assay improvement, the use of other CellTrace dyes instead of or in
addition to CFSE, such as CellTrace Violet and CellTrace Far Red, may be useful in distinguishing cell
populations based on the addition of different SARS-nCoV-2-specific peptides. Dyes such as CellTrace
Violet offer similar properties to CFSE and can be used in combination with CFSE to label different
cell populations without spectral overlap (Wu et al., 2021). This has been reported by Collins et al.
(2021) who used these dyes in an elimination assay to distinguish between peptide specific and non-
specific cell populations (Collins et al., 2021). The CFSE-based killing assay has undoubtedly paved
the way forward in enhancing our understanding of differences in the CD8" T cell response among
PLWH and PLWoH and what these differences may imply for the development of optimal vaccinations
for PLWH.

3.5. Conclusion

The optimized CFSE-based killing assay allowed for the distinction between peptide-pulsed and un-
pulsed target cells, thereby allowing for the measurement of antigen-specific cytotoxic CD8" T cell
responses. A challenge encountered in using CFSE was the potential for fluorescence overlap between
differentially labelled cell populations, which required careful optimization of CFSE concentrations to
ensure clear distinction between CFSEiw and CFSEngn populations. Variability in CFSE labelling
efficiency due to factors such as cell type, membrane permeability, and batch differences highlighted
the importance of initial optimization steps to ensure reproducibility. The inclusion of un-pulsed
CFSEhign controls demonstrated the specificity of CD8" T cell-mediated killing, confirming that any
cytotoxic activity observed was truly antigen-specific. Comparing ex vivo and in vitro T cell expansion
approaches revealed that in vitro assays provided a more comprehensive assessment of CD8" T cell
cytotoxic potential, which is particularly useful for evaluating long-term vaccine efficacy and memory
T cell responses. The study also highlighted differences in CD8" T cell responses among participants
with varying HIV statuses, demonstrating the assay's sensitivity in detecting these differences. Notably,
first-generation COVID-19 vaccines elicited generally low CTL responses, with viral vector vaccines
showing stronger CD8" T cell responses compared to the inactivated virus vaccine. To enhance the
current COVID-19 vaccines, peptides derived from the spike proteins of different SARS-nCoV-2
variants may offer enhanced immunogenicity when tested. These peptides have been identified as
targets for eliciting strong T cell responses and may be more efficient alternatives to the wild type

SARS-nCoV-2 spike peptides used in this study (Jackson et al., 2022). Overall, the optimized CFSE-
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based killing assay provided a sensitive and effective method for measuring antigen-specific cytotoxic

CDS8" T cell responses.
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CHAPTER 4: DISCUSSION/SYNTHESIS

Overall, two killing assays have been evaluated in this study. The pseudovirus-based killing assay uses
pseudoviruses which have been engineered to express fluorescent reporter genes, such as mCherry or
GFP, which mimic the infection process of SARS-nCoV-2. Target cells are infected with these
pseudoviruses, leading to the expression of the fluorescent reporter gene within the cells (Donofrio et
al., 2021). While this assay requires further optimization, it may offer specificity in measuring CD8" T
cell responses against SARS-nCoV-2-infected cells and is safer to perform in a BSL2+ environment.
In contrast, the CFSE-based killing assay involved labelling target cells with a non-radioactive
fluorescent dye, CFSE. Using contrasting concentrations of CFSE, differential CFSE intensity was used
to distinguish between SARS-nCoV-2 target cell populations and other populations of PBMCS, to
monitor the loss of target cells in the presence of CD8" T cells. Both of these assays circumvent the
limitations of traditional killing assays like the chromium release assay which uses radioactive materials
(Brunner et al., 1968). In addition to being safer, these assays are more specific alternatives to evaluate
cytotoxic responses over several timepoints, compared to a single time point offered by traditional
assays. Here, the pseudovirus-based assay did not produce a robust fluorescence readout to measure
CD8"-mediated elimination of target cells. However, the CFSE-based assay was useful to compare

cytolytic responses following COVID-19 vaccination in PLWH and PLWoH, both in vitro and ex vivo.

Conclusion

Developing a killing assay to measure T cell responses to SARS-nCoV-2 may contribute towards
understanding immune responses to COVID-19. Such assays, including the pseudovirus-based and
CFSE-based approaches, provide insights into the cytotoxic capabilities of CD8+ T cells, which are
essential for controlling viral infections. Moreover, being able to assess these responses in different
populations, such as PLWH, PLWoH and individuals with underlying co-morbidities, allows for a
more holistic representation of the T cell repertoire to COVID-19 (Gutierrez et al., 2020). By accurately
quantifying the ability of these T cells to eliminate virus-infected cells, researchers can evaluate the
efficacy of vaccines and immune-based therapies, which is beneficial for the scientific community.
Measuring T cell responses in a high-throughput manner may aid in large-scale studies of effective
vaccines and therapeutics, contributing to better public health outcomes and preparedness for future

pandemics.
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CHAPTER 5: APPENDICES

Appendix A: BREC approval
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Appendix B: Media and reagents

HEK?293T media
Reagent Quantity Supplier
Dulbecco’s modified Eagle 500 ml Gibco, Schwerte, Germany
media (DMEM)
Heat-inactivated fetal bovine 50 ml Gibco, Schwerte, Germany
serum (FBS)
HEPES buffer (1 M) 5.5ml Gibco, Schwerte, Germany
Penicillin/streptomycin (10000 5.5ml Gibco, Schwerte, Germany
U/ml)

293T-ACE2 media
Reagent Quantity Supplier
Dulbecco’s modified Eagle 500 ml Gibco, Schwerte, Germany
media (DMEM)
Heat-inactivated fetal bovine 50 ml Gibco, Schwerte, Germany
serum (FBS)
L-glutamine (200 mM) 5.5ml Gibco, Schwerte, Germany

Puromycin (3mg/ml)

1 ul per ml media

Gibco, Schwerte, Germany

Gentamycin (10mg/ml)

5 pl per ml media

Gibco, Schwerte, Germany

H1299-E3 media

Reagent Quantity Supplier

RPMI 1640 media 500 ml Gibco, Schwerte, Germany
Heat-inactivated fetal bovine 50 ml Gibco, Schwerte, Germany
serum (FBS)

HEPES buffer (1 M) 5.5ml Gibco, Schwerte, Germany
Non-essential amino acids (100X) | 5.5 ml Gibco, Schwerte, Germany
Sodium pyruvate (100 mM) 5.5ml Gibco, Schwerte, Germany
L-glutamine (200 mM) 5.5ml Gibco, Schwerte, Germany

R10 media

Reagent Quantity Supplier

RPMI 1640 media 500 ml Gibco, Schwerte, Germany
Heat-inactivated fetal bovine 50 ml Gibco, Schwerte, Germany
serum (FBS)

HEPES buffer (1 M) 5.5ml Gibco, Schwerte, Germany
L-glutamine (200 mM) 5.5ml Gibco, Schwerte, Germany
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Trypsinization reagents

Reagent Supplier
Trypsin-EDTA (1X) Gibco, Schwerte, Germany
Phosphate buffered saline (PBS) Gibco, Schwerte, Germany

Classical transfection reagents

Reagent Quantity Supplier

Dulbecco’s modified Eagle | 500 ml Gibco, Schwerte, Germany

media (DMEM)

Polyethyleneimine (PEI) 8 ul per condition A gift from the HIV Pathogenesis
Programme, Durban, South
Africa

Nucleofection reagents

Reagent Quantity Supplier

Nucleofector™ solution 82 ul Lonza, Basel, Switzerland

Supplement 18 ul Lonza, Basel, Switzerland
MACS buffer

Reagent Supplier

Bovine serum albumin (2% (Sigma, Munich, Germany)

BSA)

Phosphate buffered saline Gibco, Schwerte, Germany

(PBS)

CFSE reconstitution

Add 50 ul DMSO to 50 ug of lyophilized reagent to make a 1 pug/ul stock ((ThermoFisher Scientific,
Eugene, Oregon, United States).

Peptide reconstitution

20 uM HIV Clade C Global Pool was gifted by Dr Tiza Nguni of the Ndhlovu Lab.

PepTivator® SARS-CoV-2 Prot_S (2 pg/ml) and PepTivator® SARS-CoV-2 Prot_S1 (2 pg/ml) were
reconstituted by adding 200 pl distilled water to the lyophilized reagent (Miltenyi Biotec, Bergisch
Gladbach, Germany).
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Staining antibodies

Antibody Quantity Supplier

CD3 (BV711) 1 pl/well BioLegend, CA, United States

CD4 (BV650) 1 ul/well BD BioSciences, Franklin
Lakes, NJ

CDS8 (BV786) 1 ul/well BD BioSciences, Franklin
Lakes, NJ

Aqua Live/Dead (HV500) 0.3 ul/well ThermoFisher Scientific,

Eugene, Oregon, United States
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Appendix C: Chapter 2 supplementary material
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Figure C1: Uninfected H1299-E3 cell controls for infection duration optimization for in-house multi-
vector pseudovirus generated by classical transfection. (A) 24 h post-infection (Replicate 1). (B) 24 h
post-infection (Replicate 2). (C) 48 h post-infection (Replicate 1). (D) 48 h post-infection (Replicate
2). (E) 72 h post-infection (Replicate 1). (F) 72 h post-infection (Replicate 2). (G) 96 h post-infection
(Replicate 1). (H) 96 h post-infection (Replicate 2).
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Figure C2: Infection duration optimization for in-house multi-vector pseudovirus generated by
classical transfection at different time points. (A) 24 h post-infection (Replicate 1). (B) 24 h post-
infection (Replicate 2). (C) 48 h post-infection (Replicate 1). (D) 48 h post-infection (Replicate 2). (E)
72 h post-infection (Replicate 1). (F) 72 h post-infection (Replicate 2). (G) 96 h post-infection
(Replicate 1). (H) 96 h post-infection (Replicate 2).
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Figure C3: Uninfected H1299-E3 cell controls for infection duration optimization for multi-vector

pseudovirus generated by nucleofection. (A) 24 h post-infection. (B) 48 h post-infection. (C) 72 h post-

infection. (D) 96 h post-infection.
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Figure C4: Infection duration optimization for in-house multi-vector pseudovirus generated by
nucleofection at different time points. (A) 24 h post-infection (Replicate 1). (B) 24 h post-infection
(Replicate 2). (C) 48 h post-infection (Replicate 1). (D) 48 h post-infection (Replicate 2). (E) 72 h post-
infection (Replicate 1). (F) 72 h post-infection (Replicate 2). (G) 96 h post-infection (Replicate 1).
(H) 96 h post-infection (Replicate 2).
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Figure CS: Uninfected 293T-ACE2 cell controls for infection duration optimization for two-vector
pseudovirus generated by nucleofection and classical transfection. (A) 72 h post-infection for
nucleofection-generated two-vector pseudovirus. (B) 72 h post-infection for classical transfection-

generated two-vector pseudovirus. (C) 96 h post-infection for nucleofection-generated two-vector

FSC-A

»
>

pseudovirus. (D) 96 h post-infection for classical transfection-generated two-vector pseudovirus.
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Figure C7: Infection optimization for untruncated two-vector pseudovirus generated by nucleofection
and classical transfection. (A) 72 h post-infection for nucleofection-generated two-vector pseudovirus
(Replicate 1). (B) 72 h post-infection for nucleofection-generated two-vector pseudovirus (Replicate
2). (C) 72 h post-infection for classical transfection-generated two-vector pseudovirus (Replicate 1).
(D) 72 h post-infection for classical transfection-generated two-vector pseudovirus (Replicate 2). (E)
96 h post-infection for nucleofection-generated two-vector pseudovirus (Replicate 1). (F) 96 h post-
infection for nucleofection-generated two-vector pseudovirus (Replicate 2). (G) 96 h post-infection for
classical transfection-generated two-vector pseudovirus (Replicate 1). (D) 96 h post-infection for

classical transfection-generated two-vector pseudovirus (Replicate 2).
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Figure C8: VSV-GFP control conditions at different dilutions. (A) 72 h post-infection. (B) 72 h post-

infection. (C) 96 h post-infection. (D) 96 h post-infection.

105



1:1 1:2 1:3
Infected Infected Infected
0,053 0030 0,010
10t 1% 1wt
lﬂ3 ~ ID"F 3 Iﬁ! -3
K | o d o3
& 0?4 w4 an? 3
z (] |5::u< m:nc 21‘05 L] m:x |olmc 180K *nlmt slnu o :slnx
o)
=T v
L 10° 10° o LI 10°
< E Infected i .. [infected
0,049
0% = w* 10
i6® 5 107 o w4
o d L | o3
mi‘ -|03‘ -|03‘
T T T T T T T T T T T T T T T
L] oK 100K 180K 200K 280K o s0K 100K 150K 200K 250K L] 0K 100K 150K 200K oK

FSC-A

Figure C7: Infection optimization for untruncated two-vector pseudovirus generated by nucleofection

and classical transfection.
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Figure C8: Cell density comparison for truncated two-vector pseudovirus generated by classical
transfection. (A) 1.25 x 10 cells (Replicate 1). (B) 1.25 x 10*cells (Replicate 2). (C) 2.5 x 10*cells
(Replicate 1). (D) 2.5 x 10*cells (Replicate 2). (E) 5 x 10*cells (Replicate 1). (F) 5 x 10*cells (Replicate
2)
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Appendix D: Turnitin report

A CD8+ pseudovirus killing assay to measure T cell responses
to infection with SARS-nCoV-2
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