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Abstract 
 

Background: Immunological memory is the key to long-term protection against disease. It is 

the hallmark of adaptive immunity which facilitates an accelerated and enhanced immune 

response against a pathogen encountered previously, providing better clearance than naïve T-

cells response. Memory subsets of T-cell includes central memory T-cell (TCM), effector 

memory T-cell (TEM), terminally differentiated effector memory T-cell (TEMRA). Defining these 

memory cells against Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV2) is 

therefore crucial in understanding the long-term protection against it. Longitudinal analysis of 

patient infected with SARS-CoV2 have demonstrated persistent virus-specific memory T-cells 

up to 10 months post-infection, but a lot remains to be learned.  

 

Aims: The aims of this thesis were (1) to understand the difference in T-cell and its’ memory 

subsets in individuals who had different severity of COVID-19, (2) to evaluate the T-cell 

memory response upon stimulation with SARS-CoV2 Spike protein, and 3) to determine the 

cytokine response upon stimulation and its correlation with the memory T-cell profiles.  

 

Methods: Severity of COVID-19 was defined based on WHO clinical progression scale where 

mild disease was defined as asymptomatic or symptomatic but doesn’t require hospitalization; 

moderate disease as requiring hospitalization but not requiring non-invasive ventilation (NIV); 

severe disease as hospitalized requiring NIV, invasive ventilation, or mechanical ventilation. 

Blood samples were collected from COVID-19 patients and Peripheral Blood Mononuclear 

Cells (PBMCs) were isolated via centrifugation with a Ficoll density gradient. Isolated PBMCs 

were stimulated with SARS-CoV2 Spike Protein Cocktail of wild type, alpha, beta, and delta 

strains and incubated for 24 hours at 37°C, 5% CO2. Cells were characterised by flow 

cytometry and supernatants were analysed for cytokine concentration by enzyme-linked 

immunosorbent assay (ELISA). Blood samples from the Irish Blood Transfusion Service 

(IBTS) were collected and used as healthy control. Parametric data were analysed with ordinary 

one-way ANOVA with Tukey’s multiple comparison tests while non-parametric data were 

analysed using Kruskal-Wallis tests with Dunn’s multiple comparison test. Correlation of T-

cell memory subsets before and after stimulation with the concentration of cytokines was 

analysed using Pearson rank order correlation Strength of the correlation were determined 

based on the correlation coefficient.  



 xiv 

Results: At baseline, COVID-19 donor PBMCs HLA-DR mean fluorescence index (MFI) of 

CD4+ T-cell, 1322 (297.17) were significantly elevated in the severe group compared to 

healthy (p= 0.0026) and mild (p=0.0272) disease groups. HLA-DR MFI of CD8+ T-cells also 

showed a similar trend of increasing MFI with increasing disease severity although not 

statistically significant. CD4+ memory T-cell subsets showed a significant reduction of CD4+ 

TEMRA frequency in severe disease, 4.69%, compared to healthy donors 29.53% (p= 0.024). 

CD4+ TEM trended down from healthy donor to severe disease group whereas CD4+ TCM 

trended in the opposite direction in the severe disease group although neither were not 

statistically significant. In CD8+ memory T-cell subsets, no significant differences have been 

identified between different disease severity groups although the frequency of CD8+ TEM and 

CD8+ TCM shows an increase with increasing disease severity. Upon stimulation with SARS-

CoV2 Spike protein, the greatest expansion of CD4+ and CD8+ TEM frequencies were noted in 

severe disease groups with the ratio of stimulated to unstimulated measuring at 1.207 (CD4+ 

TEM) and 1.227 (CD8+ TEM). An increase in HLA-DR MFI on CD4+ has been identified in 

moderate and severe COVID-19 groups with the MFI ratio of stimulated to unstimulated of 

1.119 and 1.032 but were not statistically significant. 

 

Concentrations of cytokines (IL-6, TNF-α, IFN-γ ) were noted to increase with disease severity. 

At baseline (unstimulated) significant correlation has been identified between CD4+ T-cells 

HLA-DR MFI and IFN-γ  concentration, r =0.7596, p=0.0067; CD4+ TEMRA and IL-6 

concentration, r =0.7282, p=0.0110; CD4+ TEMRA and TNF-α  concentration, r =0.7045, 

p=0.0155.  Upon stimulation of PBMCs with SARS-CoV2 Spike Protein, significant 

correlation has been identified between the change in CD4+ T-cell HLA-DR MFI and TNF-α  

concentration, r =-0.6029, p=0.0496; CD4+ T-cell HLA-DR MFI and IFN-γ  concentration, r 

=0.7515, p=0.0076; CD4+ TEM and IFN-γ  concentration, r =0.6773, p=0.0220; CD8+ Naïve 

T-cell and IFN-γ  concentration, r =0.6996, p=0.0165.  

 

Conclusion: Individuals who had a more severe initial COVID-19 infection, at baseline, T-

cells showed a higher level of activation which further increases on stimulation indicating a 

hyperactivation state of T-cells possibly contributing to disease severity. Their T-cell memory 

profile showed a lower proportion of effector memory subsets. However, upon stimulation, 

greatest expansion of effector memory subset, TEM along with higher production of cytokines 

IL-6, TNF-a, and IFN-y which correlate with the T-cell profile changes. This suggests a greater 

immune recall response in individuals who had severe initial infection.  
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Chapter 1: Introduction 
 

1.1 COVID-19  

1.1.1 Epidemiology 

Coronavirus disease 2019 (COVID-19) is caused by the highly contagious novel Severe Acute 

Respiratory Syndrome Coronavirus 2 (SARS-CoV2) which was first identified in Wuhan of 

Hubei Province, China in December 2019 [1, 2]. The disease has since spread rapidly across 

the world and a global pandemic was eventually declared by the World Health Organization 

(WHO) on March 11, 2020 [3]. As of 29th July 2022, there have been over 500 million 

confirmed cases of COVID-19 including over 6 million deaths reported worldwide [4]. The 

ongoing outbreak has posed a great threat to global public health [5]. The disease manifestation 

of COVID-19 is highly heterogenous, ranging from asymptomatic infection to severe 

pneumonia, which can lead to acute respiratory distress syndrome, multi-organ failure and 

eventually leading to death [6]. According to data from China early in the pandemic, the 

majority of people with COVID-19 are asymptomatic or experience only mild to moderate 

illness (81%), while 14% had severe disease and about 5% became critically ill. The case 

fatality rate of COVID-19 then was 2% [7].  

 

1.1.2 Transmission of COVID-19  

The incubation period of COVID-19 ranges from 5 to 14 days before exposed individuals begin 

to manifest symptoms [8].  During this period, the infected person is the most infectious despite 

not showing symptoms, making it difficult for early detection and isolation of cases, 

contributing to the rapid widespread of disease globally [9]. The SARS-CoV2 virus is primarily 

transmitted from person to person via respiratory droplets when coming in the proximity of an 

infected person. It has also been reported to transmit via indirect contact with contaminated 

surfaces when subsequently brought into contact with the mucosal surface of the body [10]. 

 

Entrance of SARS-CoV2 viral particle into host epithelial cells is a multistep process involving 

the engagement of receptor-binding domain (RBD) of virus S protein with host angiotensin-

converting enzyme 2 (ACE-2) receptor which are found abundant on the pulmonary epithelial 

cells [11-13]. Upon entry, it undergoes local replication and propagation in the nasal epithelium 

before migrating down into the upper respiratory tract which is when symptoms become 
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evident. The immune response mounted at this stage is commonly adequate to resolve the 

infection and contain the virus [14]. In a minority of cases where the immune response is 

inadequate to contain the infection, they proceed to develop moderate and severe diseases, 

which are mostly seen in patients with underlying comorbidities [15, 16]. Severe disease has 

been strongly associated with dysregulated host immune response to SARS-CoV2 infection, 

characterised by an infection-induced cytokine storm coupled with malfunctioning innate and 

adaptive responses [17-19].  

 

The pathogenesis and disease progression of COVID-19 is summarised in Figure 1.1. Upon 

exposure to SARS-CoV2, individuals typically remain asymptomatic for five days while the 

virus replicates. The viral load commonly peaks by 1 week after infection, when an individual 

begins manifesting symptoms. In most people, the disease is mild and will resolve after almost 

two weeks. However, in a minority group of people, it will progress into severe disease leading 

to hospitalisation, complications, and Intensive Care Unit (ICU) admission.  

 

Figure 1.1: Disease progression of COVID-19 [20].  
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1.1.3 SARS-CoV2 variants  

Like any other virus, SARS-CoV2 genetic mutation occurs on its genome as it continues to 

evolve. Since the emergence of this virus in late 2019, at least 10 variants have been identified. 

They are categorised into two main groups namely variant of concern (VOC) or variant of 

interest (VOI) as summarised in Figure 1.2. VOC includes variants that demonstrate changes 

in transmissibility, virulence, and effect on current vaccine effectiveness at a degree of global 

public health significance.  

 

 
Figure 1.2:  List of SARS-CoV2 categorised under VOC and VOI updated up to January 2021 from WHO [21]. 

 

The latest VOC omicron was discovered in November 2021 and has since become the most 

prevalent circulating variant of SARS-CoV2, making up almost all of the new daily confirmed 

cases in most parts of Europe [22].  

 

Compared to the earlier delta variant, mutation on the spike protein RBD of the Omicron 

granted it a higher affinity for ACE receptor binding making it more infectious than all its 

preceding VOC [23, 24]. Despite that, the risk of severe disease has been reduced in 

comparison to the delta variant as seen by the marked reduction in hospitalization, as well as 

the reduction in duration of recovery even amongst the unvaccinated population [25]. 
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1.1.4 Classification of disease severity  

According to the WHO clinical progression scale, COVID-19 is classified into mild, moderate, 

and severe disease based on the disease manifestation and clinical information of the patient. 

Mild disease includes individuals that are asymptomatic, or symptomatic but not requiring 

hospitalization. Moderate disease is defined as an individual that is hospitalised but not require 

oxygen therapy or require oxygen but only by mask or nasal prongs. Severe disease includes 

individuals that are hospitalised requiring high flow oxygen therapy or mechanical ventilation 

and/ or vasopressor, dialysis, or extracorporeal membrane oxygenation (ECMO) [26]. 

 

1.1.5 Clinical presentation of COVID-19  

Clinical presentation of COVID-19 is highly heterogeneous. The most common symptoms are 

fever, fatigue, loss of sense of smell, and dry cough. Aside from that, other symptoms such as 

sore throat, headache, myalgia, and shortness of breath have also been reported [15, 27-29]. 

Uncommonly, the patient will present with gastrointestinal (GI) symptoms such as diarrhea 

[29]. However, with the emergence of the latest omicron variant of SARS-CoV2, the typical 

‘tetrad’ of symptoms were less commonly reported, especially the loss of sense of smell, 

whereas sore throat became a more common symptom experienced [25].  

 

1.1.6 Laboratory findings of hospitalised COVID-19 patients  

Changes in clinical laboratory parameters were observed in hospitalised COVID-19 patients. 

Marked lymphopenia is a common finding in hospitalised COVID-19 patients which was 

reported to be more severe with increasing disease severity. White cell count (WCC) and 

neutrophil count were found to be higher in more severely hospitalised COVID-19 patients [15, 

27]. Eosinopenia has also been reported in some hospitalised COVID-19 patients [16]. The 

level of D-dimer has been reported to increase with disease severity. The blood level of urea 

and creatinine was shown to increase progressively as the patient’s clinical status deteriorates 

and the disease progresses [27].  

 

1.1.7 Risk factors for severe COVID-19  

Although all ages of the population are susceptible to COVID-19, the incidence of ICU 

admission and the case fatality rate is shown to be higher in the elderly and patients with pre-

existing comorbidities such as diabetes, hypertension, cardiovascular disease, and chronic 

respiratory disease [7, 15, 16, 27]. 
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1.1.8 Other coronaviruses  

In the past, there were two other highly pathogenic human coronaviruses with a zoonotic origin 

that had been identified preceding the SARS-CoV2 outbreak, namely the severe acute 

respiratory syndrome coronavirus (SARS-CoV) and Middle East respiratory syndrome 

coronavirus (MERS-CoV) [30]. Outbreaks of SARS and MERS in 2002 and 2013 respectively 

have caused global concerns due to the alarming morbidity and mortality. Unlike the other 

human coronavirus (HCoV-229E, HCoV-OC43, HCoV-NL63, HKU1) which only cause upper 

respiratory infections, SARS-CoV, MERS-CoV and SARS-CoV2 can infect lower respiratory 

tract causing severe respiratory syndrome in human and in some cases leading to death [2, 31, 

32]. Analysis of the SARS-CoV and MERS-CoV epidemic therefore could be useful in 

elucidating the resolution of COVID-19.  

 

The current outbreak caused by SARS-CoV2 is similar to SARS-CoV and MERS-CoV 

infections but not entirely. SARS-CoV and MERS-CoV infection have common mortality 

factors [33] and clinical features including fever, cough, and shortness of breath [34]. GI 

symptoms and kidney failure are the prominent features of MERS-CoV infection as compared 

to SARS-CoV and SARS-CoV2 infection. This is believed to be due to the binding ability of 

MERS-CoV S protein to dipeptidyl-peptidase  (DPP4) receptors which are found in abundance 

in the GI tract and kidney [35]. 

 

All three of these human coronaviruses result in lung injury via a multifactorial 

pathophysiological processes involving dysregulated cytokine, chemokine, and immune cells 

[36]. Viral entrance of SARS-CoV and SARS-CoV2 is via the ACE receptor whereas entry of 

MERS-CoV is facilitated via DPP4 receptor [37]. 

 

Since 2012, a total of 2589 cases of MERS-CoV infection with 858 death and 8098 cases of 

SARS-CoV infection with 774 death have been reported across 27 countries for an overall case 

fatality of 34.4% and 9.6% respectively [7]. Although the spread of the SARS-Cov2 pandemic 

has overwhelmingly surpassed MERS-CoV and SARS-CoV, it does not appear to be as fatal 

despite having caused more death [38]. 
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1.1.9 Vaccination  

Since the emergence of COVID-19, scientists across the world have scrambled to understand 

the disease, identify ways to curb the disease spread and prevent disease-related mortality [39]. 

By the end of 2020, a nationwide COVID-19 vaccination program was in place for Ireland and 

since then Ireland has been taking the lead in the total population vaccinated within the 

European Union (EU) [40]. A variety of vaccine types against COVID-19 have been approved 

for use in Ireland including messenger RNA (mRNA) vaccines, viral vector vaccines, and 

protein subunit vaccines [41]. Although the efficacy and effectiveness of these vaccines vary 

in the face of different VOC, overall, vaccination has successfully reduced the risk of disease-

related hospitalisation and mortality compared to the unvaccinated population [42]. 

 

1.1.10 Protection against COVID-19  

Since the beginning of the COVID-19 pandemic, global public health measures against 

COVID-19 have constantly been evolving according to emerging new evidence [43]. During 

the early phase of disease discovery, a rapid increase of cases and deaths has led to the 

implementation of worldwide lockdown and restrictions. Although it had significantly curbed 

the spread of disease while allowing time for scientists to understand the virus, it had also 

significantly impacted the population psychologically and economically [44]. Protection 

against severe disease and death is an important factor allowing restoration of social and 

economic normality. Increasing community immunity against COVID-19 acquired from 

natural infection or via vaccination, coupled with the reduced pathogenicity of the current 

Omicron variant has allowed the restoration of social and economic normality [45]. However, 

a lot remains to be discovered on the existing protection.   
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1.2 Human Immunology   

1.2.1 Immune system  

The immune system refers to a collection of cells, chemicals, and processes that protects the 

host against invading pathogens including bacteria, viruses, parasites, and fungi and that 

neutralize harmful substances  from the environment [46]. 

 

1.2.2 Innate and adaptive immune system  

The Immune system can be subdivided into the innate immune system and adaptive immunity. 

Innate immunity represents the first line of  against intruding pathogens. It does not mount 

pathogen-specific responses but relies on groups of proteins and phagocytic cells that recognise 

foreign antigens for rapid clearance of invading pathogens. The innate immune response has 

no immunological memory and is hence unable to recognise the same pathogen in any future 

encounter. Numerous cells are involved in innate immunity including macrophages, 

neutrophils, dendritic cells (DC), natural killer (NK) cells, mast cells, eosinophils, and 

basophils. The specific function of each cell and their morphology is summarised in Figure 1.3 

[46, 47]. 

 

Unlike innate immunity, adaptive immunity is an antigen-dependent immunity where immune 

responses are antigen-specific, and it has the capacity for immunological memory providing 

long-lasting immunity. Adaptive immune response, working in synergy with innate immunity 

acts as the second line of  against invading pathogens and are especially critical when innate 

immunity is ineffective in eliminating infectious agents. Lymphocytes including B-cells and 

T-cells are the main component of adaptive immunity [46, 48]. 
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Figure 1.3: Summary of innate immunity cellular morphology and functions adapted from - [46]. 
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1.2.3 Immune response during viral infection  

Innate immune  against viral infection is initiated by pathogen recognition receptors of the Toll-

Like Receptor (TLR) family [49]. The innate immune response involves multiple cellular 

components and many specialized proteins. Activation of TLRs of innate cells promotes 

antiviral cytokine and chemokine production including tissue necrosis factor alpha (TNF-α ), 

interferon-gamma (IFN-γ ), interleukin 6 (IL-6), interleukin 12 (IL-12) and macrophage 

inflammatory protein-1 Alpha (MIP-1α) which also play a role in orchestrating macrophage, 

neutrophil, DC and NK response at the site of infection [50]. Other antiviral cytokines produced 

during viral infection include type 1 interferon such as interferon-alpha (IFN-α) which is 

produced by leukocytes infected with the virus and interferon-beta (IFN-β) which is produced 

from fibroblast infected with the virus [51]. 

 

Activation of adaptive immunity is closely dependent on the activation of antigen-presenting 

cells (APC) during innate immunity. On top of that, cytokines produced during innate 

immunity are also required for the development of functional effector lymphocytes [52]. The 

two major mechanisms of the adaptive immune response against viruses are affected by the T-

cell mediated cytotoxic response and the B-cell mediated antibody response.  

 

The T-cell mediated response requires the presence of viral antigen by APC. In depth 

explanation of T-cell immunobiology and response against viral infection can be found in 

chapter 1.3. Unlike T-cells, B-cells can recognise antigens directly without the involvement of 

APCs. The primary function of B-cells is to produce antigen-specific antibodies. When 

activated by a specific antigen, B-cells undergo proliferation and differentiation into plasma 

cells and long-lived memory B-cells which express antigen binding receptors. Plasma cells are 

the cellular factories for immunoglobulin production and secretion to provide protection during 

infection [53]. 

 

Antibodies produced by B-cells have several mechanisms against viral infection. These 

antibodies can bind to and neutralise viral particles causing them to lose their ability to invade 

host cells. Besides that, virus-bound antibodies activate phagocytes causing the viral particle 

to be removed. Similarly, these viruses can be opsonised by complement proteins which are 

activated by antibodies, promoting phagocytosis of the virus. Antibodies can cause 

agglutination of viral particles making them an easier target for phagocytosis thus promoting 

the elimination of the virus [54]. 
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1.3 Immunological Memory  

1.3.1 Role of immunological memory 

Immunological memory is the key to long-term protection against disease. It is the hallmark of 

adaptive immunity which facilitates an accelerated and enhanced immune response against a 

pathogen encountered previously, providing better clearance than naïve T-cells response [55]. 

Hence, in-depth knowledge of immunological memory against COVID-19 is crucial to 

understanding long-term protection.  

 

The creation of a memory immune response by adaptive immune cells requires an initial 

exposure to an antigen of the invading pathogen by natural infection or vaccination. During the 

initial encounter of an antigen, the primary immune response will lead to the generation of 

antigen-specific memory T and B-cells that are readily available to recognise cognate antigen 

upon re-exposure allowing rapid recognition and negation of the pathogen, very often before 

symptoms develop, conferring protection [56]. 

 

1.3.2 Activation and differentiation of T-cells  

T-cells expresses a unique surface antigen-binding receptors known as the T-cell receptor 

(TCR) which is capable of identifying specific  antigens supporting the proliferation and 

differentiation of the cells. Recognition of a specific antigens by TCR requires antigen 

presentation by APCs. APCs express a group of surface proteins called the major 

histocompatibility complex (MHC), either class 1 which presents intracellular antigen 

fragments, or class 2 which displays extracellular antigen peptides to T-cells for activation of 

naïve T-cell populations. These naïve T-cell populations can be categorised into CD4+ T-cells 

and CD8+ T-cells based on the expression of CD markers. Upon activation, both CD4+ and 

CD8+ naïve T-cell populations will undergo proliferation and differentiation processes unique 

to each other, resulting in the generation of effector and long-lived memory cells [46]. 

 

Upon activation of naïve CD4+ T-cells, they differentiate into a range of effector and functional 

cells which can be categorised based on their effector cytokine production [57]. They include 

T helper type 1 (Th1), T helper type 2 (Th2), T helper type 17 (Th17), and T follicular helper 

cells (Tfh). Naïve CD4+ T-cells can also gain Foxp3 expression based on the type of activation 

and can differentiate into inducible regulatory T-cell (TReg ) which suppresses overactive 

immune responses [58]. 
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Differentiation of T-cells into memory, effector and functional cells is a complicated process 

[59]. As summarized in Figure 1.4, Th1 cells require IFN-γ and IL-12 produced by APC, signal 

transducer and activator of transcription (STAT) 4, and T-bet to induce functional Th1 cells 

[60]. Similarly, IL-2 and IL-4 from APC, STAT 6, and transcription factor GATA-3 are 

essential in the generation of Th2 responses [61]. Differentiation into Th17 cells requires the 

cytokines TGF-b, IL-6, IL-21, and RORγt nuclear protein [62]. Whereas Tfh involves IL-6, 

IL-21, and transcription of Bcl6 to induce cellular differentiation. The requirement of an 

extensive regulatory mechanism for CD4+ T-cell proliferation and differentiation as described 

above impedes CD4+ from effectively producing a large number of differentiated cells 

efficiently compared to CD8+ T-cells.  

 

On the other hand, differentiation of naïve CD8+ T-cells into effector cells is relatively 

straightforward compared to naïve CD4+ T-cells. They can be categorised into 3 groups based 

on their effector function. 1) cytokine-producing CD8+ T-cells which are capable of producing 

IFN-γ and (TNF-α ) cytokines, 2) CD8+ T-cells with cytolytic capacity where they are capable 

of producing perforin and granzyme B and 3) CD8+ T-cells with both cytolytic and cytokine-

producing capability [63]. 

 

1.3.3 Effector function of T-cells  

Effector T-cells including CD4+ and CD8+ T-cells eliminate invading pathogens mainly via 

the actions of cytokines, cytotoxin as well as membrane-associated effectors which are 

summarised in Figure 1.5 [64]. 

 

The primary role of CD4+ effector T-cells is to orchestrate and propagate specific immune 

responses. Their main mechanism of effector function is via the action of cytokine and 

membrane-associated protein. Th1 cells are mainly IFN-γ producing cells which are responsible 

for the activation of macrophage activation and provide protection against intracellular 

infection [64]; Th2 cells are IL-4 and IL-13 producing cells which are involved in protection 

against extracellular parasite infection and antibody production by B-cells; Th17 cells are IL-

17 and IL-21 producing cells which have an antifungal [65] and antibacterial role; Tfh mainly 

secretes IL-4, IL-10, IL-21 and provides help to B cells for antibody production [66]. CD40 

ligand (CD40L) is the main membrane-associated molecule of both Th1 and Th2 cells and is 

responsible for the delivery of signal for activation of macrophage and B cells [67]. 
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CD8+ effector cells are predominantly killer T-cells that primarily function to eliminate 

invading pathogens and infected cells. The primary mechanism of the CD8+ T-cell effector 

function is via both the action of cytokines and membrane-associated effector molecules like 

CD4+ as well as the involvement of cytotoxin. Cytotoxins produced by CD8+ effector cells, 

mainly perforin and granzyme are stored in specialised lytic granules and are released upon 

activation to trigger an intrinsic death program in cells [68]. The primary cytokine secretion of 

CD8+ effector cells is IFN-γ, although similar to Th1, its main function is to block viral 

replication and even cause viral elimination without killing the infected cells [69]. The 

membrane-bound effector molecule expressed on CD8+ T-cells is the Fas ligand (CD95L) 

which induces cell death by apoptosis in cells expressing Fas protein (CD95) [70]. Just like 

CD40L, they are both related to the TNF family [67]. 
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Figure 1.4: CD4+ naïve helper T-cell activation, differentiation, and function [62]. 

 

 

 

 

 
Figure 1.5: CD8+ naïve T-cell activation, differentiation and effector function [63]. 
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1.3.4 Immunobiology of memory T-cell  

There are three stages that naïve T-cells undergo as they differentiate into memory cells [71]. 

The first stage is the expansion phase where antigens induce clonal expansion and 

differentiation of naïve T-cells into antigen-specific effector T-cells as described above. This 

commonly leads to the resolution of infection from the synergetic effect of the differentiated 

effector cells. Over the weeks, the vast majority of the antigen-specific effector T-cells undergo 

apoptosis as the immune response progresses and this second stage is known as the contraction 

stage. However, a small population of T-cells will survive and enter the memory stage where 

the cells stabilize and are maintained for a long period of time. These memory T-cells are 

antigen-specific, allowing greater and more rapid expansion of effector T-cells during 

secondary exposure to cognate antigen. They are central to orchestrating antigen-specific recall 

responses. Unlike the effector cells, these memory cells are long-lived [72]. 

 

 
Figure 1.6: 3 Phases of naïve T-cell differentiation and difference between primary and secondary effector 

response [73]. 
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1.3.5 Subsets of memory T-cells 

Memory T-cells can be broadly categorised into three main subsets namely central memory T-

cells (TCM), effector memory T-cells (TEM), and terminally differentiated effector memory T-

cells (TEMRA) [74]. Recent studies have discovered a population of memory T-cells in addition 

to these, known as the stem cell-like memory T (TSCM) cells. They have been described as 

memory cells with superior self-renewal capacity and multipotent proliferation potential to 

reconstitute the entire spectrum of memory T-cell subsets [75, 76]. 

 

Memory subsets are categorised based on the surface expression of CD markers. T-cells with 

CD45RA marker have naïve characteristics where they do not respond to specific recall antigen 

exposure whereas CD45RO is a marker of memory cells where T-cells expressing this marker 

respond upon recall assay [77]. Therefore, memory cells TEM and TCM can be identified by 

CD45RA-CD45RO+ and CD45RA+CD45RO- as naïve T-cells. These cells can be further 

differentiated based on the expression of lymph node homing CC-chemokine receptor 7 (CCR7) 

expression [78]. TCM resides in the secondary lymphoid organs, hence, expresses CCR7 

(CD45RA-CD45RO+CCR7+) whereas TEM are mainly found in peripheral tissue, losing its 

CCR7 expression during the migration out of the lymphoid organs (CD45RA-

CD45RO+CCR7-). Naïve T-cells uniformly express CCR7, reflecting their predominant 

residence in the lymphoid tissue (CD45RA+CD45RO-CCR7+).  Another cell surface molecule 

found on the T-cells which can be used to distinguish the naïve and memory cells is the L-

selectin (CD62L). It acts as a homing receptor to facilitate the entry of T-cells into secondary 

lymphoid organs by binding to ligands expressed on endothelial cells. Naïve T-cells and TCM 

express CD62L allowing them to localize into the secondary lymphoid organs whereas TEM 

doesn’t [79]. TEMRA cells are more differentiated TEM whereas TSCM has characteristic overlap 

with Naïve T-cells hence they share similar phenotypical characteristics. As memory T-cells 

differentiate, they obtain greater effector function with less proliferating capability, as 

summarized in Figure 1.7 [80]. 
 

TCM has been discovered to have superior self-renewal potential and greater resistance to 

apoptosis compared to TEM, presumably granting it more efficiency in mediating protective 

immunity in the long term. Although having lower proliferation capacity, TEM are more 

differentiated granting it a more pronounced capacity for immediate effector function [80, 81]. 
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Figure 1.7: Summary of cd4+ and cd8+ memory t-cells phenotype & characteristics [80]. 

 

1.3.6 Memory T-cells VS Naïve T-cells  

Sequelae of events occur following re-exposure to cognate antigen, triggering antigen-specific 

memory T-cells instead of the naïve T-cell population. Following the triggering of TCR, TCM 

produces effector cytokines including IL-2, IL-4, and IFN-γ. Whereas TEM and TEMRA are 

characterised by rapid effector functions that produce IL-4, IFN-γ, and cytotoxins including 

perforin and granzyme [82]. 

 

Unlike initial antigenic exposure to naïve -cells during the primary immune response, re-

exposure of antigen to memory T-cells yields a more efficient immune response in eliminating 

the infection. The encounter of antigen with naïve T-cells requires transportation of antigen by 

APC into the secondary lymphoid organs where they are housed [83]. Conversely, activation 

of memory T-cells by antigen can occur at the local site of infection owing to the presence of 

TEM allowing rapid local response to re-infection [84]. On top of that, memory T-cells have a 

higher sensitivity to antigenic stimulation owing to the presence of antigen-specific cells, and 

are less dependent on co-stimulation and the upregulation of CD40L granting more effective 

macrophage and B cells activation, producing memory immune response to be more superior 

to that of a primary immune response [85]. 
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1.4 SARS-CoV2 Immunological Memory  

1.4.1 What we know so far  

Despite emerging data on SARS-CoV2 memory response, the long-term immunological 

protection against the infection remains to be better defined. Recent studies have discovered 

the waning of serum antibodies against SARS-CoV2 months after infection or vaccination  [86]. 

Antibody-mediated B-cell responses provide frontline defence for rapid clearance of invading 

pathogens hence playing an essential role in preventing disease. The reduction of antigen-

specific antibodies might imply the susceptibility to re-infection and breakthrough infection 

[87]. Infection with SARS-CoV and MERS-CoV also shows a similar pattern where antibody 

level drops below the detectable limit two to three years after infection [88] [89]. However, 

this doesn’t reflect the absence of immune memory. Longitudinal analysis of patients infected 

with either SARS-CoV or MERS-CoV showed persistent virus-specific memory T-cell 

responses many years after initial infection with a  higher titre of CD4+ T-cells compared to 

CD8+ T-cells [90, 91]. Most CD4+ were central memory while a majority of CD8+ displayed 

effector memory phenotype [92]. This suggests the role of the memory T-cells in long-term 

protection against SARS-CoV2.  

 

Recent studies have identified the successful generation of SARS-CoV2 specific memory T-

cell populations upon recovery from COVID-19 [93]. A longitudinal analysis of patients 

infected with SARS-CoV2 has shown sustained protection for a limited duration against 

infection indicated by the presence of SARS-CoV2 specific CD4+ and CD8+ memory T-cell 

response up to ten months post-infection [94]. Despite the heterogeneity in the magnitude of 

the immune response against SARS-CoV2, the majority of the patients have measurable virus-

specific memory T-cells six months after infection with CD4+ memory T-cells remaining 

relatively high. At the same time, CD8+ showed a decline in level but remained detectable [95]. 

A separate study has suggested that the decline reaches a stable plateau at about fifty days post-

infection [96]. On top of that, SARS-CoV2-specific CD4+ T-cells have been identified to be 

more robust than CD8+ T-cells as they can recognise and respond to a greater pool of SARS-

CoV2 peptides [97]. This coupled with its higher sustainability capability suggests the 

importance of CD4+ T-cells in long-term protection. These findings expand our understanding 

of the kinetics and durability of immune memory to SARS-CoV2.  
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Table 1.1: Summary of recent data on sars-cov2 immunology  

Published Papers  Antibody Titre  Memory T-cells Other Findings   

Ferreras, C., et al. 

[93] 

N/A The presence of 

SARS-CoV2 

specific 

CD3+/CD4+/CD8+ 

memory T-cells of 

all subpopulations 

(effector and central 

memory) in 

convalescent donor  

 

Most CD4+ memory 

T-cells have central 

memory phenotype 

while most CD8+ 

memory T-cells have 

effector memory 

phenotype  

IL-15 is the key 

cytokine necessary 

for memory T-cell 

survival, activation, 

and proliferation  

 

Jung, J.H., et al. [94] Reduction of SARS-

CoV2 specific 

antibody response 

over time  

Sustained SARS-

CoV2 CD4+ and 

CD8+ cell response 

in COVID-19 

convalescent patient 

up to 317 days post 

symptom onset  

Development of 

TSCM with self-

renewal capacity and 

multipotency upon 

SARS-CoV2 

infection suggests 

SARS-CoV2 

specific T-cells are 

long-lasting  

Dan, J.M., et al. [95] Reduction of SARS-

CoV2 specific 

antibody response 

over time 

Persistent SARS-

CoV2 CD4+ 

memory T-cell titre 

while CD8+ level 

declines  

Increased SARS-

CoV2 specific 

memory B-cell over 

time  
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Wang, Z., et al. [96] N/A Present but less 

superior memory T-

cell response in close 

contact compared to 

SARS-CoV2 

infected patient 

distinguishable by 

IFN-γ  response  

 

- No difference in 

SARS-CoV specific 

CD4 and CD8 cells 

between severe and 

moderate  

 

N/A 

Grifoni, A., et al. 

[97] 

N/A  Circulating SARS-

CoV2 specific CD4+ 

were identified in all 

convalescent donors 

while virus-specific 

CD8+ is only found 

in 70% of 

convalescent donor 

 

Cross reactivity of 

CD4+ T-cell from 

other coronaviruses 

with SARS-CoV2    

Positive Correlation 

of SARS-CoV2 

specific CD4+ T-cell 

response with IgG 

titre  

 

Positive Correlation 

of SARS-CoV2 

specific CD4+ 

response and SARS-

CoV2 specific CD8+ 

response  
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1.4.2 Antigenic stimulation  

Research grade SARS-CoV2 proteins have been used in recent in-vitro studies to mimic re-

encounter of host immune system to cognate antigen [93, 94]. Antigen specific stimulation 

allows detection of SARS-CoV2 reactive T-cells as well as  to identify immune response of 

these T-cells upon re-infection. SARS-CoV2 Spike (S) protein were preferred over membrane 

(M) or nucleocapsid (N) protein as they are proven to be a more immunogenic stimulus [98].  

 

1.5 Hypothesis 

We hypothesise that individuals who had different severity of COVID-19 have distinct T-cell 

and memory T-cell profiles. Upon stimulation of these T-cells with SARS-CoV2 Spike protein, 

the memory T-cell response varies depending on the characteristic of their T-cell and memory 

T-cell profiles at baseline.  

 

1.6 Aims and objectives  

 

1. Characterise CD4+ and CD8+ T-cells and their memory subsets in PBMCs of  COVID-

19 patient samples and evaluate CD4+ and CD8+ T-cells including memory T-cells 

responses upon stimulation with SARS-CoV2 Spike Protein  

 

2. Determine the cytokine production by PBMCs from COVID-19 patient samples upon 

simulation with SARS-CoV2 Spike Protein to determine the cellular response in 

different severity of COVID-19  

 

3. Identify the correlation of COVID-19 donors' T-cell and memory T-cell profile with 

cytokine level to identify the possible characteristics of T-cell including memory T-cell 

profile contributing to cytokine storm which is characteristic of severe COVID-19  
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Chapter 2: Materials and Methods 
2.1 Patient cohort  

2.1.1 COVID-19 donor cohort 

In this study, 11 COVID-19 patients across a range of disease severity including mild (n=2), 

moderate (n=4), and severe (n=5) were identified from the University Hospital Galway 

COVID-19 Biobank. The patients were recruited from University Hospital Galway, Republic 

of Ireland. All adults were eligible to participate regardless of age, gender, nationality, race, 

ethnicity, or underlying medical history. Patients with the lack of ability to provide informed 

consent, willingness to participate, or with medical conditions contraindicated to blood 

donation were excluded.  

 

COVID-19 was confirmed based on a positive polymerase chain reaction (PCR) test for SARS-

CoV2 and disease severity was scored based on the WHO clinical progression scale 

summarised in Table 2.1.  

 

Table 2.1: WHO clinical progression scale 

  
Adapted from WHO Working Group on the Clinical Characterisation and Management of COVID-19 infection 

2020 [26]. ECMO=extracorporeal membrane oxygenation. FiO2=fraction of inspired oxygen. NIV=non-invasive 

ventilation. pO2=partial pressure of oxygen. SpO2=oxygen saturation. *If hospitalised for isolation only, record 

status as for the ambulatory patient.  
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2.1.2 Healthy donor cohort  

Blood samples from healthy donors (n=6) were obtained from the Irish Blood Transfusion 

Service (IBTS), Dublin, the Republic of Ireland as the healthy control population. These donors 

were considered healthy in that they did not have an infectious disease and had no known 

history of underlying systemic illness, including diabetes, cardiovascular disease, malignancy, 

serious asthma, and allergies, and did not have symptoms consistent with COVID-19 at the 

time of donation. An overview of the characteristics of the healthy donor recruited for blood 

donation by IBTS is summarised in Table 2.1. However, the donor’s COVID-19 recovery and 

vaccination status were not available.   

 

Table 2.2: Summary of healthy donor characteristics    

Criteria    

Age  18 – 65 years  

Gender  Male or Female  

Weight 50 – 158 kg 

Nationality  Irish or British  

Underlying Illness  No heart conditions 

No cancer  

No serious asthma/ allergies  

Infectious Disease Status  No Sexually Transmitted Disease and 

Hepatitis B or C  

Diabetic Status  Non-diabetic  

 

2.1.3 Ethics Approval  

This study was approved by National University Ireland Galway Research Ethic Committee 

with the ethic reference number CA2457 and conducted in accordance with the Declaration of 

Helsinki. Written consent was obtained from all patients enrolled in the study.  
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2.2 Sample collection  

2.2.1 COVID-19 blood collection  

Peripheral venous blood of COVID-19 patients was collected in ethylenediaminetetraacetic 

acid (EDTA) tubes by research nurses and kept at room temperature before processing for 

peripheral blood mononuclear cells (PBMCs) and isolation for plasma and red blood cells. 

Samples were coded with a unique bio-bank identification number and all labels containing 

patient details were destroyed to maintain patient confidentiality.  

 

2.2.2 Healthy Donor Blood Collection 

Blood from healthy donors was prepared by IBTS Dublin for research use and delivered to the 

National University Ireland Galway research facility in a blood bag. Patient identifiers were 

not available to ensure patient confidentiality was maintained.  

 

2.2.3 Peripheral Blood Mononuclear Cells (PBMCs) isolation  

Whole blood was processed as previously described in (Carolyn R.M et al. 2020) [99]. Briefly, 

Peripheral Blood Mononuclear cells (PBMCs) were isolated from blood samples collected in 

EDTA vacutainer (COVID-19) or blood bag (healthy donor) within 24 hours of collection. The 

entire process was carried out in Biological Safety Level 2 (BSL-2) containment using 

appropriate personal protective equipment and safety precautions. Whole blood samples were 

diluted at a 1:1 ratio with Dulbecco’s Phosphate Buffered Saline (PBS), modified without 

calcium chloride and magnesium chloride (Sigma-Aldrich- D8573) at room temperature. 

Diluted blood was gently layered over room temperature density gradient Histopaque® 1077 

(Sigma-Aldrich-10771) of equal volume to undiluted blood in 15mL falcon tubes before 

centrifugation at 450 x g for 30 minutes at 20°C in a swinging rotator bucket with break set at 

zero. The plasma layer and red blood cells were removed and stored separately at -80°C. The 

PBMC layer was then carefully collected and washed with 30mL Hank’s Balance Salt Solution 

(Sigma-Aldrich- H9394) at 250 x g for 10 minutes at 4°C. Isolated PBMCs were then 

cryopreserved in freezing media containing 90% heat-inactivated foetal bovine serum (FBS) 

(Sigma-Aldrich) and 10% dimethyl sulfoxide (DMSO) (Sigma-Aldrich- #RNBH2325) in 

cryovials (Thermo Scientific). These vials were stored in a freezing container Mr. Frosty 

(Thermo Scientific) at -80°C for 48 hours allowing gradual freezing and subsequently 

transferred to a liquid nitrogen tank for further storage until used in the assays.  
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Figure 2.1: Separation of pbmc layer using histopaque® [100].  

 

2.3 In-vitro T-cell stimulation   

2.3.1 SARS-CoV2 spike protein preparation 

Research grade SARS-CoV2 spike protein of different variants including wild type, α (B.1.1.7), 

β (B.1.351), and δ (B.1.617.2) were purchased from Miltenyi Biotech. The spike proteins were 

reconstituted according to manufacturer instructions. The vial containing 6nmol of lyophilized 

peptide pool from storage was allowed to warm up from -20°C to room temperature. 200μL of 

sterile water was injected slowly through the rubber plug of the vial containing the lyophilized 

peptide pool with a sterile needle making up a stock solution with a concentration of 30nmol/ 

mL (approximately 50μg /mL). The vial was vortexed to dissolve the lyophilized peptide pool 

entirely, and the stock solution was aliquoted to avoid repeated freeze-thaw cycles and stored 

at -80°C. The descriptions of the spike proteins are summarized in Table 2.2. 
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Table 2.3: SARS-CoV2 Spike Protein Variants  and Product Description  

Variant   Product Name  Product Description   

Wild Type PepTivator® SARS-CoV-2 

Prot_S Complete 

Catalogue: 120-127-951  

15 amino acid length with 11 amino 

acid overlap which covers the whole 

protein coding sequence of the surface 

or spike protein ‘S’ without the first 4 

amino acids of signal peptide  

 

α (B.1.1.7)  PepTivator® SARS-CoV-2 

Prot_S B.1.1.7 Mutation 

Pool 

Catalogue: 120-127-844  

34 peptides of mainly 15 amino acid 

length that covers selectively the 10 

mutated region in the surface of spike 

glycoprotein They are deletion 69, 

deletion 70, deletion 144, N501Y, 

A570D, D614G, P681H, T716I, 

S982A, D1118H   

 

β (B.1.351) PepTivator® SARS-CoV-2 

Prot_S B.1.351 WT 

Reference Pool  

Catalogue: 130-127-958 

Spike protein covers selectively the 10 

mutated regions on the surface of spike 

glycoprotein. They are the D80A, 

D215G, 242 deletion, 243 deletion, 

244 deletion, K417N, E484K, N501Y, 

D614G, A701V  

 

δ (B.1.617.2) PepTivator® SARS-CoV-2 

Prot_S B.1.617.2 Mutation 

Pool  

 

Catalogue: 130-128-763 

Spike protein is a 32 peptide of 15 

amino acid length, that covers 

selectively the 10 mutated regions on 

the surface of spike glycoprotein. They 

are the T19R, G142D, E156G, deletion 

157, deletion 158, L452R, T478K, 

D614G, P681R, and D950N 
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2.3.2 PBMCs preparation  

Cryopreserved PBMCs were retrieved from the liquid nitrogen storage tank, transported in ice, 

and thawed in a water bath. Thawed PBMCs were washed via 9mL of pre-warmed PBS 

(Sigma-Aldrich) at 37°C in a new tube. The original cryovial was rinsed with PBS to increase 

the number of cells recovered. The tubes were centrifuged at 400 x g for 5 minutes. The 

supernatants were discarded and the cell pellets were suspended in 10mL of PBS. 10uL of cell 

suspension was stained with an equal volume of Trypan Blue Solution, 0.4% (Thermofisher), 

making up a dilution factor of 2.  Stained PBMCs were manually counted using a glass 

haemocytometer under a microscope. Live cells (unstained cells) from all four 16-square 

corners were counted with a hand tally counter. The total number of live cells in the cell 

suspension was calculated based on the following formula:  

 
𝑇𝑜𝑡𝑎𝑙	𝑈𝑛𝑠𝑡𝑎𝑖𝑛𝑒𝑑	𝐶𝑒𝑙𝑙𝑠

4 𝑋	10,000	𝑋		𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛	𝑓𝑎𝑐𝑡𝑜𝑟		𝑋	𝑇𝑜𝑡𝑎𝑙	𝑉𝑜𝑙𝑢𝑚𝑒	𝑜𝑓	𝐶𝑒𝑙𝑙	𝑆𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛	 

  

The cell suspension was centrifuged and cell pellets were resuspended in an appropriate volume 

of culture media that makes up a concentration of 1x106 cells/ mL.  

 

2.3.3 T-cell stimulation   

Protocol for T-cell stimulation was adapted from (Grifoni A. et al. 2020) [101]. PBMCs were 

cultured in Roswell Park Memorial Institute (RPMI) 1640 Media (Sigma-Aldrich- R8758) 

supplemented with 5% human AB serum (Sigma-Aldrich) at 1x106 cells/ mL. A total of 2x105 

PBMCs were plated into each well in a round-bottomed 96-well plate (SARSTEDT). PBMCs 

were stimulated with 1μg /mL of a cocktail of SARS-CoV2 spike protein, PepTivator® SARS-

CoV-2 Prot_S (Miltenyi Biotec) of different variants including wild type, α (B.1.1.7), β 

(B.1.351) and δ (B.1.617.2). Concentration of 1μg /mL of CytoStimTM (Miltenyi Biotech) was 

used as positive control and wells without spike protein nor CytoStimTM were used as negative 

control. All 3 conditions were set up in triplicates for each donor. The cells were incubated at 

37°C, 5% CO2 for 24 hours.  
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2.4 Characterisation of memory cells   

2.4.1 Cell staining for flow cytometry  

After 24 hours of incubation, 96-well plates with PBMC culture were removed from the 

incubator and centrifuged at 450 x g for 5 minutes at 21°C with maximum acceleration and 

brake. Supernatants were collected and stored at -20°C for cytokine analysis. Cell pellets in 

each well were suspended in 100μL of flow cytometry staining (FACS) buffer and Human Fc 

Block (Cat#564219) (D Pharmingen) at 1μL per 100μL FACS buffer. Cells were incubated at 

room temperature for 10 minutes. FACS buffer constitutes PBS supplemented with 1%  heat-

inactivated FBS (Sigma-Aldrich). An 8-color-panel was used to identify specific cell surface 

markers including CD3, CD4, CD8, CD137, CD45RA, CD197 (CCR7), HLA-DR, and live 

dead dye to discriminate between live and dead cells. The list of antibodies used is summarised 

in Table 2.3. Cells were stained with these fluorochrome-conjugated antibodies per 

manufacturer recommendation and were incubated for 30 minutes on ice, in the dark. 

Following staining, cells were washed by adding 100μL of FACS buffer into each well and the 

plates were centrifuged at 450 x g for 5 minutes at 21°C with maximum acceleration and brake. 

The wash process was then repeated with 200μL of FACS buffer at the same centrifuge setting. 

Finally, the cell pellets were resuspended in 100μL of FACS buffer ready for flow cytometry. 

Live-dead dye was added 5 minutes before running the sample through a flow cytometer at a 

volume of 1μL per 200μL buffer. 

 

Table 2.4: List of fluorochrome conjugated antibodies for cell surface staining  

Antibody Fluorophore Clone Lot No. 
Anti-Human CD3 FITC REA613 130-113-138 

Anti-Human CD4 PerCP VIT4 130-113-217 

Anti-Human CD8 VioBlue® REA734 130-110-683 

Anti-Human CD137 PE-Cyanine7 4-1BB 309804 

Anti-Human CD45RA PE REA562 130-113-366 

Anti-Human CD197 

(CCR7) 

APC REA546 130-120-466 

Anti-Human HLA-DR VioGreen REA805 130-111-795 

Live-Dead Dye APC-Cy7  D15106 

 

 



 28 

2.4.2 Flow cytometry  

Flow cytometry was performed using BD FACS Canto II (BD biosciences) machine with 

FACSDiva software. Stained cells from each well were transferred into a flow cytometry tube 

and vortexed before loading it onto the flow cytometer. Unstained and single stained samples 

were used as a control for compensation to correct for spill over before running actual samples. 

Gates were set to record 20,000 events of live single T-cell at a medium flow rate.  

 

2.4.3 Data analysis  

Normalised .fcs files from flow cytometry were exported and transferred to FlowJo Software 

(FlowJo LLC) for analysis. In depth description of data analysis and data, presentation is 

explained in Chapter 3.2.2.  

 

2.5 Cytokine analysis  

2.5.1 Enzyme-Linked Immunosorbent Assay (ELISA)  

ELISA was performed on supernatant of T-cell stimulation assay using DuoSet Elisa kit (R&D 

Systems, Biotechne) for human IL-6 (DY 206), TNF-α (DY 210), IFN-γ  (DY 285B), MCP-1 

(DY 279). Briefly, flat-bottomed 96-well ELISA plates (Thermo Scientific) were coated with 

100μL capture antibody and incubated at room temperature overnight. Plates were then washed 

3 times with 300μL wash buffer each well using an auto plate washer. Wash buffer consists of 

PBS with 1% TWEENⓇ (Sigma-Aldrich). Subsequently, plates were incubated with 300μL 

blocking buffer at room temperature for 1 hour, and washing steps were repeated. Blocking 

buffer constitutes PBS with 1% bovine serum albumin (Sigma-Aldrich). Samples were diluted 

at 4-fold with reagent diluent. Standards were prepared based on serial dilution according to 

the concentration listed in Table 2.4. 100μL of samples and standards were incubated in the 

plate for 2 hours. The washing steps were then repeated, and the plates were incubated with 

100μL detection antibody at room temperature for 2 hours. Subsequently, plates were washed 

again and incubated with 100μL of Streptavidin-HRP for 20 minutes at room temperature. 

After that, plates were washed and incubated with 100μL 3,3′,5,5′-Tetramethylbenzidine (TMB) 

Liquid Substrate System for ELISA (Sigma-Aldrich) at room temperature, in the dark for 20 

minutes. Finally, a 50μL stop solution for TMB substrates was added to stop the reaction.  
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Table 2.5: List of ELISA reagent working concentration  

Cytokine Capture 

Antibody (μg 

/mL)  

Detection 

Antibody (ng/mL) 

Standard  

(pg/mL)  

Streptavidin 

HRP  

IL-6 2 50 9.38 - 600  

40-fold 

dilution  
TNF-α  4 50 15.6 - 1000 

IFN-γ  2 200 9.38 - 600 

MCP-1  1 25 15.6 - 1000 

 

2.5.2 Absorbance quantification  

The absorbance of each well was determined using a microplate reader with laser light at 

450nm. Background absorbance was read using laser light at 595nm. Data were then exported 

in a .xlsx file.  

 

2.5.3 Data analysis  

Absorbance values are corrected by eliminating the background absorbance of the plate. A 

standard curve was created using four-parameter logistics (4-PL) curve fit with GraphPad 

Prism 9.0 (GraphPad Software) based on the known concentration of standards in the log. 

Cytokine concentration of samples was obtained by interpolating from the standard curve and 

multiplying by the dilution factor. Figures were graphed using GraphPad Prism. 

 

2.6 Statistical analysis 

Data from the current study were analysed using GraphPad Prism 9.0 (GraphPad Software, CA, 

USA). Data distribution was assessed using the Shapiro-Wilk normality test and the 

homogeneity of data variance was assessed using the Brown-Forsythe test. Data that meet the 

assumption of normality, homogeneity of variance and independence of observations were  

analysed using parametric tests, which is the ordinary one-way ANOVA with Tukey’s multiple 

comparison tests to compare statistical significance between all groups as recommended. Data 

that did not meet the statistical assumption were analysed using non-parametric tests, Kruskal-

Wallis tests with Dunn’s multiple comparison test.  Parametric data were presented in mean ± 

standard deviation (SD) while non-parametric data was presented in median and interquartile 

range (IQR). All data were presented in scatter plot with bar. Statistical significance was 
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defined as a p-value of < 0.05. p values were presented in graphs as follows. * p < 0.05, ** p 

< 0.001, *** p < 0.0001.  

 

Correlation between parameters was assessed using Pearson rank order correlation. A 

correlation of coefficient between 0 and 0.3  is defined as a weak correlation, 0.3 to 0.5 indicate 

moderate correlations, whilst 0.6 to 1.0 indicate strong correlations. Statistically, significant 

correlation was defined as p < 0.05.  
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Chapter 3: Characterisation of the T-cell response in 

patients with varying severity of COVID-19 
 

3.1 Introduction  

T-cells are central players in the immune response to viral infection. Orchestrating immune 

response, producing pro-inflammatory cytokines, and recruiting immune cells to fight against 

invading pathogens, hence playing an important role against SARS-CoV2 infection [102].  

 

Lymphopenia is a common feature of COVID-19 infection, particularly in more severe 

disease of SARS-CoV2 infection, involving CD4+, CD8+ T-cell as well as B-cell 

populations. Depletion of CD4+ T-cells and CD8+ T-cells has been commonly reported and a 

study has identified specific depletion of CD8+ T-cells in severe COVID-19 [103, 104]. 

Besides lymphopenia, dysregulated T-cells responses have been associated with severe 

COVID-19 disease, leading to complications. Heterogeneity in the T-cell responses against 

the SARS-CoV2 virus has been reported where some studies have identified impaired CD4+ 

and CD8+ T-cell function, including reduced INF-y production [105]. Conversely, there are 

reports suggesting overactivation of T-cells and overexpression of cytokines [106]. 

 

However, understanding the mechanisms of lymphopenia and dysregulated T-cell response 

remains unclear and remains to be elucidated [103]. Characterisation of the different subsets 

of T-cells is essential to understand their role and response against SARS-CoV2. This chapter 

aimed to identify the baseline T-cell profiles of COVID-19 donors PBMC samples of 

different severity. To identify the baseline frequencies of CD3+, CD4+, and CD8+ T-cells; 

baseline frequencies of different memory T-cell subsets; activation markers expression of 

HLA-DR, CD137, and CD25 at baseline of T-cells. We also examined the change in 

frequency of these T-cell subsets upon stimulation with the SARS-CoV2 Spike protein 

cocktail and the cytokine production to shed some light on the understanding of T-cell 

frequencies of different COVID-19 disease severity at baseline and their association to their 

T-cell responses.  
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3.2 Approach   

3.2.1 Experimental design  

COVID-19 Patient PBMC samples were selected to include a range of disease severities 

including mild (n=2), moderate (n=4), and severe (n=5) diseases. The PBMC samples of 

healthy donors and COVID-19 donors were analysed for the following parameters including: 

T-cell frequencies (CD3+, CD4+, and CD8+ T-cells), CD4+ and CD8+ memory T-cell subsets 

frequencies, and MFI of activation markers HLA-DR and CD137 on CD4+ and CD8+ T-cells. 

Unstimulated PBMC samples of COVID-19 donors were initially analysed (prior to 

stimulation) to identify the above parameters and resulted in Chapter 3.3.3 to Chapter 3.3.5. 

The PBMC samples were then stimulated with SARS-CoV2 spike protein cocktail and the 

results were compared to those of unstimulated to identify the memory T-cell recall response 

as resulted in Chapter 3.3.6 to Chapter 3.3.8. Cytokine levels of IL-6, TNF-α, and IFN-γ were 

analysed to determine the cellular response to stimulation.   

 

In this experiment SARS-CoV2 spike protein was used for detection of SARS-CoV2 reactive 

T-cells and identify the immune response of these T-cells via antigen specific stimulation. 

SARS-CoV2 Spike (S) protein (PepTivator® SARS-CoV-2 Prot_S, Miltenyi Biotech) were 

used for stimulation of COVID-19 donor PBMC samples instead of the membrane (M) or 

nucleocapsid (N) protein as they are proven to be a more immunogenic stimulus [98]. Different 

variants of SARS-CoV2 Spike protein including α (B.1.1.7), β (B.1.351), δ (B.1.617.2) as well 

as wild-type spike protein made up the cocktail for stimulation. The optimal final concentration 

of the SARS-CoV2 Spike protein cocktail (250ng/mL) was used based on dose titration results 

shown in Chapter 3.3.2. 

 

3.2.2 Outcome measurement 

 Immunological cells were determined and quantified based on an appropriate gating strategy 

using FlowJo software (FlowJo LLC). All samples were initially gated to exclude dead cells 

and doublets. T-cell and monocyte populations were identified based on forward-scatter (FSC) 

and side-scatter (SCC) dot-plot graphs. CD4+ and CD8+ were gated to exclude double-positive 

cells. Frequency of CD3+, CD4+ (CD3+CD4+CD8-) and CD8+ (CD3+CD8+CD4-) T-cells 

were quantified from the population of live-single lymphocytes. CD4+ and CD8+ T-cells 

subsets were identified based on quadrant gating for CD45RA and CCR7 cell surface 

expression markers. Gates were set based on fluorescence-minus-one control (FMO). 

Activation markers HLA-DR, CD137, and CD25 were quantified based on their mean 
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fluorescence intensity (MFI) on CD4+, CD8+ T-cells, and monocytes. ELISA was performed 

to quantify IL-6, TNF-α, and IFN-γ levels.  

 

Correlation analyses were performed using Pearson rank order correlation (parametric data) or 

Spearman’s rank correlation using GraphPad Prism 9.0 (GraphPad Software). Results were 

plotted in scatter graph with disease severity (ordinal categorical data) against the T-cell 

parameters (continuous data). Disease severity is presented as number where 1: mild; 2: 

moderate; 3: severe disease category. The strength of the correlation was determined based on 

the correlation coefficient (r) as summarized in Table 3.1 [107]. 

 
Table 3.1 Strength of Correlation Coefficient  

Correlation Coefficient, r Strength of Correlation 

Less than 0.3 Weak 

0.3 – 0.5 Moderate 

0.6 - 0.8 Strong 

At least 0.9 Very Strong 

 

3.2.3 Data presentation   

All parameters of unstimulated PBMC samples were presented in mean (SD) or median (IQR), 

while all parameters of PBMCs upon stimulation with SARS-CoV2 spike protein were 

presented in the ratio (stimulated: unstimulated). The ratio above 1 indicates an increase in 

frequency or MFI upon stimulation whereas a ratio below 1 indicates a decrease in frequency 

or MFI upon stimulation.  
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3.3 Results  
3.3.1 Study cohort  
 

A total of 11 individuals with COVID-19 were identified for this study. Subjects including 8 

males (72.7%) and 3 females (27.3%) represented a range of mild, moderate, and severe 

COVID-19 cases who were admitted to University Hospital Galway, Ireland. Blood samples 

were collected from each individual over the period of their admission but only one sample at 

a single time point was used for this study, between 6 and 89 days post admission. Table 3.1 

summarizes the characteristics of the patients in each severity group including age, gender, 

admission duration, comorbidities, and admission symptoms.  

 
Table 3.1 Participant characteristics  

Parameters  COVID-19 Patient (n=11) 
 Mild (n=2) Moderate (n=4) Severe (n=5) 

Age (years) 52, 56  51-71 
(Median 59.5, IQR 
16) 
 

42 - 75 
(Median 56, IQR 
24.5) 

Admission Duration (days)  6, 11  14 – 38  
(Median 17.5, IQR 
15.5)  

15 – 89 
(Median 36, IQR 
49)  

Gender     
Male  2 (100%) 3 (75%) 3 (60%) 
Female  
 

0 1 (25%) 2 (40%) 

Co-morbidities     
    Hypertension  0 2 (50%) 3 (60%) 
    Diabetes  0 1 (25%) 2 (40%) 
    Malignancy  2 (100%) 1 (25%) 0 
    Respiratory Disease 0 1 (25%) 3 (60%) 
    Cardiovascular Disease 0 0 1 (20%) 
    Chronic Liver Disease 0 0 1 (20%) 
    Chronic Kidney Disease  0 0 1 (20%) 

Other Chronic Disease 
 

0 1 (25%) 3 (60%) 

Admission Symptoms    
     Fever 1 (50%) 1 4 (80%) 
     Cough 2 (100%) 3 5 (100%) 
     Rhinorrhoea 0 0 1 (20%) 
     Myalgia 0 0 0 
     Fatigue 1 (50%) 0 1 (20%) 
     Sore Throat 1 (50%) 0 1 (20%) 
     Shortness of Breath 0 2 5 (100%) 
     Chest Pain 0 0 0 
     Diarrhoea 0 0 0 
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3.3.2 SARS-CoV2 spike protein concentration titration   

PBMCs of COVID-19 patient (n=1) were stimulated with different concentrations of SARS-

CoV2 spike protein cocktail and the cellular response of the PBMCs were determined by 

measurement of cytokine produced from the assay. The concentration of SARS-Cov2 spike 

protein cocktail were titrated accordingly ranging from 100μg /mL (0.4μL) , 250ng/mL (1μL) , 

500μg /mL (2μL), 1000μg /mL (4μL). Each condition was set up in triplicate. Results (Figure 

3.1) showed that the COVID-19 Patient PBMCs responded to all the different concentrations 

of SARS-CoV2 spike protein cocktails, secreting cytokine IL-6 and TNF-α above the level of 

no stimulation as shown in Figure 3.1 (A) & (B). IFN-γ did not show any difference in cytokine 

level with varying concentrations of SARS-CoV2 spike protein cocktail compared to no 

stimulation as shown in Figure 3.1 (C). The highest concentration of cytokine IL-6 and TNF-

α were produced when PBMCs were stimulated with 250ng/mL (1μL) of SARS-CoV2 Spike 

Protein measuring at the mean (± SD) of  4916.29 (± 2856.72)pg/mL and 1313.81 (± 

266.25 )pg/mL respectively.  

 

Mean (± SD) concentration of  IL-6 produced at 100ng/mL (0.4μL), 500ng/mL (2μL) and 

1000ng/mL (4μL) of SARS-CoV2 Spike Protein cocktail stimulation were 2954.83 (± 

215.66)pg/mL, 2842 (± 648.17)pg/mL and 1580.45 (0)pg/mL respectively. Production of TNF-

α follows a similar trend as IL-6 when stimulated with different concentrations of SARS-CoV2 

Spike Protein cocktail with mean (± SD) concentration of 1118 (±158.28) pg/mL, 923.82 

(±83.75)pg/mL, and 665.50 (±234.80)pg/mL for 100μg /mL (0.4μL), 500μg /mL (2μL) and 

1000μg /mL (4μL) of SARS-CoV2 Spike Protein cocktail used. The concentration of IFN-γ 

produced was similar across all conditions measuring close to the level of unstimulated PBMCs 

at the mean (±SD) concentration of 569.27 (±124.12)pg/mL. IFN-γ production was noted in 

the positive control (Cytostim) compared to the negative control (no stimulation) with the mean 

(±SD) concentration of 1272.11 (11)pg/mL.  
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Figure 3.1: Cytokine secretion upon stimulation of PBMC with different concentration of SARS-CoV2 

spike protein cocktail. Graph of IL-6 (A), TNF-α  (B) and IFN-γ  (C) concentration (pg/mL) upon stimulation 

with 100μg /mL (0.4μL) , 250ng/mL (1μL) , 500μg /mL (2μL), 1000μg /mL (4μL) SARS-CoV2 Spike protein 

cocktail. Abbreviations: IFN-γ, interferon-gamma; IL-6, interleukin-6; TNF-α, tissue necrosis factor-alpha.  
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3.3.3 Quantification of T-Cells in COVID-19 samples 

 

COVID-19 PBMC samples have different frequencies of T-cells subsets compared to healthy 

donor samples, but not statistically significant as shown in Figure 3.2.  

 

The mean frequency of CD3+ T-cells in all groups of COVID-19 PBMC samples were higher 

compared to the mean (± SD) frequency of healthy donor PBMC samples, 62.62 (12.95)% as 

shown in Figure 3.2 (A).  

 

Frequency of CD4+ T-cells in all groups of COVID-19 PBMC samples were higher than that 

of healthy donor PBMC samples of mean (± SD) frequency of 33.36 (11.87)% as shown in 

Figure 3.2 (B). Conversely, the frequency of CD8+ T-cells in all groups of COVID-19 PBMC 

samples were lower compared to the median (IQR) frequency of healthy donor PBMC samples, 

21.73 (6.71)% as shown in figure 3.2 (C).  
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Figure 3.2: Frequency of CD3+, CD4+ and CD8+ T-cells in COVID-19 PBMC samples. Graph of CD3+ T-

cells (A), CD4+ T-cells and CD8+ T-cells(C) frequency in mild (n=2), moderate (n=4) and severe (n=5) COVID-

19 PBMC samples. Data Presentation: (A)(B): mean (± SD); (C): median (IQR). Statistical analysis: (A)(B): 

ordinary one-way ANOVA with Tukey’s multiple comparison tests; (C): Kruskal-Wallis ANOVA test.  

Abbreviation: HD, Healthy Donor.  

(A) 

(B) 

(C) 

HD
Mild

 

Modera
te

Sev
ere

0

20

40

60

80

100
CD4+ T-cells

Fr
eq

ue
nc

y 
of

 L
iv

e 
Si

ng
le

 
C

D
3+

C
D

4+
C

D
8-

 L
ym

ph
oc

yt
e 

%

HD
Mild

 

Modera
te

Sev
ere

0

10

20

30
CD8+ T-cells

Fr
eq

ue
nc

y 
of

 L
iv

e 
Si

ng
le

 
C

D
3+

C
D

8+
C

D
4-

 L
ym

ph
oc

yt
e 

%

HD
Mild

 

Modera
te

Sev
ere

0

20

40

60

80

100
CD3+ T-cells

Fr
eq

ue
nc

y 
of

 L
iv

e 
Si

ng
le

 
C

D
3+

 L
ym

ph
oc

yt
e 

%



 39 

3.3.4 Baseline memory T-cell profile of COVID-19 patients  

CD4+ and CD8+ memory T-cell were identified and quantified as follow: TEMRA (CC7- 

CD45RA+); TEM (CC7- CD45RA-) and TCM (CC7+ CD45RA-). Naïve T-cells population were 

identified as CC7+ CD45RA+.  

 

COVID-19 donor PBMC samples showed significant difference of CD4+ TEMRA (p= 0.0011) 

and CD4+ TEM (p= 0.014) frequencies compared to healthy donor PBMC samples at baseline, 

and frequency of these cell populations were noted to reduce with increasing COVID-19 

severity groups as shown in Figure 3.5 (A)(C). No significant difference of CD4+ TCM and 

naïve T-cells frequencies between COVID-19 and healthy donor PBMC sample were identified 

as shown in Figure 3.3 (B)(D).  

 

The frequencies of CD4+ TEMRA and CD4+ TEM of COVID-19 donor samples were 

significantly lower measuring at 4.69 (15.18)%  and 8.58 (± 7.10)% compared to healthy donor 

samples of 29.53 (5.17)% and 22.23 (± 13.41)%. Amongst the different COVID-19 severity 

groups, the frequency of CD4+ TEMRA  decreases across severity groups from mild, moderate, 

to severe COVID-19 donors with significant difference between severe group and healthy 

donor as shown in Figure 3.5 (A). Similarly the frequency of CD4+ TEM were noted to decrease 

across increasing severity groups but no significant difference were identified as shown in 

Figure 3.5 (C).  

 

The frequencies of  CD4+ TCM and naïve T-cells at baseline measure higher in COVID-19 

donor samples compared to healthy donor as shown in Figure 3.3 (B)(D). Among different 

COVID-19 severity groups, the mean (± SD) frequency of CD4+ TCM were 17.83 (6.46)%, 

20.00 (21.14)%, 36.19 (20.41)% in mild, moderate, and severe groups compared to healthy 

donor at 9.43 (± 6)%  as shown in Figure 3.5 (D). Whereas the mean (± SD) frequency of the 

CD4+ Naïve T-cells population were similar across groups of COVID-19 donor compared to 

healthy donor of 39.3 (± 18.24)% as shown in Figure 3.5 (B). No significant differences were 

noted between healthy donor CD4+ naïve T- cells, 39.30 (18.24)%, and all COVID-19 groups.  

 

For CD8+ T-cells, COVID-19 donor showed significant difference in CD8+ TEMRA (p= 0.0145)  

and CD8+ TCM (p= 0.0048) compared with healthy donor PBMC samples at baseline. Despite 

not significant, the frequencies of CD8+ naïve T-cell and CD8+ TEM were higher in COVID-

19 donor compared to healthy donor as shown in Figure 3.4.  
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COVID-19 donors showed significant lower frequency of CD8+ TEMRA compared to healthy 

donor at baseline. The median (IQR) frequency of CD8+ TEMRA  were 27.73 (43.59)% in 

COVID-19 donors compared to healthy donor of 59.9 (18.57)% as shown in Figure 3.4 (A).  

Breaking it down, we note that the frequency of CD8+ TEMRA across all groups of COVID-19 

donors were similar as shown in Figure 3.6 (A).  

 

 Conversely, COVID-19 donors have significantly higher frequency of CD8+ TCM compared 

to healthy donor at baseline as shown in Figure 3.4 (D). The median (IQR) of CD8+ TCM was 

6.54 (13.9)% in COVID-19 donor compared to 2.85 (2.54)% in healthy donor. The mean (± 

SD) frequency of CD8+ TCM  of COVID-19 donors increases across increasing disease severity 

group measuring at 6.431 (4.57)%, 8.17 (7.17), 24.99 (22.38)% for mild, moderate, and severe 

disease as shown in Figure 3.6 (D). The frequency of CD8+ TCM was found to be significantly 

higher (p= 0.014) in severe diseases compared to the healthy donor (Kruskal-Wallis ANOVA 

with Dunn’s multiple comparison test). 

 

Lastly the frequencies of CD8+ naïve T-cells and CD8+ TEM were slightly increased in 

COVID-19 donor PBMC samples as compared to healthy donor at baseline  as shown in Figure 

3.4 (B)(D). The mean (±SD) frequencies of CD8+ naïve T-cells were 58.85 (30.76)%, 57.32 

(27.69), 34.62 (17.24)% across mild, moderate, and severe COVID-19 groups compared to 

healthy donor, 35.47 (14.58)% as shown in Figure 3.6 (B).  Whereas the mean (±SD)  frequency 

CD8+ TEM of COVID-19 donors were 3.44 (1.12)%, 6.48 (5.17)%, 11.44 (8.10)% for mild, 

moderate, and severe donors compared to healthy donor of 4.67 (5)% as shown in Figure 3.6(C).  
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Figure 3.3: CD4+ memory T-cell subsets frequencies in COVID-19 donor and healthy donor PBMC 

samples. Graph of CD4+ TEMRA (A), CD4+ naïve T-cell (B), CD4+ TEM (C) and CD4+ TCM (D) frequency of 

COVID-19 donor (11) compared to healthy donor (6) PBMC samples. Data Presentation); (A): median (IQR); 

(B-D): mean (± SD). Statistical analysis: (A): Mann-Whitney test; (C-D) unpaired T-test. * p< 0.05, ** p< 0.01. 

Abbreviation: HD, Healthy Donor; TEM, effector memory T-cell; TEMRA, terminally differentiated effector memory 

T-cell; TCM, central memory T-cell. 
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Figure 3.4: CD8+ memory T-cell subsets frequencies in COVID-19 donor and healthy donor PBMC 

samples. Graph of CD8+ TEMRA (A), CD8+ naïve T-cell (B), CD8+ TEM (C) and CD8+ TCM (D) frequency of 

COVID-19 donor (11) compared to healthy donor (6) PBMC samples. Data Presentation); (A,D): median (IQR); 

(B,C): mean (± SD). Statistical analysis: (A,D): Mann-Whitney test; (B,C) unpaired T-test. * p< 0.05, ** p< 0.01. 

Abbreviation: HD, Healthy Donor; TEM, effector memory T-cell; TEMRA, terminally differentiated effector memory 

T-cell; TCM, central memory T-cell 
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Figure 3.5: CD4+ memory T-cell subsets frequencies in COVID-19 donor PBMC samples. Graph of CD4+ 

TEMRA (A), CD4+ naïve T-cell (B), CD4+ TEM (C) and CD4+ TCM (D) of mild (n=2), moderate (n=4) and severe 

(n=5) COVID-19 donor PBMC samples. Data Presentation: (A): median (IQR); (B-D): mean (± SD). Statistical 

analysis: (A): ordinary one-way ANOVA with Tukey’s multiple comparison test; (B-D): Kruskal-Wallis ANOVA 

with Dunn’s multiple comparison test. * p< 0.05. Abbreviation: HD, Healthy Donor; TEM, effector memory T-

cell; TEMRA, terminally differentiated effector memory T-cell; TCM, central memory T-cell.  
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Figure 3.6: CD8+ memory T-cell subsets frequencies in COVID-19 donor PBMC samples. Graph of CD8+ 

TEMRA (A), CD8+ naïve T-cell (B), CD8+ TEM (C) and CD8+ TCM (D) of mild (n=2), moderate (n=4) and severe 

(n=5) COVID-19 donor PBMC samples. Data Presentation: (A): median (IQR); (B-D): mean (± SD). Statistical 

analysis: (A): ordinary one-way ANOVA with Tukey’s multiple comparison test; (B-D): Kruskal-Wallis ANOVA 

with Dunn’s multiple comparison test. * p< 0.05. Abbreviation: HD, Healthy Donor; TEM, effector memory T-

cell; TEMRA, terminally differentiated effector memory T-cell; TCM, central memory T-cell. 
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3.3.5 Baseline T-cells and monocytes activation marker expression in COVID-19 samples 
 
Following that, we quantified the activation marker expression on CD4+, CD8+ T-cell, and 

monocytes of COVID-19 donors at baseline based on the mean fluorescence intensity (MFI) 

of cell surface markers of HLA-DR, CD137, and CD25.  

 

Overall, COVID-19 donors' T-cells and monocytes showed higher expression of activation 

marker HLA-DR in comparison to healthy donors. Severe COVID-19 donors exhibited higher 

MFI for HLA-DR expression on all CD4+, CD8+ T-cells, and monocytes compared to other 

groups. Within the severe disease group, the level of expression of HLA-DR (MFI ±SD) was 

found to be the highest in the monocyte cells population (274134.27 ± 268652.04), followed 

by CD8+ T-cells (4206.80 ± 2059.39) and CD4+ T-cells (1322 ± 297.17).  

 

The mean (±SD) HLA-DR MFI of CD4+ T-cells increases from mild: 454.83 (343.42 ) < 

moderate: 830.26 (523.62) < severe: 1322 (297.17) COVID-19 donors compared to healthy 

donors of 446 (46.45) as shown in Figure 3.9 (A).  The increase in HLA-DR MFI of CD4+ in 

severe disease (p= 0.0026) and mild COVID-19 donors (p= 0.0272) were significant compared 

to healthy donors when tested with ordinary one-way ANOVA with Tukey’s multiple 

comparison test.  

 

The median (IQR) HLA-DR MFI of CD8+ T-cells were higher in COVID-19 donors compared 

to healthy donor as shown in Figure 3.9 (B). Similarly the median (IQR) HLA-DR MFI of 

monocytes in COVID-19 donors including mild, 131611.75 (138569.95); moderate, 129820.08 

(77194.56); and severe 274134.27 (268652.04) donors were higher than that of healthy donors 

as shown in Figure 3.9 (C).  

 

As for the expression of CD137 of CD4+ T-cells and CD8+ T-cells, no significant difference 

in expression level was noted between different disease severity groups as shown in Figures 

3.10 (B). Mean (±SD) CD137 MFI of CD4+ T-cells were 396.28 (426.22), 555.167 (451.58), 

410.31 (435.76) for mild, moderate and severe disease. Whereas mean (±SD) CD137 MFI of 

CD8+ T-cells were 525.08 (337.41), 458.25 (169.88), 647.93 (284.92) respectively. 
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Several samples from each disease group were further analysed for activation marker CD25 on 

CD4+ and CD8+ T-cells and results showed that expression of CD25 is lower in mild COVID-

19 donors compared to moderate and severe COVID-19 donors. The mean (±SD) CD25 MFI 

of CD4+ T-cells were 3137, 3996.17 (994.43) and 3819.33 (1618.52) for mild, moderate and 

severe COVID-19 donors while mean (±SD) CD25 MFI of CD8+ T-cells were 990.33, 1367.17 

(177.01) and 1562.33 (573.81) respectively as shown in Figure 3.10 (C)(D).  
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Figure 3.9: Expression of HLA-DR on COVID-19 donor T-cells & monocytes. Graph of CD4+ T-cell (A), 

CD8+ T-cells (B) and monocytes (C) HLA-DR MFI across mild (n=2) , moderate (n=4) and severe (n=5) COVID-

19 donors. Presentation: (A)(C): mean (±SD); (B): median (IQR). Statistical analysis: (A)(C): Ordinary one-way 

ANOVA with Tukey’s multiple comparison test; (B): Kruskal-Wallis ANOVA with Dunn’s multiple comparison 

test. Abbreviation: HD, Healthy Donor; HLA-DR, Human Leukocyte Antigen– DR Isotype; MFI, Mean 

Fluorescence Intensity. * p< 0.05, ** p  0.01. 
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Figure 3.10: Expression of CD 137 and CD25 on CD4+ and CD8+ T-cells of COVID-19 donors. Graph of 

CD4+ T-cell (A), CD8+ T-cells (B) CD137 MFI, CD4+ T-cell (C), CD8+ T-cells (D) CD25 MFI across mild 

(n=2), moderate (n=4) and severe (n=5) COVID-19 donors. Presentation: mean (±SD). Statistical analysis: 

ordinary one-way ANOVA with Tukey’s multiple comparison test. Abbreviation: MFI, Mean Fluorescence 

Intensity. 
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3.3.6 T-cells frequency upon stimulation in COVID-19 samples  

Next, to investigate COVID-19 donors' T-cells and their memory subsets response, PBMC 

samples were stimulated with SARS-CoV2 Spike protein cocktail.  

 

The frequencies of CD3+ and CD4+ T-cells across mild, moderate, and severe COVID-19 

donor samples were noted to decrease upon stimulation, presented as ratio of cell frequencies 

upon stimulation to frequency without stimulation of <1, whereas the frequency of CD8+ T-

cells increased (ratio >1) across all groups of COVID-19 donor samples upon stimulation as 

shown in figure 3.11.    

 

Median (IQR) ratio of CD3+T-cell frequency (stimulated:unstimulated) were 0.946 (0.053), 

0.990 (0.042), 0.974 (0.159) across mild, moderate and severe disease groups are shown in 

Figure 3.11(A). The mean (±SD) ratio of CD4+ T-cell frequency (stimulated:unstimulated) 

were 0.911 (0.062), 0.955 (0.080), 0.811 (0.099) for mild, moderate and severe disease groups 

respectively as shown in Figure 3.11(B). The reduction of CD4+ T-cells frequency in the severe 

group was the greatest compared to other diseased groups upon stimulation with SARS-CoV2 

Spike protein cocktail. For CD8+ T-cells, the greatest expansion was seen in the mild group of 

COVID-19 donors followed by severe and moderate groups. Median (IQR) ratio of CD8+ T-

cell frequency (stimulated:unstimulated) were 1.133 (0.266), 1.017 (0.028), 1.058 (0.176) 

across mild, moderate and severe disease groups as shown in Figure 3.11(C).   

 

However, no significant difference in CD3+, CD4+ and CD8+ T-cells frequencies were 

observed between mild, moderate, and severe groups upon stimulation with SARS-CoV2 Spike 

protein cocktail with p values of 0.324 (CD3+ T-cells), 0.782 (CD4+ T-cells) and 0.465 (CD8+ 

T-cells) respectively.   
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Figure 3.11: Frequency of CD3+, CD4+, and CD8+ T-cells of COVID-19 donor PBMC samples upon 

stimulation with SARS-CoV2 spike protein cocktail. Graph of CD3+ T-cells (A), CD4+ T-cells and CD8+ T-

cells(C) frequency ratio (stimulated: unstimulated) of mild (n=2), moderate (n=4) and severe (n=5) COVID-19 

PBMC samples upon stimulation. Data Presentation: (A)(C): median (IQR); (B), mean (± SD). Statistical analysis: 

(A)(C), Kruskal-Wallis ANOVA test; (B), Ordinary one-way ANOVA.  
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3.3.7 Memory T-cell response upon stimulation in COVID-19 samples  

After identifying the population of memory T-cell subsets of COVID-19 donors changes in the 

frequency of each memory T-cell subset was analysed.   

 

Upon stimulation, the frequency of CD4+ TEMRA increased in mild and moderate groups upon 

but decreased in severe group as shown in Figure 3.12 (A). The mean (±SD) ratios were 1.221 

(0.399) and 1.007 (0.197) respectively, with the increase in the mild patient group higher than 

that of the moderate group and 0.938 (0.134) in severe group. Similarly, an increased frequency 

of CD4+ naïve T-cells  was noted in mild and moderate COVID-19 donors upon stimulation 

but the frequency was noted to decrease in severe disease groups as shown in Figure 3.12 (B). 

The median (IQR) frequency ratios were 1.053(0.079), 1.024(0.153), and 0.958(0.084) for mild, 

moderate, and severe disease groups respectively. 

 

Conversely, the frequency of CD4+ TEM was noted to decrease in mild and moderate groups 

(ratio <1) upon stimulation but increase in severe disease group as shown in Figure 3.12 (C). 

The mean (±SD) frequency ratios were 0.923 (0.137) for mild, 0.836 (0.135) for moderate and 

1.207 (0.310) for severe group respectively. Similarly, the frequency of CD4+ TCM increased 

in more severe diseases of COVID-19 donors (ratio >1) while decreased in the mild group as 

shown in Figure 3.12 (D). The mean (±SD) ratio of mild, moderate, and severe groups was 

0.877 (0.262), 1.181 (0.458), and 1.018 (0.036) respectively.   

 

The shift of CD4+ memory T-cell subsets and naïve T-cells in response to SARS-CoV2 Spike 

protein cocktail stimulation were noted to differ between different severity groups of COVID-

19 donors. Mild COVID-19 donors showed an increase in CD4+ TEMRA  and naïve T-cell 

populations and a decrease in TCM and TEM populations upon stimulation. Moderate COVID-

19 donors showed an increase in all populations of CD4+ TCM, TEMRA, and naïve T-cells except 

for TEM. Lastly in the severe diseased group, donors showed an increase in memory subsets TEM 

and TCM while a decrease in naïve T-cells and TEMRA were noted upon stimulation. However, 

no significant differences were noted between different disease severity groups of COVID-19 

donors.  

 

The shift in the population of CD8+ memory T-cell subsets upon stimulation with SARS-CoV2 

Spike protein cocktail was noted to be different compared to CD4+ memory T-cell subsets. 

The frequency of CD8+ TEMRA was seen to increase in frequency in mild donors upon 
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stimulation with a mean (±SD) ratio of 1.204 (0.274), and slight increases were seen in severe 

donors with a mean (± SD) ratio of 1.022 (0.066) as shown in Figure 3.13 (A). The frequency 

of CD8+ TEMRA however was noted to decline in the moderate group of donors with a mean (± 

SD) ratio of 0.948 (0.156). Similarly, for the population of CD8+ TCM, cell frequency was 

shown to increase in mild and severe disease groups but decrease in moderate disease groups. 

The mean (±SD) ratio was 1.001 (0.006), 0.890 (0.466), and 1.010 (0.167) for mild, moderate, 

and severe disease groups respectively as shown in Figure 3.13 (D).  

 

Upon stimulation with SARS-CoV2 Spike protein cocktail, effector memory cells of CD8+ T-

cells, and CD8+ TEM were noted to increase regardless of disease severity. The expansion of 

the CD8+ TEM population was seen to be the greatest in severe COVID-19 donors with a mean 

(±SD) ratio of 1.227(0.113) followed by mild and moderate COVID-19 donors with a mean 

(±SD) ratio of 1.204 (0.273) and 1.035 (0.109) respectively as shown in Figure 3.13 (C). 

Conversely, the CD8+ naïve T-cell populations decrease upon stimulation with the SARS-

CoV2 Spike protein cocktail. The greatest reduction of CD8+ naïve T-cell population was seen 

in severe COVID-19 donors followed by mild and moderate groups as shown in Figure 3.13 

(B).   

 

Overall, in mild and severe COVID-19 donors, expansion of all CD8+ memory subsets 

including TEMRA, TEM, and TCM, was noted upon stimulation alongside a decrease in CD8+ naïve 

T-cell. Whereas in moderate disease, all populations of CD8+ memory T-cells were noted to 

reduce (TEMRA, TCM, and naïve T-cells) upon stimulation except for CD8+ TEM.  
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Figure 3.12: CD4+ memory T-cell subsets frequencies in COVID-19 donor PBMC samples upon 

stimulation with SARS-CoV2 spike protein cocktail. Graph of CD4+ TEMRA (A), CD4+ Naïve T-cell (B), CD4+ 

TEM (C) and CD4+ TCM (D) frequency ratio (stimulated: unstimulated) of mild (n=2), moderate (n=4) and severe 

(n=5) COVID-19 Donor PBMC samples upon stimulation. Data Presentation: (A,C,D), mean (± SD); (B) median 

(IQR). (A, C, D), Statistical analysis: Ordinary one-way ANOVA with Tukey’s multiple comparison test; (B) 

Kruskal-Wallis ANOVA with Dunn’s multiple comparison test. Abbreviation: TEM, effector memory T-cell; 

TEMRA, terminally differentiated effector memory T-cell; TCM, central memory T-cell. 
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Figure 3.13: CD8+ memory T-cell subsets frequencies in COVID-19 donor PBMC samples upon 

stimulation with SARS-CoV2 spike protein cocktail. Graph of CD8+ TEMRA (A), CD8+ naïve T-cell (B), CD8+ 

TEM (C) and CD8+ TCM (D) frequency ratio (stimulated:unstimulated) of mild (n=2), moderate (n=4) and severe 

(n=5) COVID-19 donor PBMC samples upon stimulation. Data Presentation: mean (± SD). Statistical analysis: 

Ordinary one-way ANOVA with Tukey’s multiple comparison test. Abbreviation: TEM, effector memory T-cell; 

TEMRA, terminally differentiated effector memory T-cell; TCM, central memory T-cell. 
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3.3.8 T-cell and monocyte activation markers expression upon stimulation  

The population of CD4+ T-cells, CD8+ T-cells, and monocytes were further analysed for their 

activation status upon stimulation with SARS-CoV2 Spike protein cocktail based on the mean 

fluorescence intensity of cell surface activation markers of HLA-DR (Figure 3.10), CD137 

(Figure 3.16) and CD25 (Figure 3.17).  

 

Results have shown that in severe COVID-19 donors, expression of all activation markers 

including HLA-DR, CD137 and CD25 on CD4+ T-cells increased upon stimulation with 

SARS-CoV2 Spike protein cocktail with a stimulated to unstimulated MFI ratio of >1, whereas 

the expressions of all these markers (HLA-DR, CD137, and CD25) on CD8+ T-cells from 

severe COVID-19 donors were noted to reduce with stimulated to unstimulated MFI ratio of 

<1.  

 

Upon stimulation with SARS-CoV2 Spike protein, CD4+ T-cell showed increasing expression 

of activation marker CD25 with increasing disease severity from mild, moderate to severe 

disease as shown in Figure 3.17 (C). Increased activation of CD4+ T-cells with increased 

disease severity was also demonstrated by the expression of activation marker HLA-DR which 

were noted to be higher in moderate and severe COVID-19 donors compared to mild COVID-

19 donors with the mean (± SD) HLA-DR MFI ratio of 1.119 (0.269) and 1.032(0.067) for 

moderate and severe COVID-19 donors compared to 0.943 (0.063) for mild COVID-19 donors 

as shown in Figure 3.16 (A). Severe COVID donors had the highest expression of activation 

marker CD137 upon stimulation with the mean (±SD) ratio of CD137 MFI on CD4+ T-cells 

of 1.063 (0.106), 0.973 (0.064), 1.371 (0.536) across mild, moderate and severe COVID-19 

donors as shown in Figure 3.17 (A).  

 

Activation of CD8+ T-cells was noted to correlate negatively with disease severity, showing 

reduced expression of activation markers HLA-DR (Figure 3.16 B) and CD137 (Figure 3.17 

B) expression with increasing disease severity. A significant reduction in activation marker 

CD25 (Figure 3.17 D)  on CD8+ T-cells was noted from moderate to severe COVID-19 donors 

with a p-value of 0.0008 (ordinary one-way ANOVA with Tukey’s multiple comparison test. 

The mean (±SD) ratio of HLA-DR MFI on CD8+ T-cells were 1.329 (0.442), 1.085(0.149) and 

0.939(0.042) for mild, moderate and severe disease groups as shown in Figure 3.16 (B) whereas 

the mean (±SD) ratio of CD137 on CD8+ T-cells were 1.010 (0.059), 0.863(0.069) and 

0.765(0.268) respectively as shown in Figure 3.17 (B). The mean (±SD) ratio of CD25 on 
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CD8+ T-cells were 0.905(0), 1.134 (0.009), 0.868 (0.018) for mild, moderate and severe 

COVID-19 donors.  

 

For monocyte populations, the expression of activation marker HLA-DR was noted to reduce 

(ratio <1) across all groups of COVID-19 disease severities upon stimulation. The mean (±SD) 

ratio of HLA-DR MFI of monocytes was 0.837(0.211), 0.92(0.133), and 0.58(0.213) for mild, 

moderate, and severe COVID-19 donor samples. Apart from CD25 MFI on CD8+ T-cells, no 

significant difference in activation markers (HLA-DR, CD137) changes between mild, 

moderate, and severe COVID-19  upon stimulation with SARS-CoV2 Spike protein cocktail 

were noted. 
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Figure 3.16: Expression of HLA-DR on COVID-19 donor T-cells & monocytes upon stimulation with 

SARS-CoV2 spike protein cocktail. Graph of CD4+ T-cell (A), CD8+ T-cells (B) and monocytes (C) HLA-DR 

MFI ratio (stimulated:unstimulated) across mild (n=2), moderate (n=4) and severe (n=5) COVID-19 donors upon 

stimulation. Presentation: mean (±SD). Statistical analysis: ordinary one-way ANOVA with Tukey’s multiple 

comparison tests. Abbreviation: HLA-DR, Human Leukocyte Antigen– DR Isotype; MFI, Mean Fluorescence 

Intensity. 
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Figure 3.17: Expression of CD137 and CD25 on COVID-19 donor T-cells upon stimulation with SARS-

CoV2 spike protein cocktail. Graph of CD4+ T-cell (A), CD8+ T-cells (B) CD137 MFI ratio 

(stimulated:unstimulated); CD4+ T-cell (C), CD8+ T-cells (D) CD25 MFI ratio (stimulated:unstimulated)  across 

mild (n=2), moderate (n=2) and severe (n=3) COVID-19 donors upon stimulation. Presentation: mean (± SD). 

Statistical analysis: ordinary one-way ANOVA with Tukey’s multiple comparison tests. Abbreviation: MFI, Mean 

Fluorescence Intensity. *** P <0.0001 
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3.3.9 Cytokine production upon stimulation of COVID-19 donors PBMC samples  
 

Increased concentration of all cytokines, IL-6, TNF-α, and IFN-γ were noted (ratio >1) upon 

stimulation of COVID-19 donors PBMC with SARS-CoV2 Spike protein cocktail regardless 

of disease severity. Overall, a higher concentration of cytokines was produced in more severe 

diseases upon stimulation. Among all 3 cytokines that have been identified in severe patient 

groups upon stimulation, the increase in TNF-α concentration was the greatest.  

 

Upon stimulation, production of IL-6 in mild donors was the lowest compared to moderate and 

severe COVID-19 as shown in Figure 3.18 (A). The median (IQR) concentration ratio 

(stimulated: unstimulated) were 1.175 (0.403), 1.453 (0.572), and 1.286 (0.410) across mild, 

moderate, and severe disease groups with no significant differences.  

 

Production of TNF-α upon stimulation of COVID-19 donors PBMC samples shows a similar 

trend as IL-6 production across mild, moderate, and severe disease groups as shown in Figure 

3.18 (B). Mild COVID-19 donors PBMC samples produced the lowest concentration of TNF-

α cytokine, close to none upon stimulation with the median (IQR) concentration ratio of 1.001 

(1.157). Whereas the median (IQR) concentration ratios were 1.923 (1.642) and 1.851 (0.728) 

for moderate and severe COVID-19 donors respectively as shown in Figure 3.18 (B).  

 

Highest concentration of IFN-γ was produced in severe COVID-19 donors upon stimulation 

with the mean (± SD) concentration ratio (stimulated: unstimulated) of 1.158 (0.075) as 

compared to mild and moderate at 1.122 (0.0004) and 1.108 (0.087) respectively as shown in 

Figure 3.18 (C). 
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Figure 3.18: Cytokine production upon stimulation of COVID-19 Donors PBMC samples with SARS-CoV2 

spike protein cocktail. Graph of TNF-α  (A), IL-6 (B) and IFN-γ  (C) concentration ratio (stimulated:unstimulated) 

of mild (n=2), moderate (n=4) and severe (n=5) COVID-19 donors upon stimulation. Presentation: (A)(B) median 

(IQR); (C) mean (± SD). Statistical analysis: (A)(B) Kruskal-Wallis ANOVA with Dunn’s multiple comparison 

test; (C) ordinary one-way ANVOA with Tukey’s multiple comparison tests. Abbreviation: IFN-γ, interferon-

gamma; IL-6, interleukin 6; TNF-α, tumor necrosis factor-alpha.  
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Chapter 4: Correlation of COVID-19 Donors' T-cell 
Profile to Cytokine Production 

 
4.1 Introduction  

The normal anti-viral response involves the activation of inflammatory pathways of the 

immune system, however, an exaggerated host immune response can result in severe disease if 

it remained uncontrolled. Cytokines are the key player of the inflammatory pathways to combat 

infection, however, excessive production of cytokines during infection results in cytokine 

storm which can be pathological [108]. The COVID-19 cytokine storm is an evolving concept 

that has been associated with disease mortality. Several studies that analysed cytokine and 

chemokine profiles from COVID-19 patient have noted a correlation between the elevation of 

cytokine and chemokines with COVID-19 disease severity [109, 110]. IL-6, TNF-α, IFN-γ, IP-

10, and monocyte chemoattractant protein-1 (MCP-1) are some of the pro-inflammatory 

cytokines and chemokines that have been consistently across multiple studies to have shown 

significant elevation in severe  COVID-19 disease [111-113]. A list of patient demographics, 

and laboratory biomarkers have been identified as the predictive risk factors for COVID-19 

cytokine storms [114]. 

 

In our study, we have identified an increase in cytokine IL-6, TNF-α, and IFN-γ production 

with increased disease severity in Chapter 3.3.9. We sought to determine the predisposition of 

the patient’s baseline T-cell subsets frequencies to the increase in cytokine production as seen 

in severe COVID-19 disease. Correlation analyses were carried out between the frequency of 

the patient’s CD4+ and CD8+ T-cells subsets and the concentration of cytokines at baseline 

(unstimulated). Correlation analysis of CD4+ and CD8+ subsets changes with the cytokine 

production upon stimulation with SARS-CoV2 Spike protein cocktail was also carried out to 

identify the populations of T-cell changes which are associated with the production of pro-

inflammatory cytokines production.  
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4.2 Study approach  

4.2.1 Experimental design  

Unstimulated COVID-19 donors' PBMC samples (n=11) were analysed by flow cytometry to 

determine the baseline T-cell immunological profile. The following parameters were studied, 

including CD3+, CD4+, and CD8+ T-cell frequencies; CD4+ and CD8+ memory T-cell subsets 

frequencies; expression of activation markers HLA-DR and CD137 on T-cells. Upon 

stimulation with SARS-CoV2 Spike protein cocktail, the change in frequency of the above 

parameters was compared with that of unstimulated PBMC samples and presented in frequency 

ratio of stimulated to unstimulated. Cytokine production of IL-6, TNF-α, and IFN-γ from 

SARS-CoV2 Spike protein cocktail stimulation of COVID-19 donor PBMC samples were 

analysed by ELISA and presented based on concentration ratio of stimulated to unstimulated 

to identify the difference in concentration upon stimulation.  Ratio >1 indicates increased 

production upon stimulation and <1 indicated reduction in production upon stimulation  

 

CD4+ and CD8+ T-cell HLA-DR MFI (Chapter 4.3.1); CD4+ TEM, TEMRA, TCM, and naïve T-

cells frequencies (Chapter 4.3.2); CD8+ TEM, TEMRA, TCM, and naïve T-cells frequencies 

(Chapter 4.3.3) at baseline (unstimulated) were analysed for correlation with cytokine 

concentration at baseline (unstimulated). Upon stimulation of COVID-19 donors, PBMCs with 

SARS-CoV2 Spike protein cocktail, CD4+ and CD8+ T-cell HLA-DR MFI change (Chapter 

4.3.4); CD4+ TEM, TEMRA, TCM, and naïve T-cells frequencies change (Chapter 4.3.5); CD8+ 

TEM, TEMRA, TCM, and naïve T-cells frequencies change were analysed for correlation with the 

change in cytokine concentration.   

 

4.2.2 Outcome Measurement  

Correlation analyses were performed Pearson rank order correlation using GraphPad Prism 9.0 

(GraphPad Software). Results were plotted in scatter graph with cytokine concentration against 

the T-cell parameters. The strength of the correlation was determined based on the correlation 

coefficient (r) as summarized in Table 3.1 [107]. 
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4.3 Results 

The correlation of T-cell subsets frequencies and activation status with cytokine concentration 

at baseline (unstimulated) is summarised in Table 4.2. The correlation of T-cell frequencies 

and activation status change with cytokine production upon stimulation with SARS-CoV2 

Spike protein is summarised in Table 4.3.  

 

 

Table 4.1: Summary of correlation of unstimulated t-cell frequency and MFI with cytokine 

concentration  

T-cells Cytokine  

 IL-6 TNF-α  IFN-γ  

HLA-DR MFI    

CD4+ HLA-DR ++ ++ +++** 

CD8+ HLA-DR  

 

0 0 0 

CD4+ T-cells     

CD4+ TEM ++ ++ ++ 

CD4+ TEMRA +++* +++* ++ 

CD4+ TCM - - - 

CD4+ Naïve  

 

- - - - - 

CD8+ T-cells     

CD8+ TEM - - - - 

CD8+ TEMRA + + + 

CD8+ TCM - - - 

CD8+ Naïve  0 0 0 

Statistical Analysis: Pearson correlation coefficient. p, p-value; r, correlation coefficient. * p < 0.05 ** p < 0.01. 

Symbol: 0, r <0.1 or r > -0.1; +, r =0.1 to 0.29; ++, r =0.3 to 0.59; +++, r =0.6 to 0.89; ++++, r ≥0.9; -, r =-0.1 to 

-0.3; - -, r = -0.3 to -0.59; - - -, r =-0.6 to 0.89; - - - - r ≤-0.9. Abbreviation: HLA-DR, Human Leukocyte Antigen- 

DR isotype; IFN-γ, Interferon-gamma; IL-6, Interleukin 6; MFI, Mean Fluorescence Intensity; TCM, central 

memory T-cell; TEM, effector memory T-cell; TEMRA, terminally differentiated effector memory T-cell; TNF-α, 

Tumour Necrosis Factor-alpha. 
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Table 4.2: Summary of correlation of stimulated t-cell frequency and MFI change with 

cytokine production  

Statistical Analysis: Pearson correlation coefficient. p, p-value; r, correlation coefficient. * p < 0.05 ** p < 0.01. 

Symbol: 0, r <0.1 or r > -0.1; +, r =0.1 to 0.29; ++, r =0.3 to 0.59; +++, r =0.6 to 0.89; ++++, r ≥0.9; -, r =-0.1 to 

-0.3; - -, r = -0.3 to -0.59; - - -, r =-0.6 to 0.89; - - - - r ≤-0.9. Abbreviation: HLA-DR, Human Leukocyte Antigen- 

DR isotype; IFN-γ, Interferon-gamma; IL-6, Interleukin 6; MFI, Mean Fluorescence Intensity; TCM, central 

memory T-cell; TEM, effector memory T-cell; TEMRA, terminally differentiated effector memory T-cell; TNF-α, 

Tumour Necrosis Factor-alpha. 

 

 

 

 

 

 

 

 

T-cells Cytokine 

 IL-6 TNF-α  IFN-γ  

HLA-DR MFI    

CD4+ HLA-DR - - - -* +++** 

CD8+ HLA-DR  

 

+ - - 

CD4+ T-cells     

CD4+ TEM + - +++ * 

CD4+ TEMRA 0 + - - 

CD4+ TCM 0 - 0 

CD4+ Naïve  

 

0 ++ - - 

CD8+ T-cells     

CD8+ TEM + - ++ 

CD8+ TEMRA - ++ + 

CD8+ TCM 0 0 0 

CD8+ Naïve  - 0 - - -* 
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4.3.1 Correlation of T-cell HLA-DR MFI with cytokine concentration at baseline 

 

The result shows a moderate to strong positive correlation of CD4+ T-cells HLA-DR 

expression level with the concentration of cytokines IL-6, TNF-α and IFN-γ when measured at 

baseline. High HLA-DR expression on CD4+ T-cells at baseline (unstimulated cells) is 

associated with high cytokine concentration. Conversely, no correlation was noted between 

CD8+ T-cells HLA-DR expression level with the concentration of the cytokines.  

 

A strong positive correlation was noted between CD4+ T-cell HLA-DR expression and the 

concentration of IFN-γ detected at baseline with a correlation coefficient of 0.7596, reaching 

statistical significance with p =0.0067**. Moderate positive correlations were noted between 

CD4+ T-cell HLA-DR expression with the concentration of cytokines IL-6 (r=0.4539, 

p=0.1608) and TNF-α  (r =0.4171, p=0.2018) at baseline as shown in Figure 4.1(A).  

 

No correlation was identified between CD8+ HLA-DR expression level with IL-6 (r =0.0651, 

p=0.8492), TNF-α  (r =0.0827, p=8091) or IFN-γ  (r =0.0181, p=0.9579) at baseline as shown 

in Figure 4.1 (B).  
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Figure 4.1: Correlation of COVID-19 donor baseline (unstimulated) T-cell HLA-DR MFI with cytokine 

concentration. Graph showing correlation of CD4+ HLA-DR MFI (A); CD8+ HLA-DR MFI (B) with the 

concentration of  IL-6,  TNF-α, and  IFN-γ. Statistical Analysis: Pearson correlation coefficient. p, p-

value; r, correlation coefficient. ** p <0.01. Abbreviation: HLA-DR, Human Leukocyte Antigen- DR isotype; 

IFN-g, Interferon-gamma; IL-6, Interleukin 6; MFI, Mean Fluorescence Intensity; TNF-a, Tumour Necrosis 

Factor-alpha. 
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4.3.2 Correlation of CD4+ T-cell subsets frequency with cytokine concentration at baseline  

 

Overall, CD4+ TEM and CD4+ TEMRA frequencies were positively correlated to the 

concentration of cytokines IL-6, TNF-α, and IFN-γ at baseline. In contrast, CD4+TCM and 

CD4+ naïve T-cells frequencies were negatively correlated with the concentration of these 

cytokines at baseline as summarised in Table 4.2.  

 

The frequency of CD4+ TEMRA is strongly correlated to the concentration of cytokine IL-6 

(r=0.7282, p=0.0110*) and TNF-α  (r=0.7045, p=0.0155*) at baseline as shown in Figure 4.2 

(A). High concentrations of IL-6 and TNF-α at baseline are associated with high CD4+ TEMRA 

frequency. A moderate positive correlation was noted between CD4+ TEMRA frequency and 

INF-γ concentration at baseline (r=0.5363, p=0.0890).  

 

A moderate positive correlation of CD4+ TEM frequency with cytokines IL-6 (r=0.5618, 

p=0.0721), TNF-α  (r=0.5554, p=0.0761) and IFN-γ  (r=0.3176, p=0.3413) concentrations at 

baseline. Increases of these cytokines is moderately associated with the frequencies of CD4+ 

TEM at baseline as shown in Figure 4.2 (C).  

 

Conversely, the frequency of CD4+ naïve T-cells at baseline is negatively correlated to 

concentration of all cytokines as shown in Figure 4.2 (B). Moderate negative correlation 

between CD4+ naive T-cells and IL-6 (r=-0.4370, p=0.1789) andTNF-α  (r=-0.4399, p=0.1757) 

concentration at baseline were noted. A weak negative correlation was noted between CD4+ 

naïve T-cell frequency and IFN-γ concentration at baseline (r =-0.1818, p=0.5927).  

 

A weak negative to no correlation was observed between CD4+ TCM frequency and cytokine 

IL-6 (r=-0.1552, p=0.6486), TNF-α  (r=-0.1282, p=0.7071) and IFN-γ  (r=-0.2940, p=0.3803) 

concentration at baseline as shown in Figure 4.2 (D).   
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Figure 4.2: Correlation of COVID-19 donors CD4+ memory T-cell subset frequency with cytokine 

concentration at baseline (unstimulated). Graph showing correlation of CD4+ TEMRA (A); CD4+ naïve (B); 

CD4+ TEM (C); CD4+ TCM (D) frequency with concentration of  IL-6,  TNF-α  and IFN-γ  at baseline. 

Statistical Analysis: Pearson correlation coefficient. p, p-value; r, correlation coefficient. Abbreviation: IFN-g, 

Interferon-gamma; IL-6, Interleukin 6; TCM, central memory T-cell; TEM, effector memory T-cell; TEMRA, 

terminally differentiated effector memory T-cell; TNF-a, Tumour Necrosis Factor-alpha. 
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4.3.3 Correlation of CD8+ T-cell subset frequency with cytokine concentration at baseline  

 

Unlike CD4+ T-cell memory subsets, weak to no correlation was identified between CD8+ T-

cell memory subsets with cytokine IL-6, TNF-α, and IFN-γ concentration at baseline. A weak 

positive correlation was noted between CD8+ TEMRA frequency with cytokine IL-6 (r= 0.2231, 

p=0.5096), TNF-α  (r=0.2159, p=0.5237) and IFN-γ  (r=0.2259, p=0.5042) concentration at 

baseline as shown in Figure 4.3 (A).  

 

Weak negative correlation were noted between CD8+ TEM frequency and cytokines IL-6 (r=-

0.2878, p=0.3980) and TNF-α  (r =-0.2675, p=0.4265) concentration at baseline. Moderate 

negative correlation was noted between CD8+ TEM frequency and IFN-γ  concentration at 

baseline (r=-0.4207, p=0.1975). Similarly, a weak negative correlation has been identified 

between CD4+ TCM frequency and the concentration of cytokines IL-6 (r=-0.2198, p=0.5161); 

TNF-α  (r =-0.2038, p=0.5479) and IFN-γ  (r=-0.2782, p=0.4074) at baseline as shown in 

Figure 4.3 (D).  

 

CD8+ naïve T-cell frequency at baseline is not associated with cytokine concentration (r<0.1) 

as shown in Figure 4.3 (B). The correlation coefficients between CD8+ naïve T-cell frequency 

were: IL-6 (r =-0.06262, p=0.8549) and TNF-α  (r = -0.0666, p=0.8458); IFN-γ  (r =-0.0074, 

p=0.9827).  
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Figure 4.3: Correlation of COVID-19 donor CD8+ memory T-cell subset frequency with cytokine 

concentration at baseline (unstimulated). Graph showing correlation of CD8+ TEMRA (A); CD8+ naïve (B); 

CD8+ TEM (C); CD8+ TCM (D) frequency with concentration of  IL-6,  TNF-α  and IFN-γ  at baseline. 

Statistical Analysis: Pearson correlation coefficient. p, p-value; r, correlation coefficient. Abbreviation: IFN-g, 

Interferon-gamma; IL-6, Interleukin 6; TCM, central memory T-cell; TEM, effector memory T-cell; TEMRA, 

terminally differentiated effector memory T-cell; TNF-a, Tumour Necrosis Factor-alpha. 
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4.3.4 Correlation of T-cell HLA-DR MFI change with cytokine concentration upon 

stimulation  

 

In Chapter 4.3.2, we have noted that an increase of CD4+ T-cell HLA-DR expression at 

baseline is associated with an increase in cytokine IL-6, TNF-α, and IFN-γ production. 

However, upon stimulation, the increase in CD4+ HLA-DR expression is associated with an 

increase in IFN-γ concentration but a reduction of IL-6 and TNF-α as shown in Figure 4.3 (A). 

A strong positive correlation of CD4+ HLA-DR expression upon stimulation with IFN-γ 

concentration with correlation coefficient of 0.7517 (p=0.0076) was noted. Conversely, a 

strong negative correlation was noted between CD4+ T-cell HLA-DR expression ratio and 

cytokine TNF-α (r=-0.6028, p=0.0946*) concentration ratio. A weak negative correlation was 

noted between the CD4+ T-cell HLA-DR expression ratio and the IL-6 concentration ratio.   

 

Similar to correlation of CD8+ T-cell HLA-DR expression and cytokine concentration at 

baseline, upon stimulation, CD8+ T-cell HLA-DR expression ratio (stimulated to unstimulated) 

and cytokine IL-6 (r=0.1448, p=6710), TNF-α  (r =-0.1236, p=7172) and IFN-γ  (r=-0.1120, 

p=0.7430) concentration were only weakly correlated as shown in Figure 4.3 (B).  
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Figure 4.4: Correlation of COVID-19 donor T-cell HLA-DR MFI change with cytokine production upon 

stimulation with SARS-CoV2 spike protein cocktail. Graph showing correlation of CD4+ HLA-DR MFI (A); 

CD8+ HLA-DR MFI (B) ratio (stimulated:unstimulated) with concentration ratio (stimulated: unstimulated) of 

 IL-6,  TNF-α, and  IFN-γ. Statistical Analysis: Pearson correlation coefficient. p, p-value; r, 

correlation coefficient. ** p <0.01. Abbreviation: HLA-DR, Human Leukocyte Antigen- DR isotype; IFN-g, 

Interferon-gamma; IL-6, Interleukin 6; MFI, Mean Fluorescence Intensity; TNF-a, Tumour Necrosis Factor-alpha. 
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4.3.5 Correlation of CD4+ T-cell subset frequency change with cytokine concentration upon 

stimulation  

 

Figure 4.5(A) shows that CD4+ TEMRA frequency ratio (stimulated:unstimulated) has a variable 

correlation with different cytokines upon stimulation with SARS-CoV2 Spike protein as shown 

in Figure 4.5(A). No correlation was detected between CD4+ TEMRA frequency change with the 

concentration of IL-6 (r =0.0226, p=0.9474) upon stimulation. A weak positive correlation was 

noted between CD4+ TEMRA frequency change and TNF-α concentration (r =0.2174, 

p=0.5208) upon stimulation. A moderate negative correlation was identified between CD4+ 

TEMRA frequency change and IFN-γ production (r =-0.5530, p=0.0776) upon stimulation.  

 

A similar trend was noted between CD4+ naïve T-cell frequency change and the different 

cytokines concentrations upon stimulation as shown in Figure 4.5 (B). No correlation was noted 

between CD4+ naïve T-cell frequency ratio and IL-6 concentration ratio upon stimulation 

(r=0.0807, p=0.8135). Moderate positive correlation was identified between CD4+ naïve T-

cell frequency ratio and TNF-α concentration ratio (r= 0.3982, p=0.2251) upon stimulation. 

Moderate negative correlation was noted between CD4+ naïve T-cell frequency ratio and IFN-

γ  concentration (r=-0.5830, p=0.0598) upon stimulation.  

 

A strong correlation was noted between CD4+ TEM frequency ratio and IFN-γ  concentration 

ratio (r=0.6773, p=0.0220*) upon stimulation. However, weak correlations were noted 

between CD4+ TEM frequency ratio and other cytokines concentration ratio including IL-6 

(r=0.2253, p=0.5053) and TNF-α  (r =-0.1738, p=0.6094) upon stimulation as shown in Figure 

4.5 (C). 

 

No correlation was noted between CD4+ TCM frequency change and cytokine concentration 

change of IL-6 (r=0.0148, p=0.9655), TNF-α  (r =-0.1207, p=0.7236) or IFN-γ  (r =0.0302, 

p=0.9298) upon stimulation as shown in Figure 4.5(D). 
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Figure 4.5: Correlation of COVID-19 donor CD4+ memory T-cell subset frequency with cytokine 

production upon stimulation with SARS-CoV2 spike protein. Graph showing correlation of CD4+ TEMRA (A); 

CD4+ Naïve (B); CD4+ TEM (C); CD4+ TCM (D) frequency ratio (stimulated: unstimulated) with concentration 

ratio (stimulated:unstimulated) of  IL-6,  TNF-α  and IFN-γ . Statistical Analysis: Pearson correlation 

coefficient. p, p-value; r, correlation coefficient. Abbreviation: IFN-g, Interferon-gamma; IL-6, Interleukin 6; TCM, 

central memory T-cell; TEM, effector memory T-cell; TEMRA, terminally differentiated effector memory T-cell; 

TNF-a, Tumour Necrosis Factor-alpha. 
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4.3.6 Correlation of CD8+ T-cell subset frequency change with cytokine concentration upon 

stimulation  

 

Figure 4.6 (A) showed that CD8+ TEMRA frequency ratio (stimulated:unstimulated) has a 

variable correlation with different cytokines upon stimulation with SARS-CoV2 Spike Protein 

as shown in Figure 4.6 (A) shown. Weak correlation were noted between CD8+ TEMRA 

frequency change with the cytokine IL-6 (r =-0.1092, p=0.7492) and IFN-γ  (r =0.2835, 

p=0.3982) concentration change upon stimulation. A moderate positive correlation was noted 

between CD8+ TEMRA frequency change with cytokine TNF-α  (r=0.3377, p=0.2098) 

concentration change upon stimulation.  

 

CD8+ naïve T-cell frequency change showed a negative correlation with the change in cytokine 

concentration upon stimulation as shown in Figure 4.6 (A). A strong negative correlation was 

identified between CD8+ naïve T-cell frequency change and IFN-γ concentration change (r =-

0.6995, p=0.0165*) upon stimulation. None or weak correlation has been identified between 

CD8+ naïve T-cell frequency change and the change of cytokine IL-6; TNF-α concentration 

upon stimulation. 

 

A weak correlation between CD8+ TEM frequency change and the cytokine IL-6 and TNF-α 

concentration change upon stimulation was noted. Whereas a moderate positive correlation 

was identified between CD8+ TEM frequency change and cytokine IFN-γ concentration 

change (r=0.5239, p=0.0981) upon stimulation as shown in Figure 4.6 (C).  

 

Similar to CD4+ TCM, no correlation was identified between the change in CD8+ TCM 

frequency and change in cytokine IL-6; TNF-α; IFN-γ concentration upon stimulation with 

SARS-CoV2 Spike protein as shown in Figure 4.6 (D).  
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Figure 4.6: Correlation of COVID-19 donors CD8+ memory T-cell subset frequency with cytokine 

production upon stimulation with SARS-CoV2 spike protein. Graph showing correlation of CD8+ TEMRA (A); 

CD8+ Naïve (B); CD8+ TEM (C); CD8+ TCM (D) frequency ratio (stimulated:unstimulated) with concentration 

ratio (stimulated:unstimulated) of  IL-6,  TNF-α  and IFN-γ . Statistical Analysis: Pearson correlation 

coefficient. p, p-value; r, correlation coefficient. Abbreviation: IFN-g, Interferon-gamma; IL-6, Interleukin 6; TCM, 

central memory T-cell; TEM, effector memory T-cell; TEMRA, terminally differentiated effector memory T-cell; 

TNF-a, Tumour Necrosis Factor-alpha. 
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r = -0.1683 (p =0.6208)  
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r = 0.0425 (p =0.9014)  
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Chapter 5: Discussion 

 
5.1 Lymphopenia in Severe COVID-19  

Lymphopenia involving CD4+, and CD8+ T-cells is a common feature reported in COVID-19, 

especially in patients with more severe disease. [103] CD4+ and CD8+ T-cells play a crucial 

role in the adaptive immune response to fight against SARS-CoV2 infection hence 

lymphopenia can result in impaired response against infection, impacting the clinical course of 

acute viral infection, leading to severe disease and complications. [115] 

 

In our study, we have identified that donors who had severe COVID-19 have a higher frequency 

of CD4+ T-cells but a lower frequency of CD8+ T-cells at baseline compared to those who had 

a milder disease. Immune dysregulation which is the hallmark of severe COVID-19 [116] can 

be attributed to the high CD4+ T-cells frequency coupled with elevated CD4+ T-cells 

activation markers at baseline. This coupled with a low CD8+ T-cells frequency could 

predispose an individual to impaired immune response upon infection.  

 

Our in-vitro study results have shown a reduction in CD4+ T-cell frequency in all COVID-19 

donors PBMC samples, especially in donors with severe disease upon stimulation, which aligns 

with the finding of lymphopenia in severe COVID-19 patients as reported in many studies. [15, 

103] It has been hypothesized that lymphopenia is attributed to high serum pro-inflammatory 

cytokines such as TNF-α and IL-6, [103] which was seen in the study where CD4+ frequency 

is negatively correlated to cytokine production upon stimulation. However, the strength of 

correlation is not strong. Moreover, a positive correlation was noted between CD8+ T-cell 

frequency and IL-6 production, opposing the recent findings of cytokine storm-induced 

lymphopenia.  

 

Upon stimulation of severe COVID-19 donors' PBMC samples, the increase of CD8+ was not 

as remarkable as in mild patients. Coupled with the reduction in activation markers expression 

by CD8+ T-cells upon stimulation, this suggests an impaired CD8+ T-cell response in severe 

COVID-19 patient [117]. CD8+ T-cells, often called cytotoxic T-cells (CTLs) are responsible 

for killing infected cells and invading pathogens, hence an impaired CD8+ T-cell response 

hinders effective control of infection. [68] 
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The characteristics of severe patient CD4+ and CD8+ T-cells frequency at baseline and their 

changes upon stimulation as described above suggest that malfunction of T-cells occurs in 

severe COVID-19 patients which has further implications on the disease severity.  

 

5.2 High expression of activation markers on CD4+ T-cells as a marker for severe 

COVID-19 disease   

We have seen that the expression of activation markers HLA-DR and CD25 at baseline 

(unstimulated) on CD4+ and CD8+ T-cells of COVID-19 donor samples were higher compared 

to healthy donors, especially in those who had severe COVID-19. An increase of HLA-DR on 

CD4+ T-cells reached statistical significance between healthy control and severe COVID-19 

donors (p < 0.01) as well as between moderate COVID-19 donors and severe donors (p <0.05). 

Upon stimulation with SARS-CoV2 Spike protein, we noted an increase in the expression of 

activation markers (HLA-DR, CD137, CD25) on CD4+ T-cells from the severe COVID-19 

donors. Comparatively, the expression of these activation markers on CD4+ T-cells in mild 

patients only showed a slight increase or remained the same upon stimulation. These results 

indicated that a higher baseline expression of activation markers on CD4+ T-cells will result 

in a greater increase in activation markers upon stimulation, suggesting the role of T-cell 

activation markers in predicting the severity of the disease.  

 

HLA-DR is a class II MHC molecule that is normally found on antigen-presenting cells, and 

its primary function is to present antigen peptides to T-cells, activating the innate immune 

response. They are also found on T-cells and recognised as a marker of T-cell activation [118]. 

Studies have found that the severity of COVID-19 is associated with the expression of HLA-

DR on T-cells [119, 120]. It is believed that high expression of activation markers puts the T-

cells at a state of overactivation which results in consequent immune dysregulation as 

overactivation increased T-cell apoptotic sensitivity, exhausted transcriptional regulation, and 

impaired cellular function [121]. This was demonstrated in our study where PBMC samples of 

individual who had severe COVID infection were found to have significant increase in HLA-

DR expression on CD4+ T-cells. Level of HLA-DR expression on CD4+ T-cells was found to 

be  significant correlated with the level of IFN-γ cytokine. Further consolidating the discussion 

of CD4+ HLA-DR expression, upon stimulating PBMC of individuals with known severity of 

COVID, finding was consistent where those with more severe COVID had significant increase 

in HLA-DR expression on CD4+ T-cells. This increase in activation marker is also associated 

strongly with increase in IFN-γ cytokine level. This warrants the use of the level of expression 
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of HLA-DR on CD4+ T-cells as a marker of prediction of disease severity at an early stage as 

well as prognostic marker, in addition to HLA-DR expression on monocyte which has been 

consistently proven as a reliable marker for evaluation of immune dysfunction [122]. On the 

other hand, the role of HLA-DR expression on CD8+ T-cells as an early marker for disease 

severity is not as significant compared to CD4+ where the frequency of expression is no 

reflective of severity as well as not noted to associated with the level of cytokine concentration 

detected at baseline or upon stimulation with SARS-CoV2 Spike protein.  

 

Apart from that, CD25 has been recognised as a prominent activation marker of T-cells, [123] 

and in our study, we saw a similar trend of CD25 expression at baseline as HLA-DR on 

COVID-19 donor T-cells, where expression of CD25 at baseline increases with increasing 

disease severity suggesting its role as an additional marker of interest for early determination 

of severe COVID-19 outcome allowing timely intervention to prevent progression of the 

disease.  
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5.3 Memory T-cells response in COVID-19  

T-cell immunity is important for recovery from COVID-19 and the memory component 

generated is the key to long-term protection providing heightened immunity upon re-infection 

[55]. Studies have identified sustained memory T-cells response upon recovery, which warrants 

a further understanding of the characteristics of the memory T-cells components and how they 

differ between patients who had COVID-19 of different severities [94]. Interestingly, our study 

has identified a significant decrease in the following subtypes of memory T-cells including 

CD4+ TEM, CD4+ TEMRA and CD8+ TCM in PBMC samples of patient who had been infected 

with COVID-19 compared to those of healthy donor PBMC samples. However, the reduction 

in frequencies of these memory T-cells were not reflective of impaired memory response upon 

re-encounter with cognate antigen.   

 

5.3.1 Memory Response of T!"#  

Contrary to finding of reduced frequency of CD4+ TEM in PBMC samples of individual who 

had COVID-19 compared to healthy donor, expansion of these cell population were actually 

identified upon in-vitro stimulation with SARS-CoV2 spike protein cocktail regardless of 

severity of initial infection. Despite not significant, severe COVID-19 patients demonstrated 

greatest expansion of CD4+ TEM frequency compared to those who initially had mild and 

moderate COVID-19. This demonstrated that despite reduced in frequency, these CD4+ TEM 

are functional and able to undergo expansion upon antigen specific stimulation suggesting role 

in long term protection upon re-infection. Similarly, expansion of CD8+ TEM was also 

identified in PBMC samples of COVID-19 donors of all severity, upon stimulation suggesting 

the role of both CD4+ and CD8+ TEM in conferring protection. This is consolidated by a study 

that has identified that individuals who had recovered from COVID-19 yield better quality 

memory T-cells than those with close contact. [96] However, the longevity of these T-cells 

remains to be elucidated with a longer longitudinal analysis following a recent study that has 

identified the persistence of these T-cells up to ten months after initial symptom onset [94].  

 

5.3.2 Long lasting protection by T$"  

Studies have found that TCM properties differ from that of TEM. Comparatively, TCM has lower 

effector function but higher self-renewal potential indicating sustainability [80]. In our study, 

we have identified significant increase of CD4+ TCM frequency in PBMC samples of individual 

infected with COVID-19 compared to healthy samples. Despite not significant, CD8+ TCM 

level is also noted to be higher than that of healthy individual donor samples. This indicates 
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differentiation of naïve T-cells into memory T-cells upon initial infection. However, upon 

stimulation, minimal expansion of CD4+ TCM frequency has been identified. This could be 

attributed to their characteristic of reduced immediate effector function, where TCM requires a 

longer duration upon encountering cognate antigen before undergoing expansion but would 

require further study to identify this causal relationship [81].  

 

5.3.3 Potential role of T!"%&  in memory response  

The third T-cell memory subset in humans which has been identified as a type of effector 

memory T-cell but which re-expresses CD45RA known as TEMRA. They have mostly been 

identified in the CD8+ T-cell compartment instead of the CD4+ T-cell compartment [124]. In 

the CD4+ T-cell subset, TEMRA frequency as well as their phenotype appear to be heterogenous 

between individuals [125]. In-depth understanding of this memory T-cell subset (TEMRA) and 

their functional roles remain limited. Accumulated studies have discovered that infection with 

viruses such as CMV and dengue virus (DENV) are associated with the expansion of CD4+ 

TEMRA which has functional significance [126, 127]. In our study, we have identified a 

significant reduction of both CD4+ and CD8+ TEMRA population in PBMC samples of 

individuals infected with COVID-19. Upon stimulation of these cells, we have identified 

minimal expansion of both CD4+ and CD8+ TEMRA, and particularly only in those who had 

milder disease which contradicts finding which have shown expansion of CD4+ TEMRA in other 

viral infections. Despite having the greatest effector function among memory T-cells subsets, 

TEMRA are thought to have the lowest proliferation capacity and memory function compared to 

other memory T-cell subsets [80]. This may indicate a limited role for TEMRA in long-term 

protection. Specifically how TEMRA differs from other memory phenotypes remained to be 

better defined.  
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5.4 Cytokine response in COVID-19 

5.4.1 Severe COVID-19 and cytokine storm  

Excessive production of pro-inflammatory cytokines is known to initiates many different 

signalling pathways that result in widespread tissue damage, acute respiratory distress 

syndrome, capillary leak syndrome, and multi-organ failure and ultimately leading to death [1]. 

The cytokine storm is attributed to elevated levels of the main pro-inflammatory cytokines 

including IL-6, TNF-α, IL-1, and interferons which are the key players in the innate immune 

response [128]. Increase in these cytokines results in an influx of immune cells from the 

circulation to the site of infection which further increase the production of cytokines. Coupled 

with a defect in the regulatory mechanism, this result in a cytokine storm. The COVID-19 

cytokine storm is an evolving concept that has been associated with disease mortality. The 

underlying mechanism for severe infection caused by SARS-CoV2 remains unclear but there 

are increasing evidence that have identified correlation between level of cytokine and 

chemokines production with COVID-19 severity [109, 129].  

 

In our study, we have elucidated the response of pro-inflammatory cytokines production 

including IL-6, TNF-α and IFN-γ upon stimulation of COVID-19 donor PBMC samples with 

SARS-Cov2 spike protein. Despite the existence of donor to donor variability of cytokine 

concentration upon stimulation, overall, PBMC samples of individual who had more severe 

initial infection showed higher concentration of pro-inflammatory cytokine production upon 

stimulation compared to mild COVID-19 cohort. Although the results did not achieve 

statistical significant between different severity groups, the trend supports current evidence of 

correlation of cytokine concentration an disease severity. The limitation to determine 

significance in our study can be attributed to the individual variability of immune cell 

response coupled with limited sample size of this study. Going forward, inclusion of larger 

population in the study would benefit from determining the true significance of these 

findings.    

 

5.4.2 Predisposition to COVID-19 cytokine storm  

Despite studies identifying correlation between cytokine storm and severe COVID-19, reasons 

of some patients being more prone to cytokine storm in respect to the others remains variable 

and to be elucidated. It has been discovered in a retrospective clinical study that the elevation 

of IL-6, TNF-α, and IL-10 are parallel to the reduction in the absolute number of CD4+ and 

CD8+ T-cells with respect to moderate cases [130]. Interestingly in our study, we have 
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identified correlation of CD4+ T-cell activation to the production of pro-inflammatory cytokine.  

Our results demonstrated a significant positive correlation between CD4+ T-cell activation 

represented by HLA-DR expression and the level of cytokine IFN-γ. The increased level of 

CD4+ T-cells HLA-DR expression was seen particularly in severe COVID-19 PBMC samples 

which was associated with increased level of IFN-γ. This suggests the role of CD4+ T-cell 

activation level in determining disease severity in the context of COVID-19 cytokine storm.   

 

5.4.3 Correlation of CD4+ and CD8+ T!"  response with IFN-γ  concentration  

We have noted individuals who had severe COVID-19 have the greatest expansion of CD4+ 

TEM frequency upon stimulation with SARS-CoV2 Spike protein. We further explored the data 

by running a correlation analysis with the associated concentration of cytokines produced and 

noted that the expansion of CD4+ TEM is strongly correlated with the concentration of the 

cytokine IFN-γ produced upon stimulation with SARS-CoV2 Spike protein. An increased of 

CD4+ TEM leads to an increase in IFN-γ produced upon stimulation. IFN-γ is the key CD4+ T-

cell derived cytokine during the adaptive immune response against invading pathogens [131]. 

Greater production of IFN-γ upon activation hence indicating a greater immune response, 

consolidating the proposition that more initial infection confers better protection upon 

secondary infection.   

 

Similarly, we have also noted that in individuals who had severe COVID-19 infection, 

increases in CD8+ TEM frequency correlates with the increase in IFN-γ production upon 

stimulation with SARS-CoV2 Spike protein. 

 

5.4.4 CD8+ Naïve T-cell response and IFN-γ   

In contrast to the relationship of IFN-γ and CD4+ and CD8+ TEM, CD8+ naïve T-cell frequency 

negatively correlated with the concentration of IFN-γ upon stimulation with SARS-CoV2 

Spike protein, with a correlation coefficient of 0.6996 (p= 0.0165). Reduction in CD8+ naïve 

T-cell frequency is associated with the increase of cytokine IFN-γ production. This suggests 

the involvement of CD8+ naïve T-cell in IFN-γ driven T-cell proliferation and differentiation, 

causing them to be differentiated into effector cells, losing their naïve phenotype hence 

resulting in a reduction in frequency [132]. Results have demonstrated different immune 

response of different memory T-cells subsets upon COVID-19 infection as well as reflected 

their role in providing long-lasting immune response to re-stimulation. This could prompt 

vaccine development that mimics natural infection to provide better protection against infection.   



 84 

Chapter 6: Conclusion 
 

This chapter summarises the key findings and their significance from Chapter 3 and Chapter 4 

of this thesis, alongside limitations of the current study and suggestions for future research 

moving forward.  

 

At baseline COVID-19 PBMCs showed higher activation of T-cells with increasing disease 

severity and when compared to healthy donor PBMC samples. Upon stimulation, CD4+ T-

cells become increasingly activated especially in those who had more severe COVID-19. The 

increase in activation of CD4+ T-cells has been identified to be strongly correlated to the 

increase in IFN-g concentration detected in severe disease before and after stimulation. This 

prompt further investigations to identify the role of CD4+ T-cell activation level in determining 

disease severity.  

 

The memory T-cell profile of those with severe disease at baseline constitutes a lower 

proportion of effector memory subsets (TEMRA and TEM) but a higher proportion of central 

memory subset (TCM) compared to healthy donors and those with milder disease. However, 

upon stimulation with SARS-CoV2 Spike protein, despite of lower proportion of effector 

memory T-cells at baseline, those who had severe disease showed the greatest expansion of the 

effector memory T-cells specifically the TEM subset.  

 

Alongside that, those who had more severe initial infection showed an increase in cytokine IL-

6, TNF-a and IFN-g production upon stimulation. The increase of cytokine specifically IFN-y 

concentration has been identified to strongly correlate with the increase in CD4+ TEM expansion 

which was seen in individuals who had a severe initial infection. This demonstrates the 

involvement of CD4+ effector memory T-cell in cytokine response upon re-encounter with 

cognate antigen in individuals who had a more severe initial infection. 

 

To conclude, individuals of different COVID-19 severity groups exhibit different T-cell 

memory profiles at baseline. For those who had a more severe initial COVID-19 infection, at 

baseline, T-cells are more activated and consist of a lower proportion of the effector memory 

subset. Upon stimulation of the T-cells with SARS-CoV2 Spike protein, individuals who had 
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severe initial COVID-19 showed the greatest memory recall response along with higher 

production of cytokines that correlate with the memory recall response.   

There are a few limitations to the current study. First of all, due to time and logistical constraints, 

we were unable to include more patient samples in our study. Order and delivery of core 

materials required for the project including research-grade SARS-CoV2 Spike Protein were 

delayed due to the disruption of the online system by the cyberattack. This has also prevented 

us from conducting a longitudinal analysis of COVID-19 patient immune profile which will 

provide information on the changes over time. At the same time, due to limited cell counts 

from each donor sample, we were unable to include more panels for flow cytometry analysis, 

to gate for viral-specific T-cell, and to include more parameters of T-cells as each experiment 

round only allowed 8 fluorochrome-conjugated antibodies to be used.  

 

Apart from that, we were unable to obtain pre-pandemic healthy donor PBMC samples as 

healthy control for comparison, as well as unable to obtain vaccination status and infection 

status of healthy donors whose PBMC samples were collected during the COVID-19 pandemic. 

This resulted in the comparison with the healthy donor being less conclusive despite the 

differences in the immune profile that were observed between COVID-19 donor samples and 

healthy donor samples.  

 

To gain a better understanding of the underlying mechanisms supporting the proposed theories 

and associations, further research is warranted. Following characterisation of the T-cell profile 

of COVID-19 patients and identifying correlations with cytokine production, we can dwell 

deeper to study the mechanisms that result in change noted in the T-cells that as well as the 

difference in cytokine production in COVID-19 patients with different severities. A study of 

B-cell is also warranted to understand the function of adaptive immunity as a whole in long-

term protection against SARS-CoV2. Some limitations in this study can be overcome by 

including more COVID-19 PBMC samples across mild, moderate, and severe groups to 

achieve greater statistical significance of results. Non-COVID pneumonia control groups can 

also be included in the study to allow better identification of COVID-19-specific 

immunological response.    
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