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Ágrip 

Heimsfaraldur kórónuveirunnar SARS-CoV-2, sem veldur COVID-19 sjúkdómi, hefur staðið yfir frá 

árinu 2020. Fyrsta tilfellið kom upp í desember árið 2019 og síðan þá hefur verið tilkynnt um yfir 500 

milljónir SARS-CoV-2 sýkinga. Meðal þeirra hlutverka sem ónæmiskerfið gegnir er uppræting 

veirusýkinga. Frumur ósértæka ónæmiskerfisins taka þátt í fyrstu svörum við veirusýkingum ásamt 

virkjun sértæka ónæmiskerfisins þar sem sértækar T- og B-frumur gegna lykilhlutverki. T-frumum er 

skipt upp í CD4+ T-hjálparfrumur og CD8+ T-drápsfrumur. Helsta hlutverk T-hjálparfrumna í 

veirusýkingum er sértæk svörun T-hjálparfrumna af týpu 1 (TH1) meðal annars með seytun þeirra á 

bólguboðefnunum IFN-y og IL-2. B-frumur stuðla einnig að upprætingu veirusýkingar með myndun 

mótefna. Frá upphafi faraldursins hefur mikill áhugi verið á ónæmissvari við COVID-19. Greint hefur 

verið frá ríkjandi TH1 svari bæði á meðan COVID-19 sjúkdómnum stendur og í bataferlinu. Eftir bata 

frá COVID-19 hafa sumir fundið fyrir langvarandi einkennum sem hafa neikvæð áhrif á heilsu og 

daglegt líf.  

 Markmið ransóknarinnar var að kanna langvarandi SARS-CoV-2 sértækt minnissvar ásamt 

ónæmisfræðilegu ástandi við sýnatöku hjá einstaklingum sem áður hafa greinst með COVID-19. Alls 

bárust 147 heilblóðsýni frá rannsóknarþýðinu. Svipgerðargreining hvítfrumna var framkvæmd á 127 

blóðsýnum. Einkjarna hvítfrumur voru einangraðar úr öllum 147 blóðsýnunum og þar af var SARS-

CoV-2 sértæk ræsing og T-frumu sértæk frumuflæðisjárgreining framkvæmd á einangruðum 

hvítfrumum frá 45 sýnum.  

Sértækt SARS-CoV-2 T-frumusvar greindist hjá 44 af 45 einstaklingum. Algengast var að CD4+ T-

frumur tjáðu bólguboðefnið TNF-α eftir SARS-CoV-2 ræsingu. Einstaklingar eldri en 65 ára sýndu 

hækkaða IL-6 tjáningu hjá CD8+ T-frumum, og karlar sýndu hækkaða IFN-γ tjáningu CD4+ T-frumna. 

Svipgerðargreining sýndi aukið hlutfall NK-frumna hjá einstaklingum eldri en 65 ára, körlum, og 

einstaklingum sem þurftu á sjúkrahúsinnlögn að halda vegna COVID-19. Fylgni sást milli ónæmissvara 

og heilsu einstaklinga þar sem verri líðan eftir COVID-19 sjúkdóm tengdist lægri tíðni kyrninga og 

hærri tíðni eitilfrumna í svipgerðagreiningu, ásamt lægri tjáningu IL-2 hjá SARS-CoV-2 sértækum 

CD8+ T-frumum.  

Niðurstöður rannsóknarinnar sýndu fram á langvarandi SARS-CoV-2 sértækt T-frumu minnissvar 

allt að 17 mánuðum eftir sýkingu, sem bendir til þróunnar á langvarandi ónæmisminni í kjölfar COVID-

19 sjúkdómsins. Helsta SARS-CoV-2 sértæka T-frumusvarið var skilgreint sem TNF-α tjáning CD4+ T-

frumna sem getur bent til mikils bólgusvars. Ennfremur bendir munur á sértæku T-frumusvari til þess 

að eldri einstaklingar sýna sterkara CD8+ T-frumusvar, og að karlar sýna sterkara TH1 svar. 

Svipgerðargreining rannsóknarþýðisins sýndi einnig breytileika í samanburði innan þýðisins. Fylgni 

milli heilsufars eftir COVID-19 og ónæmissvara í þessari rannsókn gefur til kynna að sterkara svar 

ósértæka kerfisins og sértækra minnis T-frumna tengist fullum bata.  
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Abstract 

The SARS-CoV-2 pandemic, causing COVID-19 disease, emerged in 2020. The first case was 

reported in December 2019 and since then over 500 million cases have been reported. One of the 

many roles of the immune system is the eradication of viral infections. In response to viral infection, 

cells of the innate immune system provide antiviral and inflammatory responses and activation of the 

antigen-specific adaptive immune responses, elicited by T- and B-cells. T-cells are divided into CD4+ 

helper T-cells and CD8+ cytotoxic T-cells. The prominent helper T-cell subset in viral infection is the 

type 1 helper T-cells (TH1), defined by their IFN-γ and IL-2 cytokine expression. B-cells partake in viral 

clearance by producing antigen-specific antibodies. The immune responses to COVID-19 have been 

of great interest since the emergence of the disease. TH1 responses have been reported in both active 

disease and recovery. Following recovery from infection, persistent symptoms have been causing 

negative long-term effects on the health of recovered individuals. 

The aim of this study was to evaluate the SARS-CoV-2 specific long-term immunity and 

immunological status in individuals previously diagnosed with COVID-19. A total of 147 peripheral 

blood samples were obtained from study participants. Thereof, a detailed leukocyte phenotypical 

analysis was performed on 127 blood samples, and isolation of peripheral blood mononuclear cells 

(PBMCs) were performed on all 147 blood samples. Furthermore, a SARS-CoV-2 specific stimulation 

on PBMCs followed by a T-cell specific flowcytometric analysis was performed on 45 samples. 

In this study, a robust SARS-CoV-2 specific T-cell response were detected in all but one individual. 

Thereof, TNF-α expression by CD4+ T-cells was the predominant response. Following SARS-CoV-2 

specific stimulation, individuals over the age of 65 showed greater IL-6 expression by CD8+ T-cells, 

and males showed greater IFN-γ expression by CD4+ T-cells. Furthermore, in the leukocyte 

phenotypical analysis, NK-cells were more frequent in individuals over the age of 65, males, and 

individuals needing hospital admission during time of disease. When correlated to health after COVID-

19, individuals who felt worse after the disease had a lower frequency of granulocytes, higher 

frequency of lymphocytes, and lower IL-2 expression by SARS-CoV-2 specific CD8+ T-cells.  

Herein, SARS-CoV-2 memory responses were detected up to 17 months from infection, indicating 

the development of long-lasting immune memory responses following COVID-19 disease. The 

predominant SARS-CoV-2 specific T-cell response was defined as TNF-α expression by CD4+ T-cells 

which could indicate a high inflammatory response. Furthermore, differences in SARS-CoV-2 specific 

T-cell responses indicate a stronger CD8+ T-cell response in older individuals and a more robust TH1 

response in males. Interestingly, the phenotypical profile of individuals in this study differed when 

compared within the cohort. Quality of health following COVID-19 further correlated to immune 

responses observed in this study, indicating a stronger innate immune response and specific T-cell 

responses are associated with full recovery. 
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1 Introduction 

1.1 The immune system 

One of the many roles of the immune system is to fight invading particles, like pathogens, that get 

through the external barriers of the body, such as the skin and mucosal epithelium. The immune 

system is divided into the non-specific innate immune system and the antigen-specific adaptive 

immune system, wherein leukocytes play a pivotal role in both systems. Immune cells of both the 

innate and adaptive immune systems cooperate in eradicating the invading particles and reinstating 

homeostasis. Specific roles of several immune cells are further discussed later on, there amongst is 

their ability to secrete small effector proteins called cytokines. Cytokines are important mediators of 

both inflammatory and regulatory responses within in the immune system. They are secreted by cell 

types of both the innate and adaptive immune systems and can participate in inducing activation of 

specific immune responses depending on the invading particle. Their participation in activation and 

differentiation of immune cells further induces activation of specific responses depending on the 

infecting agent (Reviewed in (1, 2)). The complement system also participate in immune system 

eliciting various functions such as chemoattraction and apoptosis (Reviewed in (3)).    

1.1.1 The innate immune system 

Particles who successfully invade the external immune system barriers promptly activate the innate 

immune response. Among the cells that partake in the innate immune response are granulocytes, 

mast cells, monocytes, macrophages, dendric cells (DCs), and natural killer cells (NK-cells). Most 

innate immune cells express pattern-recognition receptors (PRRs) on their surface, these receptors 

recognize specific molecular patterns associated with cellular damage, and microbial or pathogenic 

infections. Pathogen-associated molecular patterns (PAMPs) reside on the surface of most 

pathogens. Following detection of PAMPs through PRRs, such as Toll-like receptors (TLRs), immune 

cells proceed to further induce appropriate immune responses. Some PRRs are also expressed inside 

the cytosol of phagocytes for recognition of intracellular pathogens, like viruses and intracellular 

bacteria (Reviewed in (4, 5)). Several leukocytes (e.g., granulocytes, monocytes, macrophages, and 

DCs) possess the ability to engulf, digest and eliminate pathogens or other damaging compounds they 

come across, these cells are called phagocytes. Additionally, phagocytes can produce inflammatory 

mediators, such as cytokines,  or stimulate the migration of other immune cells and thereby initiating 

inflammatory responses (Reviewed in (6)).  

Granulocytes are polymorphonuclear granulocytic leukocytes further classified as neutrophils, 

eosinophils, and basophils. Granulocytes have a short lifespan and act primarily as phagocytes that 

eliminate invading particles, especially neutrophils.  Mast cells are most prominently distributed in, or 

near, mucosal tissues where they participate in innate defences to invading pathogens or microbes. 

Upon activation, mast cells can participate in phagocytic activity, recruitment of neutrophils, and 

promotion of adaptive responses. However, their predominant function is inducing acute allergic 

responses through their ability to secrete histamine and other inflammatory mediators upon cross-

linking to IgE receptors (Reviewed in (7)). Macrophages are tissue resident phagocytes that are 
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mainly found on surfaces that are particularly exposable to invading particles and participate in the 

innate immune response, particularly inflammatory responses. In addition to their phagocytic function, 

macrophages can mobilize other immune cells such as granulocytes and monocytes to the site of 

infection by secretion of cytokines. However, some tissue resident macrophages can also inhibit 

neutrophil influx into delicate tissues, such in the alveoli, to reduce inflammatory response in the tissue 

(Reviewed in (5)).  

Monocytes are blood mononuclear cells that have an important role in inflammation. They make up 

10% of circulating leukocytes found in the blood circulation, thereof three distinct circulating monocyte 

subsets have been identified by the expression of the CD14 and CD16 surface markers. Alterations of 

these subsets have been associated with various diseases. Most blood monocytes (80-90%) are of 

the classical monocyte subset (CD14++CD16-), their role is more oriented towards phagocytic activity 

rather than cytokine production. Intermediate monocytes (CD14++CD16+) have both phagocytic activity 

and produce cytokines such as tumour necrosis factor-alpha (TNF-α) and interleukin-1 (IL-1), thereby 

inducing proinflammatory responses. Intermediate monocytes have been more abundantly detected in 

bacterial sepsis, Chron’s disease, and rheumatoid arthritis. The third monocyte subset are the non-

classical monocytes (CD14lowCD16+), they seem to lack both phagocytic activity and cytokine 

production. Non-classical monocytes have also been called patrolling monocytes, as they have been 

associated with homeostasis and resolution of inflammation. They have been detected in increased 

amount in rheumatoid arthritis and periodontitis but decreased in strokes (reviewed in (6, 8, 9)).  

As previously described, phagocytes can consume pathogens for their elimination. In addition, 

some phagocytes can further act as antigen presenting cells (APCs). APCs possess the ability to take 

up antigens, process them, and present them to other cells through major histocompatibility complex 

(MHC) surface molecules. APCs have long been considered an important link between the innate and 

the adaptive immune systems. After encountering an antigen and processing it, they can travel to 

secondary lymph nodes, through afferent lymph vessels, for antigen presentation to naïve 

lymphocytes and thereby inducing the activation of the adaptive immune response. APCs of the innate 

immune system consist mainly of DCs, monocytes and macrophages. Thereof, DCs have been 

described as the most important link between the innate and adaptive immune systems because of 

their specific function for activating T-lymphocytes (T-cells), due to their vast expression of MHC 

molecules, especially MHC class II molecules. DCs have specialized MHC class II-rich compartments 

which makes them so efficient in activation of helper T-cells. Immature DCs reside in most tissues 

where they can take up antigens by phagocytosis, micropinocytosis, or receptor-mediated 

endocytosis. The two main DC subsets are the conventional dendric cells (cDCs) and the 

plasmacytoid dendric cells (pDCs). cDCs are primarily located in lymphoid tissue while pDCs are 

present in both blood and lymphatic circulation where they can readily secrete cytokines and elicit 

antigen presenting functions in case of pathogen recognition (Reviewed in (6, 10)). 

In the innate immune system, there are cells that share similarities to lymphocytes of the adaptive 

immune system without the antigen-specific functions. These cells are called innate lymphoid cells, 

they have various roles within the innate immune system including tissue formation and repair, as well 



  

17 

as effector functions eliciting cytotoxic activity and cytokine secretion. Among the major innate 

lymphoid cell subsets that have been described are the natural killer cells (Reviewed by (11)). 

Natural killer cells (NK-cells) are cytolytic granulated lymphocytes that partake in the innate 

immune responses, particularly in response to viral infections. Their cytolytic activity is mediated by 

the release of their highly toxic granules, containing perforin and granzyme. NK-cells generally display 

the surface marker CD56. Some NK-cells also express the T-cell surface marker (CD3) on their 

surface, these cells are called NKT-cells (CD3+CD56+). Classical NK-cells (CD3-CD56+) mediate 

cytolytic activity and produce cytokines for antiviral purposes, such as IFN-γ, TNF-α and GM-CSF. 

Two subsets have been described based on the intensity of the CD56 expression. Typically, CD56dim 

NK-cells are most abundant in peripheral blood where their primary function is of cytolytic nature and 

CD56bright NK-cells are considered a more immature subsets that elicit more of a cytokine producing 

response rather than a cytolytic one (Reviewed in (12, 13)). Furthermore, NK-cells that express the 

surface marker CD16 can induce antibody-dependent cellular cytotoxicity, when bound to the Fc part 

of IgG antibodies (14). Although characterized as innate immune cells, recent reports have 

encountered adaptive or memory like NK-cells that have antigen-specific memory (Reviewed in (13)), 

(15). 

1.1.2 The adaptive immune system 

The adaptive immune system drives the antigen-specific recognition and the development of 

immunological memory. Lymphocytes carry out the functions of the adaptive immune system, they 

originate from lymphocyte precursors in the bone marrow. Lymphocyte precursors either fully develop 

in the bone marrow and become B-lymphocytes (B-cells), or travel to the thymus for development and 

maturation into T-lymphocytes (T-cells) (Reviewed in (16)). 

1.1.2.1 T-cells 

T-cells primarily provide antigen-specific cellular immune responses in the adaptive immune system. 

They are detectable by their expression of the T-cell receptor (TCR) and the CD3 marker on their 

surface. The specific roles of T-cells can be boiled down to three functions, providing helper function 

by direct cellular interactions or cytokine secretion, directly killing infected cells by secreting toxic 

granules, and providing regulatory function that limits possible damages made by otherwise 

uncontrollable or unnecessary immune responses (Reviewed in (16)). 

In the thymus, T-cell precursors undergo a thorough maturation process hindering the maturation 

of T-cells with high-affinity to self-antigens, thereby preventing autoimmunity. The maturation process 

also leads to the development of either helper T-cells or cytotoxic T-cells, detected by the surface 

markers CD4 and CD8, respectively. Mature T-cells are activated by their interaction with peptides 

bound to MHC surface molecules of class I or II. Structure of the binding groove on MHC class I 

molecules allows for binding of smaller peptides (8-10 residue long), whereas the MHC class II 

molecule can bind larger peptides (13-25 residue long) (Reviewed in (16, 17)).   

Helper T-cells (CD4+ T-cells, or TH cells) recognizes peptides displayed by the MHC class II 

molecules on APCs. Helper T-cells can further differentiate into effector subsets, including TH1, TH2, 

TH17, follicular helper T-cells (TFH) and regulatory T-cells (Tregs). These subsets are mostly defined by 
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their cytokine secretion profiles and transcription factors. TH differentiation can be induced by 

activation of various transcription factors or by cytokines in their immediate surroundings (Reviewed in 

(16, 18)). 

Type 1 helper T-cells (TH1 cells) are mostly associated with clearance of intracellular pathogens, 

especially viruses. Their responses are defined by further activation of phagocytes, NK-cells, and 

cytotoxic T-cells, along with IFN-γ and IL-2 cytokine secretion. Differentiation of TH1 cells is induced by 

the T-bet transcriptional factor, and by the cytokines IL-12 and IFN-γ secreted by other immune cells in 

response to the infection. The TH2 subset is more associated with allergic or parasite-induced 

responses. Their differentiation is driven by the transcription factor GATA-3 and the cytokine IL-4, and 

their cytokine profile consists mainly of IL-4, IL-5, IL-10, and IL-13. Another subset was later defined 

as TH17 subset, which is reportedly seen in autoimmune diseases and chronic inflammation. TH17 are 

mostly known for their secretion of the proinflammatory cytokine IL-17, inducing granulocyte 

recruitment and cause tissue damage. Differentiation into TH17 cells is mediated by the transcription 

factor RORγt and by the cytokines TGF-β and IL-6. TFH cells are predominantly located in the follicles 

of lymphatic tissue, such as the lymph nodes and in the spleen, where their primary function is 

inducing B-cell development. TFH cells can be detected by their expression of the CXCR5 chemokine 

receptor (Reviewed in (16)). Treg cells have a regulatory function, where they can suppress overly 

activated immune response as well as maintaining immunological self-tolerance, thereby preventing 

inflammatory diseases and autoimmunity. Treg cells differentiation from naïve T-cells is induced by the 

presence of FoxP3, TGF-β, retinoic acid, and IL-2, and are detectable by their expression of FoxP3 

and CD25 surface marker (Reviewed in (18)). 

Cytotoxic T-cells (CD8+ T-cells) recognize peptides displayed on the MHC class I molecules, that 

almost all nucleated cells express. They are important in antiviral and antitumor activity, where their 

primary functions are inducing apoptosis of a target cell. The cytotoxic activity of these cells is mainly 

elicited by their cytotoxic granules, containing granzymes and perforins, that reside in their cytosol. 

Following recognition of peptide/MHC I-complex, cytotoxic T-cells can secrete cytokines or induce 

apoptosis by direct cellular interactions in two ways. They can induce apoptosis by exocytosis of the 

content of their cytotoxic granules into the synapses to the target cell’s membrane, which then fuses 

into the target cell and causes apoptosis. Another way in which cytotoxic T-cells mediate apoptosis in 

a target cell is through the Fas ligand. When connected to the Fas receptor on target cells, it induces 

apoptosis by caspase activation. Upon activation, cytotoxic T-cells can secrete cytokines such as 

TNF-α which induces caspase activation, IFN-γ which leads to an expansion of Fas receptors and 

MHC class I on target cells, and IL-2 (Reviewed in (16, 19, 20)).  

1.1.2.2 B-cells 

B-cells have a crucial function in the humoral immune responses of the adaptive immunity. They can 

be detected by the B-cell receptor (BCR) and the CD19 marker they express on their surface. B-cells 

develop in the bone marrow where they go through antigen-independent development and become 

immature B-cells. Immature B-cells express the immunoglobulin (Ig) receptor IgM on their surface. 

Immature B-cells then travel to lymphoid organs, such as the spleen, where they further develop into 

either follicular B-cells or marginal zone B-cells (Reviewed in (16, 21)). 



  

19 

Marginal zone B-cells can become IgM secreting plasma cells upon recognition of pathogen 

through their BCR in addition to TLR signals induced by PAMPs. Follicular B-cells reside in the 

follicular zone of the lymphoid tissue and are dependent on antigen transport into the follicles for 

antigen recognition. Antigen recognition drives the follicular B-cell to express the antigen on their MHC 

class II molecules for further presentation to follicular helper T-cells (TFH cells) and further activation of 

the B-cell itself. The T-B-cell interactions further induces the formation of germinal centers which in 

turn allows B-cells to differentiate into either memory or antibody producing plasma B cells. Memory B-

cells can be detected by their expression of the surface marker CD27 (Reviewed in (16, 21, 22)).  

Mature B-cells that have encountered their antigen can undergo class-switching, replacing their 

surface IgM receptor with IgG, IgA, or IgE. When secreted by plasma B-cells, these Ig receptors are 

called antibodies. The five major Ig classes are IgM, IgD, IgG, IgA and IgE. IgM is the first Ig class 

developed on the surface of B-cells and the first response provided in response to antigen recognition, 

it is mostly detected in the early humoral response. IgD predominantly functions as an antigen 

receptor on naïve B-cells, it can however activate basophils and mast cells upon antigen recognition. 

The most abundant isotype detected in blood circulation is IgG, it provides antibody-mediated 

immunity against most pathogens. IgA secreting plasma cells are important in mucosal immunity. 

Thus, IgA is mostly detected on mucosal surfaces and in lesser amount in the blood circulation. IgE is 

mostly associated with allergic responses and hypersensitivity reactions (Reviewed in (23)). 

1.2 Antiviral response to respiratory RNA viruses 

PRRs residing in the cytosol of phagocytes and APCs are of key importance for the detection of 

intracellular pathogens such as viruses. TLRs are one of the PRRs residing in intracellular 

compartments of these cells for recognition of intracellular pathogens. For detection of RNA viruses, 

the TLR family members TLR7 and TLR8 recognize single-stranded RNA, whereas TLR3 recognizes 

double-stranded RNA. pDCs express TLR7 in great amount, while cDCs more often express TLR3. 

Activated TLRs and their adaptor mediators, such as MyD88 and TRIF, can induce activation of 

various signalling pathways which induce gene expressions that elicit effective host defences. MyD88 

and TRIF complexes further lead to activation of transcription factors, type I IFN production, 

proinflammatory signals, and DC maturation. The NF-κB and MAP kinase signalling pathways induce 

expression of genes associated with inflammatory responses and cytokine expression. Activation of 

the NF-κB signalling pathway is especially associated with proinflammatory cytokine production, such 

as TNF-α, IL-6, and IL-12. In turn, the proinflammatory cytokines IL-1β and TNF-α are able to further 

contribute to NF-κB activation. The MAP kinase signalling pathway activates the transcription factor 

AP-1 which is associated with the production of proinflammatory cytokines (Reviewed in (24, 25)). 

The innate response to virus infection activates within hours of recognition where the early 

responses are associated with the production of type I IFNs. In respiratory viral infection, type I IFNs 

can further induce innate immune cells to produce proinflammatory cytokines, most prominently TNF-

α, IL-1β, and IL-6. Further antiviral response is mediated by the influx and activation of DCs, 

macrophages, NK-cells, and neutrophils. NK-cells have primarily been associated with viral responses 

mediated by their secretion of proinflammatory cytokines and cytolytic granules. Tissue resident DCs 
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play a key role in activation of adaptive response, especially for T-cell activation (Reviewed in (26, 

27)).  

Activated effector T-cell subsets typically enter the site of infection around 6-7 days after infection 

and usually provide efficient viral clearance by day 10. In immune responses to the influenza virus 

CD4+ T-cells most prominently produce IL-2, IFN-γ, IL-10 and TNF-α, while CD8+ T-cells prominently 

produce IFN-γ and TNF-α. Furthermore, CD8+ T-cells induce apoptosis of infected cells in the 

respiratory epithelium. B-cells are important in the humoral responses, where virus-specific IgM takes 

part in viral clearance in early responses to infection. B-cells also produce class-switched neutralizing 

antibodies, such as virus-specific IgA and IgG, that are important for effective viral clearance. After 

infection has been resolved, both memory T-cells (effector memory and central memory T-cells, TEM 

and TCM respectively) and dormant memory B-cells continue to circulate in peripheral and lymphoid 

tissues in case of reinfection. Furthermore, long-lived plasma cells migrate to the bone marrow where 

they continue to secrete antibodies (Reviewed in (27)). 

1.2.1 Cytokines in viral infections 

Interferons (IFNs) are known for their antiviral activity as they can suppress viral replication within an 

infected cell. Type I interferons, IFN-α and IFN-β, predominantly induce antiviral responses when 

secreted by innate immune cells in the early immune responses to viral infection. They are produced 

by macrophages, monocytes, and NK-cells, but can also be produced by B-cells of the adaptive 

immune system. Type I IFNs are able to upregulate MHC class I expression, thereby eliciting further 

activation of cytotoxic responses by cytotoxic T-cells and NK-cells. IFN-γ is also well known for its 

antiviral activity more often by cells of the adaptive system, especially T-cells. Secretion of IFN-γ is 

associated with upregulation of MHC molecules thereby increasing antigen presentation capability, 

eliciting further activation of monocyte effector functions, and inducing phagocytic and cytolytic 

activation of neutrophils and NK-cells (Reviewed in (2)). 

The main proinflammatory cytokines are IL-1β, IL-6, and TNF-α (Reviewed in (28)). TNF-α 

functions primarily a proinflammatory cytokine, able to induce inflammation and cytotoxic activity. 

However, it can also elicit anti-inflammatory responses by upregulating anti-inflammatory mediators, 

such as IL-10, corticosteroids, and prostanoids. TNF-α is mainly produced by mononuclear 

phagocytes and T-cells but it can also be produced by other cells, such as B-cells, NK-cells, 

neutrophils, and mast cells. Although TNF-α is mainly induced by endotoxins, it can also be induced 

by viral antigens and various cytokines, such as IL-1, IFN-γ, GM-CSF, and TGF-β (Reviewed in (29)).  

IL-2 predominantly acts as a T-cell growth factor, promoting T-cell proliferation and expansion of 

activated T-cells. DCs that are activated by pathogens or microbes can temporarily secrete IL-2, 

thereby inducing T-cell activation. In addition to being a major T-cell promoter, IL-2 is also expressed 

by activated T-cells and thereby prompting positive feedback. However, following helper T-cell 

differentiation, TH1 acts as the major IL-2 producing subset. IL-2 also promotes activation of B-cells, 

NK-cells, and macrophages. Thereof, it induces further cytokine production by NK-cells, such as TNF-

α, IFN-γ and GM-CSF, as well as upregulating antibody secretion by B-cells (Reviewed in (2, 30, 31)). 
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IL-6 can both act as a proinflammatory and anti-inflammatory cytokine. Although IL-6 is 

predominantly produced by monocytes and macrophages, it can also be produced by other cells such 

as lymphocytes, fibroblasts, and endothelial cells. It has a major role in activation of inflammation in 

the acute phase of infection. However, it can also elicit anti-inflammatory responses by inhibiting 

production of other proinflammatory cytokines. Furthermore, IL-6 is important for B- and T-cell 

activation and differentiation (Reviewed in (2)). 

IL-1 is a family of cytokines that can have both pro- and anti-inflammatory function, eliciting 

activation of epithelial cells, macrophages, and acute phase reaction in early responses to infection. 

IL-1β is one of the main pro-inflammatory cytokines and an important activator of T-cells (Reviewed in 

(28, 30, 32)). IL-10 contributes to anti-proliferation of activated T-cells, thereby participating in anti-

inflammatory and regulatory immune responses, and is also known to induce B-cell proliferation 

(Reviewed in (30)). IL-12 is mostly secreted by innate immune cells and participates in T-cell and NK-

cell activation, and inducing cytotoxic responses by cytotoxic T-cells and NK-cells (Reviewed in (2)).  

1.3 COVID-19 

The coronavirus disease 19 (COVID-19) is an acute respiratory disease caused by the coronavirus 

SARS-CoV-2 (previously known as 2019-nCov) (33). SARS-CoV-2 is a beta-coronavirus similar to 

SARS-CoV that caused an epidemic in 2002 and MERS-CoV that caused an epidemic in 2012 (34), 

(Reviewed in (35, 36)). The first case of COVID-19 was diagnosed in December 2019 and since then 

over 500 million cases have been documented worldwide resulting in over 6 million fatalities (33, 37). 

In Iceland, over 180.000 COVID-19 cases have been confirmed and thereof 119 fatalities (38). In 

March 2020, the World Health Organization declared COVID-19 a pandemic (39).  

1.3.1 Structure of SARS-CoV-2 

Coronaviruses are single stranded positive RNA viruses of the Coronaviridae family, further 

characterized into alpha-, beta-, gamma-, and delta-coronaviruses. Alpha- and beta-coronaviruses 

infect humans, while gamma- and delta-coronaviruses mostly infect birds. Four coronaviruses are 

known to cause mild infections in humans often described as common colds, those are HCoV-229E, 

HCoV-NL63, HCoV-OC43, and HCoV-HKU1 (Reviewed in (40)).  

Coronaviruses consist of four structural proteins, the nucleocapsid (N) protein which coats the 

genome, the envelope protein, the membrane protein, and the spike (S) protein. The S protein 

consists of two domains, the S1 domain which includes the receptor-binding domain (RBD), and the 

S2 domain (Reviewed in (40)). 

1.3.2 SARS-CoV-2 infection 

As previously discovered in SARS-CoV, SARS-CoV-2 infects host cells via the angiotensin converting 

enzyme 2 (ACE2) receptor which can be found on epithelial cells of the respiratory tract (41-45). The 

viruses bind the ACE2 receptor through the RBD on the S protein, however, the structural features of 

the SARS-CoV-2 RBD allows better recognition and better affinity towards the ACE2 receptor than the 

SARS-CoV RBD (46).  
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The most frequent symptoms of an active SARS-CoV-2 infection include fever, cough, fatigue, 

myalgia, and dyspnea. Less frequent symptoms are headache, sputum production and symptoms 

from the gastrointestinal system, for example nausea, vomiting and diarrhea (47-54). The most 

common risk factors for a more severe SARS-CoV-2 infection and worse outcomes are old age and 

underlying diseases. Thereof, the most common comorbidities include hypertension, diabetes, 

cardiovascular disease, and respiratory disease (55-58). 

1.3.3 Cellular immune responses to COVID-19 

As COVID-19 has been a crucial issue for the last 2 years, it has been an important research topic 

and numerous research articles have been published on the subject matter. The immune response to 

SARS-CoV-2 has been of particular interest for further understanding the disease and for both 

treatment and vaccination purposes. Currently there is a vast amount of research articles about 

immune responses to COVID-19 and without a doubt more have yet to come. 

1.3.3.1 Active COVID-19 disease 

In active COVID-19 disease, there have been several reports of lymphopenia, with low absolute 

numbers of both CD4+ and CD8+ T-cells, an increased CD4:CD8 ratio, and low absolute counts of 

both NK-cells and B-cells (47-54, 59-62). Additionally, an increase in total monocyte population has 

been reported, and thereof an increase of both intermediate and non-classical monocyte subsets 

when compared to healthy controls (63). 

Dysregulation of NK-cell populations have also been reported in active disease. NK-cells have 

shown a highly activated phenotype detected by overexpression of CD25, CD69 and NKp44 surface 

markers. Decreased cytokine producing CD56brightCD16neg/dim NK-cells and an increase of cytolytic 

CD56dimCD16bright NK-cells. Furthermore, a higher frequency of cytolytic phenotype, and memory-like 

NK-cells were detected in patients who succumbed to the disease opposed to those who recovered 

(64). 

Both moderate and severe COVID-19 disease have been associated with development of a 

cytokine storm, as many have reported high levels of several proinflammatory cytokines in plasma, 

including IL-2, IL-10, IL-6, and TNF-α (51, 54, 55, 60). Thereof, high levels of IL-6 and TNF-α in 

plasma have been associated with a more severe disease and death (54, 55, 58-60).  

A dominant TH1 response has been documented in active disease, detected by a strong IL-2,  

IFN-γ, and TNF-α production by CD4+ T-cells. Early responses elicited by CD4+ T-cells expressing IL-

2 and IFN-γ has been associated with the development of a milder disease. In addition, a lower IFN-γ 

expression by CD4+ T-cells has been reported in severe cases (54, 59-62). 

1.3.3.2 Convalescence and recovery from COVID-19 

Although lymphopenia is well reported in active COVID-19 disease, it does not persist in 

convalescence and recovery (62, 65-67). Monocytes and their intermediate subset have been known 

to stay increased for at least 2 weeks following recovery (63). 

High frequency of activated CD4+ and CD8+ T-cells (Tactive; HLA-DR+CD38+) have been reported up 

to 10 weeks from infection (67). Additionally, compared to healthy controls, convalescent individuals 
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show an increase in CD4+ effector memory T-cells (TEM; CD45RA-CCR7-) and a decrease of CD4+ 

central memory T-cells (TCM; CD45RA-CCR7+). Furthermore, individuals hospitalized with a severe 

disease show higher frequency of CD4+ TEM and lower frequency of TCM and naïve T-cells (Tnaïve; 

CD45RA+CCR7+) compared to those with mild or moderate disease (68).  

Robust SARS-CoV-2 specific memory T-cell responses have been documented up to 12 months 

post infection (62, 69-75). Thereof, specific memory response is more robust in CD4+ T-cells 

compared to CD8+ T-cells. TH1 response is dominating as the cytokine profile of CD4+ T-cells consists 

mainly of IL-2, IFN-γ, and in many cases TNF-α. Although, IL-2 is a dominating cytokine expressed by 

CD4+ T-cells while the IFN-γ expression is lower than expected (69-74). Specific CD8+ T-cell response 

frequently consists of IFN-γ, in addition to TNF-α, Ki-67, and granzyme B (69, 72-74).  

For both CD4+ and CD8+ T-cells, stimulation with S protein has demonstrated the best response 

(69, 71, 73). However, CD4+ T-cells have also shown a dominant response to the non-spike VME1 

protein, and CD8+ T-cells also have a noticeable response to the NCAP protein (71, 73). Symptomatic 

individuals and those who had a more severe disease have shown a greater CD4+ T-cell response to 

the non-spike specific stimulation, compared to individuals who were asymptomatic or had a mild 

disease (70, 71). 

Additionally, a longitudinal study reported a stable and rising SARS-CoV-2 specific T-cell 

responses from month 4 to 7 post symptom onset even with a declining, or non-existent, SARS-CoV-2 

specific antibody responses (62). This has been previously reported, where specific T-cell responses 

were detected even in absence of specific antibody responses (74). Thus, T-cell immunity is of great 

interest when examining the immune responses to COVID-19. 

1.3.4 Post-acute COVID syndrome 

Following recovery of active SARS-CoV-2 infection, many individuals face long-term symptoms, 

known as post-acute COVID-19 syndrome or long COVID, which do not seem to be linked to disease 

severity nor underlying conditions (76). However, dysregulation of immune responses and damage 

caused by inflammatory responses in active SARS-CoV-2 infection have been identified as one of the 

possible factors contributing to post-acute COVID-19 syndrome (Reviewed in (77)).  

These long-term symptoms appear to be a multisystem disease, mostly associated with 

respiratory, neurological, and gastrointestinal symptoms whereas the most frequent symptoms 

reported are fatigue, breathlessness, headaches, and gastrointestinal symptoms (76, 78-81). Other 

less frequent symptoms include muscle aches and psychological distress (78, 82).  

1.3.5 SARS-CoV-2 variants 

Viruses can be subjected to nucleotide alterations in their viral genome, leading to the emergence of 

viral variants from the wild-type virus strain (Reviewed in (83)). The Centers for Disease Control and 

Prevention has defined a variant of concern (VOC) as a variant that has an increased transmissibility, 

causes a more severe disease, has reduced production of neutralizing antibodies in response to 

natural infection or vaccination, shows less efficacy of treatments or vaccinations, or evades diagnosis 

(84). 
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Since the emergence of SARS-CoV-2, there have been five major variants classified as VOC, the 

alpha-, beta-, gamma-, delta-, and omicron variant. The alpha-, beta-, delta- and gamma variants have 

since been downgraded to variants being monitored. All the SARS-CoV-2 VOCs, that have been 

described, have nucleotide alterations in the RBD of the S protein (Reviewed in (83)), (84). 

1.3.6 COVID-19 vaccinations 

Vaccination developments for COVID-19 were started early in 2020, and in December 2020 

vaccination began in Iceland. Over 11 billion vaccination doses have now been administered all over 

the world. In Iceland, over 800.000 vaccination doses have been administered and 77% of the 

Icelandic population is fully vaccinated (37, 85, 86). 

The two main types used for COVID-19 vaccines are mRNA vaccines and viral vector vaccines. 

The BioNTech/Pfizer BNT162b2 and Moderna mRNA-1273 mRNA vaccines both consist of lipid 

nanoparticle-encapsuled mRNA which encodes for SARS-CoV-2 S protein (Reviewed in (87, 88)). The 

AstraZeneca ChAdOx1 nCoV-19 is consists of a replication-incompetent simian adenovirus vector 

expressing the encoding sequence for the SARS-CoV-2 S protein, and the J&J/Janssen 

AD26.COV2.S vaccine consists of a replication-incompetent human adenovirus type 26 (AD26) vector 

that encodes for the prefusion conformed SARS-CoV-2 S protein (Reviewed in (89, 90)). 



  

25 

2 Aims 

The aim of this project was to evaluate SARS-CoV-2 specific long-term immunity in individuals 

previously diagnosed with COVID-19 in relation to their immediate and potentially ongoing clinical 

phenotype.  

2.1 Specific aims 

Specific aims of this project are as follows. 

a) Quantification and phenotypical analysis of leukocyte subsets, measured by a detailed 

leukocyte phenotypical flowcytometric analysis. 

b) Analysis of SARS-CoV-2 specific T-cells, by flowcytometric staining following stimulation with 

SARS-CoV-2 specific peptides. 

c) Examining the interplay of leukocyte phenotypes, SARS-CoV-2 specific T-cell responses, 

SARS-CoV-2 specific antibody levels, and long-term effect on health after recovery from 

COVID-19. 
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3 Materials and methods 

3.1 Study participants 

All participants of this study were over the age of 18, had recovered from a previous SARS-CoV-2 

infection, and were presented with and signed a consent form prior to sample collection. Additionally, 

all participants were encouraged to answer an online questionnaire designed for this study. This study 

was approved by the National Bioethics Committee (VSN-20-169) and the Data Protection Authority. 

3.2 Study design 

Heparinized whole blood and serum samples were obtained from 153 participating individuals who 

had recovered from a previous SARS-CoV-2 infection. Thereof, 147 whole blood samples and 153 

serum samples were viable. Serum samples were aliquoted and cryopreserved for further use. A 

detailed leukocyte phenotypical flowcytometric analysis was performed on 127 whole blood samples. 

Peripheral blood mononuclear cells (PBMCs) were isolated from all viable whole blood samples, total 

of 147, and cryopreserved until further use. Furthermore, SARS-CoV-2 stimulation and T-cell specific 

flowcytometry staining was performed on cryopreserved PBMCs from 45 individuals of the cohort.  

3.3 Detailed leukocyte phenotypical flowcytometric analysis 

A detailed leukocyte phenotypical flowcytometric analysis was performed for quantification and 

examination of leukocyte phenotypes in whole blood samples from cohort. Methods, and reference 

values (91), used in this study are the same as used for clinical analysis at the Department of 

Immunology at Landspítali.  

Samples were analyzed by Navios flow cytometer (Beckman Coulter, Brea, CA, USA) and all data 

processing from flow cytometer was made by Kaluza (Kaluza Analysis Version 1.2; Beckman Coulter). 

Gating strategy is shown in appendix (Supplementary figure 1). 

3.3.1 Phenotypical analysis of leukocyte subsets 

Two samples of 50 µL heparinized whole blood were washed in 2 mL phosphate buffered saline (PBS) 

and centrifuged at 300xg for 5 minutes at 4°C. Samples were incubated with a T-cell antibody cocktail 

(CD45RA FITC, CD197 PE, CD45 ECD, CD4 PC5, CD3 PC7, CD38 APC, CD8 AI FI 750, HLA DR 

PB) or a B-cell antibody cocktail (CD16 FITC, IgD PE, CD45 ECD, CD20 PC6, CD27 PC7, CD38 

APC, CD14 AI FI 750, CD19 PB) on ice in the dark for 30 minutes (see Table 1 for details). After that, 

samples were incubated with 1 mL BD FACS Lysing Solution (BD Biosciences, San Jose, CA, USA) at 

room temperature (RT) in the dark for 10 minutes. Samples were then centrifuged at 300xg for 5 

minutes at RT, following with a single wash with 1 mL PBS at 300xg for 5 minutes at 4°C. Finally, 

samples were resuspended in 300 µL PBS and kept on ice in the dark until analysis by flow cytometer. 

3.3.2 Quantification of lymphocyte populations 

Two samples of exactly 50 µL of heparinized whole blood were incubated with either CYTO-STAT 

tetraCHROME CD45-FITC/CD4-RD1/CD8-ECD/CD3-PC5, or CYTO-STAT tetraCHROME CD45-
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FITC/CD56-RD1/CD19-ECD/CD3-PC5 along with CD16 PE (all from Beckman Coulter) (see Table 1 

for details) at RT in the dark for 20 minutes. Samples were then incubated with 500 µL of VersaLyse 

Lysing Solution (Beckman Coulter) at RT in the dark for at least 20 minutes. Just before analysis by 

flow cytometer, exactly 50 µL of Flow-Count Fluorospheres (Beckman Coulter) was added to each 

sample.  

Table 1 Antibody details for the detailed leukocyte phenotypical analysis by flow cytometer. 

Antigen Fluorochrome Clone 

Amount 
per 

sample 
(µL) 

Ref./Cat. Manufacturer 

CD45RA FITC ALB11 4 A07786 Beckman Coulter 

CD197 (CCR7) PE G043H7 4 B30632 Beckman Coulter 

CD45 ECD J33 4 A07784 Beckman Coulter 

CD4 PC5 13B8.2 4 A07752 Beckman Coulter 

CD3 PC7 UCHT1 4 737657 Beckman Coulter 

CD38 APC LS198.4.3 2 A60792 Beckman Coulter 

CD8 APC Alexa Fluor 
750 

B9.11 2 A94683 Beckman Coulter 

HLA-DR PB Immu-357 2 B36291 Beckman Coulter 

CD16 FITC DJ130c 4 F7011 Agilent 
Technologies, 

Santa Clara, CA, 
United States 

IgD PE IA6-2 4 B30653 Beckman Coulter 

CD20 PC5 B9E9 (HRC20) 4 A07773 Beckman Coulter 

CD27 PC7 1A4CD27 4 B49205 Beckman Coulter 

CD14 APC Alexa Fluor 
750 

RMO52 2 B92421 Beckman Coulter 

CD19 PB J3-119 2 B49213 Beckman Coulter 

CYTO-STAT 
tetraCHROME 

CD45-FITC/CD4-
RD1/CD8-

ECD/CD3-PC5 

CD45-FITC, CD4-
RD1, CD8-ECD, 

CD3-PC5 

 5 6607013 Beckman Coulter 

CYTO-STAT 
tetraCHROME 

CD45-
FITC/CD56-
RD1/CD19-

ECD/CD3-PC5 

CD45-FITC, 
CD56-RD1, 

CD19-ECD, CD3-
PC5 

 5 6607073 Beckman Coulter 

CD16 PE 3G8 2 A07766 Beckman Coulter 

 

3.4 PBMC isolation and storage 

Heparinized blood samples were diluted 1:1 with sterile PBS before pipetted onto 15 mL Lymphoprep 

(STEMCELL technologies, Vancouver, Canada) followed by density gradient centrifugation at 400xg 

for 30 minutes at RT with breaks disabled. PBMCs were collected and transferred to a sterile tube with 

a transfer pipette. PBMCs were then washed twice with 10 mL sterile PBS, centrifuged at 600xg for 5 

minutes at 4°C. Cells were resuspended in 1-3 mL of RPMI-1640 media (Gibco, Life Sciences, 
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Paisley, UK), supplemented with 20% newborn calf serum (Gibco) and 10% Dimethyl Sulfoxide 

(Sigma Aldrich, St. Louis, MO, USA) (freezing media). Cells in freezing media were placed in 

cryotubes (Nunc; Sigma Aldrich) and placed in Mr. Frosty (Thermo Fisher Scientific) overnight at  

-80°C, before transferred to liquid nitrogen storage until further use. 

3.5 PBMC stimulation 

Cryopreserved PBMCs were carefully thawed in a 37°C water bath and washed twice in 10-15 mL 

sterile PBS at 300xg for 10 minutes at RT. Cells were then resuspended in 10 mL warm RPMI-1640 

media supplemented with 10% newborn calf serum and 1% Pen Strep (all from Gibco) (cell culture 

media) and kept at 37°C in a 5% CO2 incubator for 20-24 hours. Cells were then stained for viability 

with Trypan Blue (0,4%) (Invitrogen, Thermo Fisher Scientific, Paisly, UK) and counted by Countess 

Automated Cell Counter (Invitrogen) as instructed by manufacturer. Cells were centrifuged at 300xg 

for 10 minutes at RT and resuspended in cell culture media before plated in a sterile 96-well U bottom 

plate (Sarstedt, Numbrech, Germany). Cells were stimulated with SARS-CoV-2 S1-, RBD-, or N-

protein respectively or stimulated with all SARS-CoV-2 proteins together (Triple stimulation) (see 

Table 2 for details). In addition to SARS-CoV-2 specific protein stimulation the co-stimulatory reagent 

BD FastImmune CD28/CD49d (BD Biosciences, San Jose, CA, USA) was added to the SARS-CoV-2 

stimulated wells. Unstimulated cells were used as a negative control, cultured with cell media alone. 

Cells stimulated with Phytohaemagglutinin-L (L-PHA) (Sigma Aldrich) were used as a positive control 

(See table 2 for details). Cells were cultured for 20 hours at 37°C in a 5% CO2 incubator. Protein 

Transport Inhibitor Cocktail (500X) (eBioscience, Thermo Fisher Scientific, Waltham, MA, USA) 

(2/1000) was added after 2 hours of stimulation. 

Table 2 Stimulants used for PBMC stimulation. 

Stimulant Concentration Ref./Cat. Manufacturer 

SARS-CoV-2 Spike Glycoprotein 
(S1), His-tag 

1 µg/mL 
REC31828-

100 
NativeAntigen, Kidlington, 

OX, UK 

SARS-CoV-2 S1(RBD), His-tag 1 µg/mL P2020-001 
Trenzyme GmbH, Konstanz, 

Germany 

SARS-CoV-2 N-protein, His-tag 1 µg/mL P2020-010 
Trenzyme GmbH, Konstanz, 

Germany 

Phytohaemagglutinin-L 5 µg/mL 11249738001 Sigma Aldrich 

 

3.6 T-cell flow cytometry staining 

After stimulation, samples were transferred to a 96-well V bottom plate (Sarstedt) on ice and 

centrifuged at 400xg for 5 minutes at 4°C (same centrifugation settings was used for further 

centrifugations and washes). Cells were resuspended and washed twice with PBS before incubation 

with LIVE/DEAD Fixable Red Dead Cell Stain Kit (Invitrogen) (1/2000) in the dark for 20 minutes at RT 

for the exclusion of dead cells. Cells were then washed twice with PBS followed by incubation with 

Human BD Fc Block (BD bioscience) (1/30) for 10 minutes at RT to block nonspecific staining. Cells 

were then incubated with monoclonal antibodies for the T-cell surface markers CD3, CD4, and CD8a 

(surface staining) (see Table 3 for details) at 4°C in the dark for 30 minutes. After surface staining, 
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cells were washed twice with PBS following with fixation and permeabilization steps with Cyto-Fast 

Fix/Perm Buffer set (BioLegend, San Diego, CA, USA) as instructed by manufacturer. Cells were 

further incubated with monoclonal antibodies for detection of the cytokines IFN-gamma, TNF-αlpha, 

IL-2, and IL-6 (internal staining) (see Table 3 for details) at 4°C in the dark for 30 minutes. After 

internal staining, cells were washed twice with Cyto-Fast Perm Wash solution (10X) (BioLegend), as 

instructed by manufacturer (BioLegend), followed by a single wash with magnetic-activated cell sorting 

buffer (MACS buffer; Sterile PBS with 0.5% bovine serum albumin (BSA; Millipore, St. Charles, MO, 

USA); 2 mM ethylenediaminetetraacetic acid (EDTA; Sigma Aldrich)). Finally, cells were resuspended 

in 200 µL MACS buffer and kept at 4°C in the dark until analysis with Navios flow cytometer (Beckman 

Coulter). All data processing from flow cytometer was made by Kaluza (Kaluza Analysis Version 1.2; 

Beckman Coulter). Gating strategy is shown in appendix (Supplementary figure 2). 

Table 3 Antibody details for the T-cell specific flowcytometric staining.  

Antigen Fluorochrome Clone 
Dilution per 
sample (µL) 

Ref./Cat. Manufacturer 

CD3 FITC OKT3 1/15 317306 BioLegend 

CD4 PE-Cy7 SK3 1/60 344612 BioLegend 

CD8a PE RPA-T8 1/60 301064 BioLegend 

IFN-
gamma 

APC-R700 B27 2/15 564981 BD Biosciences 

TNF-
αlpha 

APC-Vio770 cA2 1/15 
130-120-

491 
Miltenyi Biotec, Bergisch 

Gladbach, Germany 

IL-2 APC 
MQ1-
17H12 

1/15 500310 BioLegend 

IL-6 BV421 
MQ2-
13A5 

1/15 563279 BD Biosciences 

3.6.1 Interpretation of SARS-CoV-2 specific T-cell response 

For interpretation of SARS-CoV-2 specific T-cell response, quantity of cytokine expressing T-cells 

were normalized for 100.000 CD3+ T-cells. Stimulation index (SI) was then calculated by dividing the 

quantity of stimulated cytokine expressing T-cells with the quantity of unstimulated cytokine 

expressing T-cells (see Equation 1). A positive response was determined if SI reached the threshold 

of 1.2 or higher (SI≥1.2).  

Equation 1 Stimulation index (SI) 

 

3.7 Additional data 

Results from SARS-CoV-2 specific antibody measurements performed on the serum samples from the 

study cohort were obtained for correlation analyses. Data was obtained from the Department of 

Immunology at Landspítali, all antibody measurements were performed by Elín Dröfn Einarsdóttir. 

SARS-CoV-2 specific serum IgG, IgM, and IgA for the S1-, RBD-, and N-protein were measured by 

multiplex-based assay as described in Brynjólfsson et al. (92).  

𝑆𝑡𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑖𝑛𝑑𝑒𝑥  𝑆𝐼 =
𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑜𝑓 𝑠𝑡𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝑐𝑦𝑡𝑜𝑘𝑖𝑛𝑒 𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑛𝑔 𝑇 − 𝑐𝑒𝑙𝑙𝑠

𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑜𝑓 𝑢𝑛𝑠𝑡𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝑐𝑦𝑡𝑜𝑘𝑖𝑛𝑒 𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑛𝑔 𝑇 − 𝑐𝑒𝑙𝑙𝑠
 



  

30 

In addition to blood sample collection, individuals were encouraged to answer a detailed 

questionnaire made specially for this study. Among the things individuals were asked in this 

questionnaire was to rate their health before and after COVID-19 disease. Index for the change of 

health (Δ Health index) after COVID-19 was calculated by subtracting the self-reported health score 

before COVID-19 disease from the self-reported health score after COVID-19 disease (Equation 2).  

Equation 2 Change of health index (Δ Health index). 

 

3.8 Statistical analysis 

All statistical analysis were performed by GraphPad Prism 9 (San Diego, CA, USA). For comparison of 

two groups, non-parametric Mann-Whitney U test was used. When comparing more than two groups, 

Friedman test or multiple Mann-Whitney test was performed. Appropriate post-hoc tests were used for 

correction for multiple comparison. Spearman’s correlation test was used for correlation of two 

variables. Interpretation of correlation coefficients was according to the Rule of Thumb for Interpreting 

the Size of Correlation Coefficient previously described by Hinkle, Wiersma and Jurs (Table 4) 

(Reviewed in (93)).  

Table 4 Interpretation of correlation coefficients (93). 

Size of Correlation Coefficient Interpretation 

.90 to 1.00 (-.90 to -1.00) Very high positive (negative) correlation 

.70 to .90 (-.70 to -.90) High positive (negative) correlation 

.50 to .70 (-.50 to -.70) Moderate positive (negative) correlation 

.30 to .50 (-.30 to -.50) Low positive (negative) correlation 

.00 to .30 (.00 to -.30) Negligible correlation 

 

 

∆ 𝐻𝑒𝑎𝑙𝑡ℎ 𝑖𝑛𝑑𝑒𝑥 =  𝑆𝑒𝑙𝑓 𝑟𝑒𝑝𝑜𝑟𝑡𝑒𝑑  ℎ𝑒𝑎𝑙𝑡ℎ 𝑠𝑐𝑜𝑟𝑒 𝑎𝑓𝑡𝑒𝑟 𝑑𝑖𝑠𝑒𝑎𝑠𝑒 − 𝑠𝑒𝑙𝑓 𝑟𝑒𝑝𝑜𝑟𝑡𝑒𝑑  ℎ𝑒𝑎𝑙𝑡ℎ 𝑠𝑐𝑜𝑟𝑒 𝑏𝑒𝑓𝑜𝑟𝑒 𝑑𝑖𝑠𝑒𝑎𝑠𝑒  
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4 Results 

4.1 Study participants 

Around 500 individuals with a previous SARS-CoV-2 infection were offered participation in this study. 

Thereof, 147 viable whole blood samples from 146 participating individuals were received for 

leukocyte phenotypical analysis and PBMC isolation. A detailed leukocyte phenotypical analysis was 

performed on a total of 127 samples from 126 participating individuals, and PBMC isolation was 

performed on all 147 samples received. Thereof, a SARS-CoV-2 specific T-cell analysis was 

performed on isolated PBMCs from 45 participating individuals. 

Study participants were classified by four characteristics for further investigation of differences in 

leukocyte phenotypes and SARS-CoV-2 specific T-cell responses. Classifications were based on age, 

gender, hospital admission during time of disease, and weeks post symptom onset (Table 5). 

For assessment of age-related differences, individuals were split into two groups, those younger 

than 65 (<65) and those 65 and older (≥65). Additionally, individuals were grouped according to 

hospital admission for COVID-19 at time of disease as an indicator of disease severity. Individuals 

were classified as outpatients, inpatients who did not need intensive care unit (ICU), and inpatients 

admitted to ICU. This is the same classification as described in Brynjólfsson et al. (92). Finally, 

individuals were classified by time from symptom onset (i.e., prior to or after 40 weeks) at the time of 

sample collection. 

Table 5 Study participant demographics. 

Characteristics 
Detailed leukocyte phenotypical 

analysis (N=127) 

SARS-CoV-2 specific T-cell 
analysis 

(N=45) 

Age, y 18 – 88 20 – 79 

    <65, N (%) 100 (78.7%) 36 (80.0%) 

    ≥65, N (%) 27 (21.3%) 9 (20.0%) 

Gender   

    Male, N (%) 47 (37.0%) 22 (48.9%) 

    Female, N (%) 80 (63.0%) 23 (51.1%) 

Hospital admission   

     Outpatient, N (%) 103 (81.1%) 29 (64.4%) 

     Inpatient (non-ICU), N (%) 16 (12.6%) 12 (26.7%) 

     ICU, N (%) 4 (3.1%) 4 (9.0%) 

     Unknown, N (%) 4 (3.1%) 0 (0.0%) 

Weeks post symptom onset 15.7 – 66.5 15.7 – 66.5 

    <40, N (%) 79 (62.2%) 20 (44.4%) 

    ≥40, N (%) 46 (36.2%) 25 (55.6%) 

    Unknown, N (%) 2 (1.5%) 0 (0.0%) 
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4.2 Detailed leukocyte phenotypical analysis 

Results from the leukocyte phenotypical analysis were compared with reference values in order to 

examine if there were long-term effects on circulating leukocyte phenotypes after recovery from 

COVID-19. 

Of the 127 whole blood samples analysed by the leukocyte phenotypical analysis, sample from 35 

individuals showed completely normal results of all cell types that had reference values. However, 

individual cell types were most commonly within normal reference values in the cohort. Therefore, no 

specific phenotypical pattern was identified for the cohort. The range for each cell type and their 

subset in the cohort can be seen in appendix (Supplementary table 1). 

The CD45+ lymphocyte count was outside the reference range in 17 samples, thereof 2 samples 

were under the lower reference value and 15 samples were over the upper reference value. The 

CD19+ B-cell frequency was outside the reference range in 22 samples, thereof 18 samples were 

under the lower reference value and 4 were over the upper reference value. Additionally, the CD19+ B-

cell count was outside the normal reference range in 25 samples, thereof 21 samples were under the 

lower reference value and 4 were over the upper reference value. CD3+ T-cell frequency was detected 

outside the reference range in 23 samples, thereof 3 samples were under the lower reference value 

and 20 were over the upper reference value. The CD3+ T-cell count was outside the normal range for 

18 samples, thereof 1 sample was under the lower reference value and 17 samples were over the 

upper reference value. The CD16+/CD56+ NK-cell frequency was outside the normal reference range 

in 23 samples, thereof 19 samples were under the lower reference value and 4 were over the upper 

reference value. The CD16+/CD56+ NK-cell count was abnormal in 11 samples, thereof 9 samples 

were under the lower reference value and 2 samples were over the upper reference value (Table 6).  

Table 6 Results from the leukocyte phenotypical analysis for the major lymphocyte 
populations. Table shows reference range for the frequency and absolute counts of CD45+ 
lymphocytes, CD19+ B-cells, CD3+ T-cells, and CD16+/CD56+ NK-cells in the leukocyte 
phenotypical analysis along with frequency of values within, under, and over the reference 
range detected in samples from study participants. 

 
CD45+ 

Lymphoc
yte count, 

x109/L 

CD19+ B 
cell, % 

CD19+ B 
cell 

count, 
x109/L 

CD3+ T 
cell, % 

CD3+ T 
cell 

count, 
x109/L 

CD16+/CD
56+ NK 
cell, % 

CD16+/CD
56+ NK 

cell 
count, 
x109/L 

Reference 
range 

(1.0-2.8) (6-19%) (0.1-0.5) (55-83%) (0.7-2.1) (7-31%) (0.09-0.6) 

Within 
normal 
range, N 
(%) 

110  
(86.6%) 

105 
(82.7%) 

102 
(80.3%) 

104 
(81.9%) 

109 
(85.8%) 

104  
(81.9%) 

116 

(91.1%) 

Under 
normal 
range, N 
(%) 

2 

(1.5%) 

18 
(14.2%) 

21 
(22.8%) 

3  
(2.4%) 

1  
(0.7%) 

19  
(15.0%) 

9  
(7.1%) 

Over 
normal 
range, N 
(%) 

15  
(11.8%) 

4  
(3.1%) 

4  
(3.1%) 

20 
(15.7%) 

17 
(13.4%) 

4  
(3.1%) 

2  
(1.5%) 
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The CD3+CD4+ T-cell frequency was outside the reference range in 51 samples, thereof all 

samples were over the upper reference range. CD3+CD4+ T-cell count was outside the reference 

range in 18 samples, thereof 1 sample was under the lower reference value and 17 samples were 

over the upper reference value. The CD3+CD8+ T-cell frequency was outside the reference range in 14 

samples, thereof all samples were over the upper reference value. CD3+CD8+ T-cell count was outside 

the normal reference range in 19 samples, thereof 4 samples were under the lower reference value 

and 15 were over the upper reference value. The CD4:CD8 ratio was outside the normal reference 

range in 23 samples, thereof 16 samples were under the lower reference value and 7 were over the 

upper reference value (Table 7).  

Table 7 Results from the leukocyte phenotypical analysis for the T-cell subsets. Table shows 
reference range for the frequency and absolute count of CD3+CD4+ T-cells, CD3+CD8+ T-
cells and the CD4:CD8 ratio in the leukocyte phenotypical analysis along with frequency of 
values within, under, and over the reference range detected in samples from study 
participants. 

 
CD3+CD4+ T 

cell, % 

CD3+CD4+ T 
cell count, 

x109/L 

CD3+CD8+ T 
cell, % 

CD3+CD8+ T 
cell count, 

x109/L 

CD4:CD8 
ratio 

Reference 
values 

(28-57%) (0.3-1.4) (10-39%) (0.2-0.9) (1.0-3.6) 

Within 
normal range, 
N (%) 

76  
(59.8%) 

109  
(85.8%) 

113  
(89.0%) 

108  
(85.0%) 

104  
(81.9%) 

Under normal 
range, N (%) 

0  
(0.0%) 

1 

(0.07%) 

0  
(0.0%) 

4  
(3.1%) 

16  
(12.6%) 

Over normal 
range, N (%) 

51  
(40.2%) 

17  
(13.4%) 

14  
(11.0%) 

15  
(11.8%) 

7  
(5.5%) 

 

4.2.1 Cohort classifications and leukocyte phenotypical profile 

For further classification of the long-term effect on circulating leukocyte phenotypes of recovered 

individuals, they were grouped based on age, gender, hospitalization, and weeks from symptom onset 

(Table 5).  

 When grouped by age, individuals over the age of 65 (≥65 y) showed higher NK-cell count 

(P=0.0241; Figure 1A) along with higher NK-cell frequency (P=0.0394; Figure 1B). In addition, they 

display higher frequency of intermediate monocytes (P=0.0276; Figure 1C) and active CD4+ T-cells 

(P=0.0142; Figure 1D). Individuals younger than 65 (<65 y) showed higher frequency of naïve CD8+ T-

cells (P=0.0002; Figure 1E). 
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Figure 1 Results from the leukocyte phenotypical analysis based on age. Column scatter plots 
show NK-cell absolute count and frequency (A-B), intermediate monocyte frequency (C), and 
CD4+ and CD8+ active T-cell frequency (D-E) for individuals younger than 65 (<65 y) and 65 
and older (≥65 y). Dotted lines show reference values. Statistical analysis by Mann-Whitney 
test where P≤0.05 was considered statistically significant. * (P≤0.05), *** (P≤0.001). 

 

When comparing genders, males showed higher NK-cell count (P=0.0319; Figure 2A) along with 

higher frequency of NK-cells (P=0.0040; Figure 2B), effector memory CD8+ T-cells (P=0.0196; Figure 

2G), and monocytes (P=0.0002; Figure 2H). Females had higher frequency of CD3+ T-cells 

(P=0.0168; Figure 2C), CD4+ T-cells (P=0.0048; Figure 2D), naïve CD4+ T-cells (P=0.0055; Figure 2E) 

as well as naïve CD8+ T-cells (P=0.0087; Figure 2F).  
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Figure 2 Results from the leukocyte phenotypical analysis based on gender. Column scatter 
plots show NK-cell absolute count and frequency (A-B), T-cell frequency (C), CD4+ T-cell 
frequency (D), CD4+ and CD8+ naïve T-cell frequency (E-F), CD8+ effector memory T-cell 
frequency (G), and monocyte frequency (H) for males and females. Dotted lines show 
reference values. Statistical analysis by Mann-Whitney test where P≤0.05 was considered 
statistically significant. * (P≤0.05), ** (P≤0.01), *** (P≤0.001). 
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Individuals who were hospitalized during time of disease (inpatients) showed higher lymphocyte 

count (P=0.0319; Figure 3A) and NK-cell count (P=0.0091; Figure 3B), along with higher frequency of 

monocytes (P=0.0135; Figure 3C) and thereof higher frequency of non-classical monocytes 

(P=0.0132; Figure 3D).  

 

Figure 3 Results from the leukocyte phenotypical analysis based on hospital admission for 
COVID-19 during time of disease. Column scatter graphs show lymphocyte absolute count 
(A), NK-cell absolute count (B), monocyte frequency (C), and non-classical monocyte 
frequency (D) for inpatients and outpatients. Dotted lines show reference values. Statistical 
analysis by Mann-Whitney test where P≤0.05 was considered statistically significant. * 
(P≤0.05), ** (P≤0.01). 

 

When classified by weeks from symptom onset, individuals who had symptoms less than 40 weeks 

prior to sample collection (<40w) had higher frequency of active CD4+ T-cells (P=0.0460; Figure 4A). 

Additionally, active CD8+ T-cells showed a trending higher frequency in individuals who had symptom 

onset less than 40 weeks prior to sample collection (P=0.0685; Figure 4B). 
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Figure 4 Results from the leukocyte phenotypical analysis based on weeks post symptom 
onset. Column scatter plots show active CD4+ T-cell frequency (A), and active CD8+ T-cell 
frequency (B) for individuals who had symptom onset less than 40 weeks (<40) and 40 
weeks or more (≥40) prior to sample collection. Statistical analysis by Mann-Whitney test 
where P≥0.05 was considered statistically significant. * (P≤0.05). 

 

These results display differences in leukocyte phenotypes of individuals recovered from SARS-

CoV-2 infection based on age, gender, need for hospital admission for COVID-19, and weeks from 

symptom onset. 

4.3 SARS-CoV-2 specific T-cell response 

A positive SARS-CoV-2 specific T-cell response (SI≥1.2) was detected in all but one individual 

following stimulation with SARS-CoV-2 specific proteins (Supplementary table 2). Furthermore, all 

individuals had a robust T-cell response to the positive control (L-PHA) (Supplementary figure 3). 

4.3.1 Frequency of SARS-CoV-2 specific T-cell cytokine expression 

Frequency of the positive T-cell expression of each cytokine (SI≥1.2) was examined to determine if 

there was a pattern to cytokine expression by SARS-CoV-2 specific T-cells.  

4.3.1.1 CD4+ T-cells 

TNF-α expression was most frequently expressed by SARS-CoV-2 specific CD4+ T-cells. It was 

detected in 77.8 – 93.0% of the cohort in response to the SARS-CoV-2 specific stimulations used in 

this study. The most frequent response was to the S1 stimulation, and the least frequent response 

was to the RBD stimulation (Table 8). 

IL-2 expression was the second most frequent response by SARS-CoV-2 specific CD4+ T-cells. 

Detected in 55.6 – 75.0% of the cohort in response to stimulations, with the most frequent response to 

triple stimulation and the least frequent response to RBD stimulation (Table 8). 
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IFN-γ expression by SARS-CoV-2 specific CD4+ T-cells was detected in 40.0% - 59.1% of the 

cohort, where the most frequent response was detected in response to triple stimulation and the least 

frequent response to RBD stimulation (Table 8). 

IL-6 was the least frequently expressed cytokine by CD4+ T-cells in response to SARS-CoV-2 

specific stimulations. It was detected in 11.1 – 30.2% of the cohort, with the most frequent responses 

towards S1 stimulation and the least frequent response to N stimulation (Table 8). 

4.3.1.2 CD8+ T-cells 

IL-2 was most frequently expressed by SARS-CoV-2 specific CD8+ T-cells. Detected in 31.3 – 48.8% 

of the cohort in response to the stimulations, thereof the most frequent response was to S1 stimulation 

while the least frequent response was to RBD stimulation (Table 8). 

IL-6 expression was the second most frequent response by SARS-CoV-2 specific CD8+ T-cells. 

Detected in 26.7 – 40.0% of the cohort, thereof the most frequent response was to RBD stimulation 

and least frequently detected in response to N stimulation (Table 8). 

IFN-γ expression by SARS-CoV-2 specific CD8+ T-cells was detected in 33.3 – 34.9% of the 

cohort. The most frequent response was to S1 stimulation and the least frequent in response to RBD 

and N stimulation (Table 8). 

In contrast to CD4+ responses, TNF-α expression was the least frequent response by SARS-CoV-2 

specific CD8+ T-cells. It was detected in 22.2 – 32.6% of the cohort, thereof most frequently in 

response to S1 stimulation and the least frequent response to N stimulation (Table 8).  

Table 8 Frequency of SARS-CoV-2 specific T-cell cytokine expression in the cohort. Table 

shows frequency of IFN-γ, IL-2, IL-6 and TNF-α cytokine expression by CD4+ and CD8+ T-

cells in response to each SARS-CoV-2 specific stimulation in the cohort.  

 

 

S1 stimulation 

(n=43) 

RBD stimulation 

(n=45) 

N stimulation 

(n=45) 

Triple stimulation 

(n=44) 

CD4+ T-cells     

  IFN-γ, n (%) 20 (46.5%) 18 (40.0%) 21 (46.7%) 26 (59.1%) 

  IL-2, n (%) 28 (65.1%) 25 (55.6%) 27 (60.0%) 33 (75.0%) 

  IL-6, n (%) 13 (30.2%) 13 (28.9%) 5 (11.1%) 11 (25.0%) 

  TNF-α, n (%) 40 (93.0%) 35 (77.8%) 40 (88.9%) 40 (90.9%) 

CD8+ T-cells     

  IFN-γ, n (%) 15 (34.9%) 15 (33.3%) 15 (33.3%) 15 (34.1%) 

  IL-2, n (%) 21 (48.8%) 14 (31.1%) 15 (33.3%) 19 (43.2%) 

  IL-6, n (%) 15 (34.9%) 18 (40.0%) 12 (26.7%) 17 (38.6%) 

  TNF-α, n (%) 14 (32.6%) 11 (24.4%) 10 (22.2%) 14 (31.8%) 

 

Taken together, a positive CD4+ T-cell response was more frequently detected compared to CD8+ 

T-cell response. The most frequent SARS-CoV-2 specific T-cell response was identified as TNF-α 

expressing CD4+ T-cells, followed by IL-2 expression by CD4+ T-cells. 
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4.3.2 Intensity of SARS-CoV-2 T-cell responses 

To further identify the predominant SARS-CoV-2 specific T-cell response, intensity of SARS-CoV-2 

specific T-cell cytokine expression was examined. 

4.3.2.1 Comparison between CD4+ and CD8+ T-cell responses 

Comparison between the intensity of cytokines expressed by SARS-CoV-2 specific CD4+ and CD8+ T-

cells was made to further examine whether different responses were elicited by the two T-cell subsets. 

TNF-α expression was more robust by CD4+ T-cells compared to CD8+ T-cells in response to all 

SARS-CoV-2 stimulations (S1 stimulation (P<0.0001; Figure 5A), RBD stimulation (P<0.0001; Figure 

5B), N stimulation (P<0.0001; Figure 5C), and triple stimulation (P<0.0001; Figure 5D)). 

Additionally, IL-2 expression was more robust by CD4+ T-cells than CD8+ T-cells in response to all 

SARS-CoV-2 stimulations (S1 stimulation (P=0.0151; Figure 5A), RBD stimulation (P=0.0019; Figure 

5B), N stimulation (P=0.0017; Figure 5C), and triple stimulation (P=0.0004; Figure 5D)). 

Therefore, in addition to being the two most frequently expressed cytokines detected in the cohort, 

TNF-α and IL-2 expression by CD4+ T-cells was significantly more robust than by CD8+ T-cells. 

 

Figure 5 Comparison between CD4+ and CD8+ T-cell responses following SARS-CoV-2 specific 
stimulations. Column scatter plots show cytokine expression of CD4+ and CD8+ T-cells 
following S1 stimulation (A), RBD stimulation (B), N stimulation (C), and triple stimulation (D). 
Dotted lines show SI threshold for positive response. Statistical analysis by Multiple Mann-
Whitney test where P≤0.05 was considered statistically significant, followed by the two-stage 
linear step-up procedure of Benjamini, Krieger, and Yekutieli with FDR<0.05. * (P≤0.05), ** 
(P≤0.01), *** (P≤0.001), **** (P≤0.0001). 
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4.3.2.2 Predominant T-cell cytokine response 

In order to determine if a particular cytokine dominated the SARS-CoV-2 specific T-cell response, the 

cytokines expressed by SARS-CoV-2 specific T-cells were compared for each stimulation. 

No significant difference was detected for the CD8+ T-cell cytokine expression in response to any 

of the SARS-CoV-2 stimulations used in this study. Therefore, the following results are for the SARS-

CoV-2 specific CD4+ T-cell responses exclusively (Figure 6). 

TNF-α expression was greater than IFN-γ in response to S1 stimulation (P<0.0001; Figure 6A), 

RBD stimulation (P<0.0001; Figure 6B), N stimulation (P<0.0001; Figure 6C), and triple stimulation 

(P<0.0001; Figure 6D). It was also more robust when compared to IL-2 in response to S1 stimulation 

(P=0.0158; Figure 6A), N stimulation (P=0.0002; Figure 6C), and triple stimulation (P=0.0004; Figure 

6D). Additionally, a greater TNF-α expression was detected when compared to IL-6 in response to S1 

stimulation (P<0.0001; Figure 6A), RBD stimulation (P<0.0001; Figure 6B), N stimulation (P<0.0001; 

Figure 6C), and triple stimulation (P<0.0001; Figure 6D). 

Furthermore, IL-2 expression was greater than IL-6 in response to S1 stimulation (P=0.0005; 

Figure 6A), RBD stimulation (P=0.0256; Figure 6B), N stimulation (P=0.0036; Figure 6C), and triple 

stimulation (P=0.0009; Figure 6D). IFN-γ showed greater expression compared to IL-6 in response to 

triple stimulation (P=0.0494; Figure 6D). 

To summarize, the predominant SARS-CoV-2 specific T-cell response in this study was elicited by 

TNF-α expressing CD4+ T-cells. 
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Figure 6 Comparison of all cytokines expressed following SARS-CoV-2 specific stimulation. 
Column scatter plots show CD4+ T-cell cytokine expression following S1 stimulation (A), 
RBD stimulation (B), N stimulation (C), and triple stimulation (D), and CD8+ T-cell cytokine 
expression following S1 stimulation (E), RBD stimulation (F), N stimulation (G), and triple 
stimulation (H). Dotted lines show SI threshold for positive response. Statistical analysis by 
Friedman test where P≤0.05 was considered statistically significant, followed by Dunn’s 
multiple comparison test. * (P≤0.05), ** (P≤0.01), *** (P≤0.001), **** (P≤0.0001). 

4.3.2.3 Predominant SARS-CoV-2 stimulation 

In order to further investigate if stimulation by a particular SARS-CoV-2 specific protein provided a 

stronger T-cell cytokine response, comparison was made for each cytokine expressed following 

different SARS-CoV-2 stimulations. 

In CD4+ T-cell responses, IL-2 expression was greater in response to triple stimulation compared to 

N stimulation (P=0.0002; Figure 7B) and RBD stimulation (P=0.0023; Figure 7B). IL-6 expression was 

greater in S1 stimulation (P=0.0020; Figure 7C) and RBD stimulation (P=0.0012; Figure 7C) compared 

to N stimulation. TNF-α had greater expression in response to triple stimulation compared to S1 

stimulation (P=0.0078; Figure 7D), RBD stimulation (P<0.0001; Figure 7D), and N stimulation 

(P=0.0005; Figure 7D). Furthermore, TNF-α expression was more robust in response to S1 stimulation 

compared to RBD stimulation (P=0.0090; Figure 7D). 

In CD8+ T-cell response, IL-6 had greater expression in response to RBD stimulation compared to 

N stimulation (P=0.0271; Figure 7G). TNF-α was more expressed in response to S1 stimulation 

compared to N stimulation (P=0.0398; Figure 7H). 

In summary, no particular SARS-CoV-2 specific stimulation provided a greater response compared 

to another, for all the cytokines. However triple stimulation did provide greater IL-2 and TNF-α 

expression by CD4+ T-cells in comparison to some, or all other SARS-CoV-2 stimulations. Additionally, 
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IL-6 and TNF-α expression by CD8+ T-cells was lesser in response to N stimulation compared to other 

SARS-CoV-2 stimulations. 

 

Figure 7 Comparison of each cytokine expressed following different SARS-CoV-2 specific 
stimulations. Column scatter plots show CD4+ T-cell expression of IFN-γ (A), IL-2 (B), IL-6 
(C), and TNF-α (D), and CD8+ T-cell cytokine expression of IFN-γ (E), IL-2 (F), IL-6 (G), and 
TNF-α (H) following all SARS-CoV-2 specific stimulations. Dotted lines show SI threshold for 
positive response. Statistical analysis by Friedman test where P≤0.05 was considered 
statistically significant, followed by Dunn’s multiple comparison test. * (P≤0.05), ** (P≤0.01), 
*** (P≤0.001), **** (P≤0.0001). 

4.3.3 Cohort classifications and SARS-CoV-2 specific T-cell response 

For further evaluation, SARS-CoV-2 specific T-cell responses were compared based on cohort 

classifications. Individuals were classified by age, gender, hospital admission during time of disease, 

and weeks from symptom onset (Table 5).  

When grouped by age, individuals 65 and older (≥65 y) showed greater IL-6 expression by CD8+ T-

cells than individuals under the age of 65 (<65 y) in response to N stimulation (P=0.0243; Figure 8A) 

and triple stimulation (P=0.0274; Figure 8B). Furthermore, when grouped by gender, males showed a 

greater IFN-γ expression by CD4+ T-cells compared to females in response to N stimulation 

(P=0.0349; Figure 8C). 

Thus, differences in SARS-CoV-2 specific T-cell response were detected between age groups and 

genders. 
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Figure 8 SARS-CoV-2 specific T-cell responses based on cohort classification. Column scatter 
plots show CD8+ T-cell cytokine expression following N stimulation (A) and triple stimulation 
(B) for individuals younger than 65 (<65 y) and 65 and older (≥65 y), and CD4+ T-cell 
cytokine expression following N stimulation (C) for males and females. Dotted lines show SI 
threshold for positive response. Statistical analysis by Multiple Mann-Whitney test where 
P≤0.05 was considered statistically significant, followed by the two-stage linear step-up 
procedure of Benjamini, Krieger, and Yekutieli with FDR<0.05. * (P≤0.05). 

4.4 Correlation analyses 

Correlation analyses were made to further investigate the interplay between the leukocyte 

phenotypical profile, SARS-CoV-2 specific T-cell responses, SARS-CoV-2 specific serum antibodies, 

and long-term effects on health after recovery from SARS-CoV-2 infection.  

4.4.1 Leukocyte phenotypical analysis and SARS-CoV-2 specific T-cells 

In order to investigate whether the results from the leukocyte phenotypical profile could be directly 

linked to SARS-CoV-2 specific T-cell responses, correlation analyses were performed for the 45 

individuals with results from both the leukocyte phenotypical analysis and SARS-CoV-2 specific T-cell 

analysis. 

Results displayed correlation between CD19+ B-cell absolute counts and TNF-α expression by 

CD4+ T-cells in response to S1-, RBD-, and N stimulation. Thereof, CD19+ B-cells showed low positive 

correlations to TNF-α expression by CD4+ T-cells in response to S1 stimulation (P=0.0339; r=0.3242; 

Figure 9A) and N stimulation (P=0.0314; r=0.3214; Figure 9C), while a slightly less positive correlation 

was detected following RBD stimulation (P=0.0470; r=0.2977; Figure 9B). In addition, low positive 

correlations were detected for the CD19+ B-cell absolute count and TNF-α expression by CD8+ T-cells 

in response to RBD stimulation (P=0.0383; r=0.3098; Figure 9D) and triple stimulation (P=0.0410; 

r=0.3093; Figure 9E). 
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Figure 9 Correlation of CD19+ B-cell absolute count and SARS-CoV-2 T-cell responses. Scatter 
dot plots show correlation between CD19+ B-cell absolute count and TNF-α expression by 
CD4+ T-cells following S1 stimulation (A), RBD stimulation (B), and N stimulation (C), and 
TNF-α expression by CD8+ T-cells following RBD stimulation (D), and triple stimulation (E). 
Statistical analysis by Spearman’s correlation test where P≤0.05 was considered statistically 
significant.  

 

Additionally, CD16+/CD56+ NK-cell absolute count correlated to cytokine expression of IFN-γ, IL-2, 

and TNF-α by CD4+ T-cells in response to N stimulation. Thereof, lesser positive correlation between 

the two was detected for IFN-γ (P=0.0476; r=0.2969; Figure 10A) and IL-2 (P=0.0464; r=0.2985; 

Figure 10B) compared to TNF-α (P=0.0154; r=0.3591; Figure 10C) expressed by CD4+ T-cells in 

response to N stimulation. Low positive correlation was also detected between CD16+/CD56+ NK-cell 

absolute count and IL-2 expression by CD8+ T-cells in response to N stimulation (P=0.0440; r=0.3017; 

Figure 10D). The CD16+/CD56+ NK-cell absolute count additionally showed low positive correlation to 

IL-2 expression by CD4+ T-cells in response to triple stimulation (P=0.0015; r=0.4647; Figure 10E).  

Therefore, these results display positive correlations between SARS-CoV-2 specific T-cell 

responses and both CD19+ B-cell count and CD16+/CD56+ NK-cell absolute count, respectively. 
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Figure 10 Correlation of CD16+/CD56+ NK-cell absolute count and SARS-CoV-2 specific T-cell 
responses. Scatter dot plots show correlation between CD16+/CD56+ NK-cell absolute 
count and IFN-γ expression by CD4+ T-cells following N stimulation (A), IL-2 expression by 
CD4+ T-cells following N stimulation (B), TNF-α expression by CD4+ T-cells following N 
stimulation (C), IL-2 expression by CD8+ T-cells following N stimulation (D), and IL-2 
expression by CD4+ T-cells following triple stimulation (E). Statistical analysis by Spearman’s 
correlation test where P≤0.05 was considered statistically significant. 

4.4.2 Leukocyte phenotypical analysis and SARS-CoV-2 specific antibodies 

To further examine connection between the leukocyte phenotypical profile and SARS-CoV-2 

responses, correlation analyses were performed on the leukocyte phenotypical analysis and SARS-

Cov-2 specific antibody levels from the same 45 individuals that showed correlation between the 

leukocyte phenotypical analysis and SARS-CoV-2 specific T-cell responses. 

Correlation analyses of leukocyte phenotypes and SARS-CoV-2 specific serum antibody levels 

displayed a moderate positive correlation between the N specific IgG and the total CD45+ lymphocyte 

absolute count (P=0.0004; r=0.5069; Figure 11A), as well as the CD3+ T-cell absolute count 

(P=0.0004; r=0.5031; Figure 11B). In addition, N specific IgG showed a low positive correlation to 

CD19+ B-cell absolute count (P=0.0082; r=0.3893; Figure 11C).  

In summary, these results display a low to moderate positive correlation between SARS-CoV-2 N 

specific IgG antibodies and the main lymphocyte populations. 
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Figure 11 Correlation of SARS-CoV-2 specific serum antibody levels and the leukocyte 
phenotypical analysis. Scatter dot plots show N specific IgG antibody response and 
lymphocyte absolute count (A), CD3+ T-cell absolute count (B), and CD19+ B-cell absolute 
count (C). Statistical analysis by Spearman’s correlation test where P≤0.05 was considered 
statistically significant. 

4.4.3 SARS-CoV-2 specific antibody and T-cell response 

Correlation analyses were made to examine the connection between SARS-CoV-2 specific T-cell 

responses and SARS-CoV-2 specific serum antibody levels. All correlation analyses between 

antibodies and T-cell responses were made for the same SARS-CoV-2 specific protein (i.e., S1 

specific antibody levels were correlated to S1 specific T-cell responses).  

SARS-CoV-2 N specific serum IgG showed a low positive correlation to N specific TNF-α 

expression by CD4+ T-cells (P=0.0052; r=0.4100; Figure 12A) and CD8+ T-cells (P=0.0185; r=0.3499; 

Figure 12B). 

SARS-CoV-2 S1 specific serum IgM had low positive correlation to S1 specific IFN-γ expression by 

CD4+ T-cells (P=0.0083; r=0.3974; Figure 12C), and S1 specific TNF-α expression by CD8+ T-cells 

(P=0.0297; r=0.3319; Figure 12D).  

Low positive correlation was detected between the SARS-CoV-2 S1 specific serum IgA and S1 

specific TNF-α expression by CD4+ T-cells (P=0.0120; r=0.3798; Figure 12E), RBD specific serum IgA 

and RBD specific TNF-α expression by CD4+ T-cells (P=0.0045; r=0.4158; Figure 12G), and N specific 
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serum IgA and N specific TNF-α expression by CD4+ T-cells (P=0.0059; r=0.4043; Figure 12I). 

Additionally, low positive correlation was detected for S1 specific serum IgA and S1 specific TNF-α 

expression by CD8+ T-cells (P=0.050; r=0.3008; Figure 12F) and RBD specific IgA and RBD specific 

TNF-α expression by CD8+ T-cells (P=0.0107; r=0.3771; Figure 12H). 

Summarized, these results displayed a positive correlation between SARS-CoV-2 specific serum 

antibody levels as well as T-cell response. Correlations were most frequently detected between 

antibodies and TNF-α expressing T-cells. Additionally, correlation was more often detected between 

the T-cell responses and serum IgA rather than IgG or IgM.  
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Figure 12 Correlation of SARS-CoV-2 specific serum antibody levels and SARS-CoV-2 specific 
T-cell responses. Scatter dot plots show correlation between N specific TNF-α  expression 
by CD4+ T-cells and N specific serum IgG (A), N specific TNF-α  expression by CD8+ T-cells 
and N specific serum IgG (B), S1 specific IFN-γ expression by CD4+ T-cells and S1 specific 
serum IgM (C), S1 specific TNF-α  expression by CD8+ T-cells and S1 specific serum IgM 
(D), S1 specific TNF-α  expression by CD4+ T-cells and S1 specific serum IgA (E), S1 
specific TNF-α  expression by CD8+ T-cells and S1 specific serum IgA (F), RBD specific 
TNF-α  expression by CD4+ T-cells and RBD specific serum IgA (G), RBD specific TNF-α  
expression by CD8+ T-cells and RBD specific serum IgA (H), and N specific TNF-α  
expression by CD4+ T-cells and N specific serum IgA (I). Statistical analysis by Spearman’s 
correlation test where P≤0.05 was considered statistically significant.  
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4.4.4 Self-reported health score following recovery from COVID-19 

In order to examine the interplay between cellular immune profile and long-term effects on health 

following recovery from COVID-19 in this cohort, the results from both the leukocyte phenotypical 

analysis and the SARS-CoV-2 specific T-cell analysis were correlated to the Δ Health index from the 

26 individuals who answered the online questionnaire and had results from both analyses. 

Thereof, the Δ Health index had a moderate positive correlation to granulocyte frequency 

(P=0.0031; r=0.5571; Figure 13A), and a moderate negative correlation to lymphocyte frequency 

(P=0.0050; r= -0.5334; Figure 13B) when correlated to the leukocyte phenotypical analysis. When 

correlated to the SARS-CoV-2 specific T-cell responses, a low positive correlation was detected 

between the Δ Health index and IL-2 expression by CD8+ T-cells in response to N stimulation 

(P=0.0136; r=0.4774; Figure 13C).  

These results display the Δ Health index moderately correlated to both granulocyte and lymphocyte 

populations of the leukocyte phenotypical analysis, and a low positive correlation to IL-2 expression by 

CD8+ T-cells following SARS-CoV-2 N stimulation. 

 

Figure 13 Correlation of cellular immune profile and Δ Health index after COVID-19. Scatter dot 
plots show the Δ Health index following recovery from COVID-19 correlated to the CD45+ 
granulocyte frequency (A), CD45+ lymphocyte frequency (B), and IL-2 expression by CD8+ 
T-cells in response to SARS-CoV-2 N stimulation. Statistical analysis by Spearman’s 
correlation test where P≤0.05 was considered statistically significant. 
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5 Discussion 

Herein, SARS-CoV-2 specific T-cell responses were detected in the cohort up to 17 months from 

symptom onset. Thereof, TNF-α expression by CD4+ T-cells was the most prominent T-cell response 

detected in this study. Further investigation on the SARS-CoV-2 specific T-cell responses displayed a 

stronger CD8+ T-cell response in older individuals (≥65 y) and stronger CD4+ T-cell response in males. 

In addition, the leukocyte phenotypical analysis frequently displayed difference in CD16+/CD56+ NK-

cell population when compared by age, gender, and hospital admission during time of disease. 

Moreover, when examining the interplay between cellular immunity and long-term effects reported by 

individuals of the cohort, their Δ Health index correlated to granulocyte and lymphocyte populations 

from the leukocyte phenotypical analysis and SARS-CoV-2 specific CD8+ T-cell responses detected in 

the SARS-CoV-2 specific T-cell analysis.  

5.1 Leukocyte phenotypical profile following SARS-CoV-2 infection 

Although only 35 out of the 127 samples analysed had a completely normal leukocyte phenotypical 

profile, there was no specific phenotypical profile identified in the cohort. Whether deviation from the 

reference values indicate a persistent immunological dysregulation caused by COVID-19, if other 

immune responses were at work at the time of the sample collection, or if the reference values used in 

the study could be more specific for the Icelandic population remains to be further investigated. 

Investigation of the phenotypical profile showed fewer naïve CD8+ T-cells in older individuals, when 

compared to younger. A lower frequency of naïve T-cells in older individuals is not unusual as these 

individuals have encountered more antigens than the younger population. Moreover, a decrease in 

naïve T-cell populations with age has previously been reported by others (94).  

In this study the CD3+ T-cells, and CD4+ T-cells were detected in a higher frequency in females, 

along with naïve CD4+ and CD8+ T-cells. As reported in this study, higher frequency of T-cells and 

their subsets in females has been described by others (95). In addition, males showed more frequent 

effector memory CD8+ T-cells, which could indicate a more robust cytotoxic response in males, 

however as these results are not SARS-CoV-2 specific it is not clear which antigen-specific memory 

they elicit. 

Interestingly, older individuals, males, and individuals needing hospital admission during time of 

disease showed a higher frequency of NK-cells. As NK-cells are typically elevated in active viral 

infection, the differences detected in these groups after such a long time from infection is of great 

interest. NK-cells can further be classified by the intensity of CD56 and CD16 (Reviewed in (12, 13)), 

(14). However, in this study there was no way to distinguish between intensity of CD56 and CD16 and 

therefore no distinction between NK-cell subsets could be made. Further investigation of the effects on 

NK-cells after COVID-19 would be of interest, especially as recently a memory-like NK-cell subset has 

been identified (Reviewed in (13)), (15). It would be compelling to see, in addition to T-cell specific 

memory response, if these individuals present a memory-like NK-cell response. 

Monocytes were also more abundant in older individuals, males and individuals needing hospital 

admission during time of disease. Intermediate monocytes (CD14++CD16+) were more frequent in 
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older individuals of this cohort. Although, it has been previously reported that intermediate monocyte 

subsets increase with age therefore it is less likely that these results can be directly associated with a 

previous SARS-CoV-2 infection (96). In addition, non-classical monocytes (CD14-CD16+) were more 

frequent in individuals who needed hospital admission during time of disease. As non-classical 

monocytes have been associated with the resolution of inflammation, these results could indicate that 

individuals who had a more severe disease developed a prolonged phase of inflammatory resolution 

elicited by monocytes (9). It would be interesting to further examine the monocyte response in these 

individuals, especially those who have long-term symptoms. 

Whether the results can be specifically linked to long-term effects from the COVID-19 disease or if 

these results only display baseline differences in the leukocyte phenotypes of these individuals, needs 

further investigation. The leukocyte phenotypical analysis only reflects a glimpse of the current state of 

the immune system at the time of sampling, these results could therefore also indicate other health 

conditions unrelated to the previous SARS-CoV-2 infection. 

5.2 Long-term SARS-CoV-2 T-cell memory 

In this study, SARS-CoV-2 specific T-cell responses were detected in individuals who had symptom 

onset up to 17 months prior to sample collection. Other longitudinal studies have reported specific 

SARS-CoV-2 T-cell response up to 12 months from infection (62, 69-74). Therefore, this study further 

supports that long-lasting memory T-cell response can be detected following SARS-CoV-2 infection. 

Hopefully, the SARS-CoV-2 immunity is as long-lasting as has been reported in individuals recovered 

from SARS-CoV infection, where specific T-cell responses were detected 17 years after initial infection 

(75). 

More robust SARS-CoV-2 specific T-cell responses were elicited by CD4+ T-cells compared to 

CD8+ T-cells in this study, this difference has also been observed in other studies (69, 71, 74). The 

reason for these differences could be explained by the frequency of CD4+ and CD8+ T-cells in the 

peripheral blood circulation, since CD8+ T-cells are usually less abundant in circulation compared to 

CD4+ T-cells (91). Furthermore, studies have shown that after antigen clearance, the specific CD8+ T-

cell populations contract and thereby leaving fewer memory CD8+ T-cells in circulation (Reviewed in 

(97)). The differences could also be traced to stimulation conditions, such as the size or selection of 

the viral proteins used, or length of stimulation in this study. As CD8+ T-cells recognize smaller 

peptides bound on MHC class I (17), the time of stimulation might not have been enough for sufficient 

breakdown of the proteins for their presentation. As there was no memory-specific surface marker 

used in this study, the activated CD8+ T-cell response could also be due to a bystander effect, from 

cytokine secretion by activated memory CD4+ T-cells.  

Other studies have identified the spike protein as a primary stimulant for SARS-CoV-2 memory T-

cell response (67, 69, 71). Here, none of the SARS-CoV-2 specific proteins provided an overall better 

response compared to another. Stimulation with all the proteins together (triple stimulation) did 

however provide a greater IL-2 and TNF-α expression by CD4+ T-cells, indicating diverse CD4+ 

memory T-cells in circulation. 

In this study, the predominant T-cell response following SARS-CoV-2 stimulation was identified as 

TNF-α expressing CD4+ T-cells. This differs to what other studies have reported, where SARS-CoV-2 
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specific T-cells had a lower expression of TNF-α compared to the expression of IL-2 and IFN-γ by 

CD4+ T-cells (69, 71, 74). A predominant TNF-α expression by CD4+ T-cells could indicate a high 

inflammatory response following SARS-CoV-2 infection. However, in addition to being a 

proinflammatory cytokine, TNF-α can also induce an anti-inflammatory response by increasing anti-

inflammatory mediators like IL-10, corticosteroids, and prostanoids (Reviewed in (29)). Therefore, it 

would have been interesting to have IL-10 in the cytokine panel to further investigate the function of 

TNF-α responses reported here. In this study, CD4+ T-cell expression of IL-2 was more often 

expressed than IFN-γ, which has previously been reported in other studies (69-74). However, this 

study only addressed single cytokine expression by T-cells, in future investigations it would be of 

interest to investigate the expression profile of multiple cytokines in these cells.  

Differences in SARS-CoV-2 specific T-cell responses were detected when genders and age groups 

were compared. Males showed a more robust IFN-γ response compared to females, in response to N 

stimulation. Which could indicate that males have a more robust TH1 memory response than females. 

However, in order to confirm that further investigation in a larger cohort alongside additional 

information from time of disease would be needed. Furthermore, older individuals (≥65) showed a 

more robust IL-6 expression by CD8+ T-cells for both N stimulation and triple stimulation, indicating a 

stronger CD8+ T-cell response in older individuals. However, as there were very few individuals in the 

≥65 age group further investigations with a larger cohort are needed to support these findings.  

5.3 Interplay between immune responses 

Evaluation of the interactions between the leukocyte phenotypical analysis and SARS-CoV-2 specific 

immune responses showed that leukocyte phenotypes positively correlated to SARS-CoV-2 specific 

antibody levels and SARS-CoV-2 specific T-cell responses. Thereof, B-cell absolute counts positively 

correlated exclusively to TNF-α expression by T-cells following SARS-CoV-2 specific stimulations. 

Additionally, NK-cell absolute counts positively correlated to T-cell expression of IL-2, IFN-γ and TNF-

α, especially in response to SARS-CoV-2 N stimulation. Furthermore, the absolute counts of CD45+ 

lymphocytes, CD3+ T-cells, and CD19+ B-cells positively correlated to the SARS-CoV-2 N specific 

serum IgG. Whether these results can be directly linked as consequences from a previous SARS-

CoV-2 infection or if the individuals who had a stronger immunological profile in general generated a 

stronger response to the SARS-CoV-2 infection is an interesting point of view for further investigation. 

Furthermore, positive correlations were discovered between SARS-CoV-2 specific T-cell responses 

and antibody levels in this study. Other studies have reported a correlation between the two for both 

spike (S) and non-spike (N/M) specific stimulation (71). However, in this study the correlations 

between SARS-CoV-2 specific serum IgG and SARS-CoV-2 specific T-cell responses were solely 

detected for the N protein, and the SARS-CoV-2 specific serum IgM and SARS-CoV-2 specific T-cell 

responses were solely detected for the S1 protein. However, SARS-CoV-2 specific serum IgA and 

SARS-CoV-2 specific T-cell responses showed positive correlation for all the proteins measured (S1, 

RBD and N). Therefore, this study also reveals a connection between long-term humoral and cellular 

responses following a SARS-CoV-2 infection.  
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5.4 Long-term effects following COVID-19 

In light of the rising problem of post-acute COVID-19 syndrome it was interesting to examine the 

correlation of the Δ Health index from individuals in the cohort and their cellular immunity. In this study, 

individuals who reported a decline in overall health after COVID-19 disease also a lower frequency of 

granulocytes and higher frequency of total lymphocytes in the leukocyte phenotypical analysis, and a 

lower IL-2 expression by SARS-CoV-2 N specific CD8+ T-cells compared to those who reported a full 

recovery or even reported feeling better after recovery from the disease. However, only 26 individuals 

of the 45 who had both results from the leukocyte phenotypical analysis and SARS-CoV-2 T-cell 

analysis had answered the questionnaire. It would be interesting to see if further investigation on this 

topic with a larger cohort would support these findings and if any specific long-term symptoms can be 

associated with different immunological phenotypes. 

5.5 Limitations and future outlook 

Around 500 individuals were invited to participate in this study, thereof, samples from 153 individuals 

were received. As the sample collection took place in various healthcare institutes, it is possible that 

individuals who needed their blood drawn for other medical reasons and had previously been invited 

to participate in this study could have used the opportunity to provide samples for the study. In that 

case, other medical reasons could reflect on their leukocyte phenotypical analysis.  

There was no control group for comparison to the samples collected from individuals with prior 

SARS-CoV-2 infection. As many have now been vaccinated for COVID-19, it would be interesting to 

have a vaccinated-control group to further investigate the difference between natural immunity versus 

vaccination-induced immunity. It would be especially interesting as many of the results reported here 

are specific for the N protein and the COVID-19 vaccines currently in use are only directed at the S 

protein. Furthermore, it would be interesting to examine the memory response in individuals with 

history of both natural and vaccination-induced immunity.  

Significant findings have been presented in a cohort of only 126 and 45 individuals. In the future it 

would be of interest to see if further investigation with a larger cohort would support these findings.  
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6 Conclusion 

A persistent SARS-CoV-2 specific T-cell memory response was detected in individuals up to 17 

months from SARS-CoV-2 infection. The main SARS-CoV-2 specific T-cell response reported in this 

study was elicited by TNF-α expressing CD4+ T-cells. Furthermore, individuals over the age of 65 

showed a greater CD8+ T-cell response, and males showed a greater TH1 response following SARS-

CoV-2 stimulation. Positive correlations were discovered between SARS-CoV-2 specific antibodies 

and SARS-CoV-2 specific T-cell responses. Interestingly, differences were detected in the leukocyte 

phenotypical analysis when compared between cohort characteristics, thereof, some correlated to 

SARS-CoV-2 specific responses possibly indicating a direct connection to previous SARS-CoV-2 

infection. Additionally, correlations were detected between cellular immunity and long-term effects 

reported by individuals of the cohort. The vastness of information collected for this study could further 

uncover the correlation between immune responses and specific long-term effects or symptoms that 

individuals have reported. Moreover, a more detailed investigation on the leukocyte phenotypical 

analysis, especially of the NK-cell population, are needed to uncover the differences noticed in this 

study for determining direct association to previous COVID-19 disease. 
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Appendix 

 

Supplementary figure 1 Representative gating strategy for the leukocyte phenotypical analysis. 
Figures show representative gating strategy for quantification and frequency of lymphocyte 
populations (A), frequency of leukocyte phenotypes and subsets (B-C). 
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Supplementary figure 2 Representative gating strategy for the SARS-CoV-2 specific T-cell 
analysis. 
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Supplementary table 1 Results from the leukocyte phenotypical analysis with reference range 
and responding range detected in the cohort. 

 Normal range Cohort (N = 127) 

Lymphocyte count, x109/L 1.0 – 2.8 0.4 – 4.9 

   <1.0, N (%)  2 (1.5%) 

   >2.8, N (%)  15 (11.8%) 

CD19+ B-cell, % 6 – 19 0.4 – 23.2 

   <0.4, N (%)  18 (14.2%) 

   >19, N (%)  4 (3.1%) 

CD19+ B-cell count, x109/L 0.1 – 0.5 0.001 – 0.7 

   <0.1, N (%)  21 (22.8%) 

   >0.5, N (%)  4 (3.1%) 

CD3+ T-cell, % 55 – 83 31.8 – 92.7 

   <55, N (%)  3 (2.4%) 

   >83, N (%)  20 (15.7%) 

CD3+ T-cell count, x109/L 0.7 – 2.1 0.2 – 3.6 

   <0.7, N (%)  1 (0.7%) 

   >2.1, N (%)  17 (13.4%) 

CD4+ T-cell, % 28 – 57 33.7 – 80.2 

   <28, N (%)  0 (0.0%) 

   >57, N (%)  51 (40.2%) 

CD4+ T-cell count, x109/L 0.3 – 1.4 0.1 – 2.7 

   <0.3, N (%)  1 (0.7%) 

   >1.4, N (%)  17 (13.4%) 

CD8+ T-cell, % 10 – 39 12.0 – 64.2 

   <10, N (%)  0 (0.0%) 

   >39, N (%)  14 (11.0%) 

CD8+ T-cell count, x109/L 0.2 – 0.9 0.06 – 1.35 

   <0.2, N (%)  4 (3.1%) 

   >0.9, N (%)  15 (11.8%) 

CD4:CD8 ratio 1.0 – 3.6 0.6 – 5.6 

   <1.0, N (%)  16 (12.6%) 

   >3.6, N (%)  7 (5.5%) 

CD16+/CD56+ NK-cell, % 7 – 31 3.8 – 39.5 

   <7, N (%)  19 (15.0%) 

   >31, N (%)  4 (3.1%) 

CD16+/CD56+ NK-cell count, x109/L 0.09 – 0.6 0.04 – 0.65 

   <0.09, N (%)  9 (7.1%) 

   >0.6, N (%)  2 (1.5%) 
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Supplementary table 2 Overview of T-cell responses. Table shows SI for each cytokine expression 
by CD4+ and CD8+ T-cells in response to each SARS-CoV-2 specific stimulation (S1-, RBD-, 
N-, and triple stimulation). Positive expression was defined as SI≥1.2 (green cells). Yellow 
star in Sample ID column marks the sample where no SARS-CoV-2 specific T-cell 
responses were detected. 
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Supplementary figure 3 Cytokine expression by T-cells following SARS-CoV-2 specific 
stimulation and L-PHA stimulation. Column scatter plots show cytokine expression by 
CD4+ T-cells (A), and CD8+ T-cells (B) following different stimulations. Dotted lines show SI 
threshold for positive response.  


