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ABSTRACT 

The ongoing coronavirus disease 2019 (COVID-19) pandemic caused by severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has necessitated the rapid 
development and deployment of vaccines worldwide. mRNA-based vaccines against 
COVID-19 have demonstrated a high degree of efficacy against the original 
SARS-CoV-2 strain. However, the emergence of several genetic variants of the virus 
presents significant challenges to worldwide efforts in controlling the pandemic. To 
date, five dominant variants, namely Alpha, Beta, Gamma, Delta, and Omicron, have 
caused major epidemic waves of SARS-CoV-2 infections. Understanding the 
adaptive immune responses induced by COVID-19 vaccines against these variants 
is crucial for evaluating vaccine effectiveness and informing public health strategies. 

COVID-19 mRNA vaccines stimulate robust adaptive immune responses 
characterized by the production of antibodies targeting the spike (S) protein of 
SARS-CoV-2 and the generation of memory T cells. In this study, we developed an 
immunoassay based on SARS-CoV-2 proteins and a live virus microneutralization 
test (MNT) to measure the production and persistence of vaccine-induced and 
naturally acquired neutralizing antibodies. Additionally, we employed an activation-
induced marker (AIM) assay to analyse the activation of memory T cells against 
SARS-CoV-2 variants. Immune responses were studied in Finnish healthcare 
workers. 

The results of this study demonstrate that the completion of a two-dose mRNA 
vaccine regimen leads to consistent and high production of S-specific antibodies 
across all studied age groups. Vaccinated individuals exhibit the ability to neutralize 
the SARS-CoV-2 Alpha variant, while neutralization against the Beta and Delta 
variants is reduced. Furthermore, a majority of vaccinated participants display the 
presence of SARS-CoV-2 S-specific memory CD4+ and CD8+ T cells, which 
exhibit cross-recognition of the different SARS-CoV-2 variants. S-specific antibody 
levels were found to decline within months following vaccination, while T cell 
responses remained stable for at least six months. 

These results highlight the durability of memory T cell responses and their role 
in providing sustained protection against SARS-CoV-2 variants. 

KEYWORDS: SARS-CoV-2, COVID-19, vaccine response, adaptive immune 
response, genetic variant, pandemic  
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TURUN YLIOPISTO 
Lääketieteellinen tiedekunta 
Biolääketieteen laitos 
Virusoppi 
PINJA JALKANEN: COVID-19 rokotteiden aikaansaama immuniteetti 
SARS-CoV-2-virusvariantteja vastaan  
Väitöskirja, 145 s. 
Molekyylilääketieteen tohtoriohjelma 
Lokakuu 2023 

TIIVISTELMÄ 

Hengitystieinfektioita aiheuttavan uuden SARS-CoV-2-koronaviruksen ilmaantu-
minen johti maailmanlaajuisen COVID-19-pandemiaan, jonka hillitseminen on 
vaatinut nopeaa rokotteiden kehittämistä ja käyttöönottoa. COVID-19 mRNA-
rokotteet ovat osoittautuneet tehokkaiksi alkuperäistä SARS-CoV-2-virusta vastaan, 
mutta uusien geneettisten varianttien ilmaantuminen on asettanut haasteita 
pandemian hallinnalle. Tähän mennessä viisi dominoivaa varianttia – Alpha-, Beta-, 
Gamma-, Delta- ja Omikron-variantit - ovat aiheuttaneet merkittäviä SARS-CoV-2-
virusinfektioiden aaltoja. COVID-19-rokotuksessa syntyvän hankitun immuniteetin 
ymmärtäminen on ratkaisevan tärkeää rokotteen tehokkuuden sekä tulevien 
rokotusstrategioiden ja uusintarokotustarpeen arvioinnissa. 

COVID-19 mRNA-rokotteet saavat aikaan voimakkaan immuunivasteen, 
mukaan lukien SARS-CoV-2-viruksen piikkiproteiini-spesifisten vasta-aineiden 
tuotannon ja muisti-T-solujen kehittymisen. Tässä väitöskirjassa pystytettiin virus-
proteiineja tunnistava vasta-ainetesti ja elävää SARS-CoV-2-virusta hyödyntävä 
mikroneutralisaatiotesti mittaamaan rokotteen ja luonnollisen infektion synnyttä-
mien vasta-aineiden määrää sekä niiden kykyä neutraloida SARS-CoV-2-vari-
antteja. Lisäksi työssä hyödynnettiin T-solujen aktivaatiomääritystä, jolla analysoi-
tiin muisti-T-solujen kykyä tunnistaa muuntuneita SARS-CoV-2-variantteja. 
Rokotevasteita tutkittiin suomalaisissa terveydenhuollon työntekijöissä. 

Tämän väitöskirjan tulokset osoittivat, että kahden rokoteannoksen jälkeen 
kaikki tutkittavat tuottivat vasta-aineita S-proteiinia kohtaan iästä ja sukupuolesta 
riippumatta. Vasta-ainevaste oli yhtä voimakas Alpha-varianttia kohtaan kuin 
alkuperäistä SARS-CoV-2-virusta kohtaan, kun taas Beta- ja Delta-varianttien 
neutralisaatio oli heikentynyt sekä rokotetuilla että luonnollisen taudin sairastaneilla. 
Suurimmalla osalla rokotetuista henkilöistä voitiin todeta SARS-CoV-2-viruksen S-
proteiinin tunnistavia auttaja- ja sytotoksisia-T-soluja. Lisäksi T-solut tunnistivat 
virusvariantteja yhtä hyvin kuin alkuperäistä virusta. Vasta-ainetasot laskivat 
muutamien kuukausien kuluessa rokotuksesta, kun taas muisti-T-soluaktivaation 
havaittiin säilyvän samalla tasolla vielä kuuden kuukauden kuluttua rokotuksesta.  

Nämä tulokset osoittavat, että mRNA-rokotteet tarjoavat kestävän suojan SARS-
CoV-2-virusvarianttien aiheuttamaa tautia vastaan muisti-T-solujen välityksellä. 

AVAINSANAT: COVID-19, SARS-CoV-2-virus, rokotevaste, virusmuunnos  
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Abbreviations 

aa  amino acid 
ACE2  angiotensin-converting enzyme 2 
AIM  activation-induced marker 
APC  antigen presenting cell 
AUC  area under curve 
BSL3  biosafety level 3 
CDC  U.S. Centers for Disease Control and Prevention 
COVID-19  coronavirus disease 2019 
DMSO  dimethyl sulfoxide 
E  envelope protein 
EIA  enzyme immunoassay 
EMA  European Medicines Agency 
FBS  fetal bovine serum 
FCS  furin cleavage site 
FDA  U.S. Food and Drug Administration 
FL  fusion loop 
GC  germinal centre 
GM  geometric mean 
GST  glutathione S-transferase 
hCoV  human coronaviruses 
HCW  healthcare worker 
HEK293F  human embryonal kidney cells 
HR  heptapeptide repeat sequence 
HUS  Helsinki University Hospital 
ICTV  International Committee on Taxonomy of Viruses  
ID50  inhibitory dose of 50%  
IFN   interferon  
Ig  immunoglobulin  
IL  interleukin 
M  membrane protein 
MERS  Middle East respiratory syndrome coronavirus 
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mFc  mouse monoclonal IgG2a Fc part 
MHC  major histocompatibility complex 
MNT  microneutralization test 
N  nucleoprotein 
nsp  non-structural protein 
NTD   N-terminal domain 
OD  optical density 
ORF  open reading frame 
PBMC  peripheral blood mononuclear cell 
pp  polyprotein 
proMstn  mouse myostatin growth factor proregion 
RBD  receptor binding domain 
RdRp  RNA-dependent RNA polymerase  
ROC  receiver operating characteristic 
RTC  replicase-transcriptase complex 
RT-PCR  reverse transcription polymerase chain reaction 
S  spike protein 
S1  spike protein subunit 1 
S2  spike protein subunit 2 
SARS  severe acute respiratory syndrome coronavirus 
SARS-CoV-2 severe acute respiratory syndrome coronavirus 2 
SD  standard deviation 
SD1  spike protein subdomain 1 
SDS-PAGE  sodium dodecyl sulfate polyacrylamide gel electrophoresis 
Sf-9  Spodoptera frugiperda cells 
SI  stimulation index 
TCID50  fifty-percent tissue culture infective dose  
Th  T helper cell 
THL  Finnish Institute for Health and Welfare 
TM  transmembrane domain 
TMPRSS2  transmembrane serine protease 2 
TNFα  tumor necrosis factor alpha 
TYKS  Turku University Hospital 
VE  vaccine efficiency 
VeroE6  African green monkey kidney cells clone E6 
WHO   World Health Organization 
VLP  virus-like particle 
VOC  variant of concern 
VOI  variant of interest 
VUM  variant under monitoring  
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1 Introduction 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) causing infectious 
coronavirus disease 2019 (COVID-19) emerged at the end of 2019, likely through 
zoonotic transmission (Pekar et al., 2022; Worobey et al., 2022). The subsequent 
SARS-CoV-2 outbreak was declared a pandemic by the World Health Organization 
(WHO), and as of August 2023, the ongoing pandemic had resulted in more than 770 
million infections and 6.9 million deaths (WHO, 2023b). SARS-CoV-2 is closely 
related to two previously identified highly pathogenic human coronaviruses (hCoVs) 
with a zoonotic origin, SARS and Middle East respiratory syndrome (MERS) 
coronaviruses. In addition, repeated spillover events of animal coronaviruses to 
humans have led to the circulation of four low pathogenic hCoVs that cause the 
common cold: OC43, HKU1, 229E, and NL63. 

SARS-CoV-2 has a large RNA genome that undergoes frequent recombination 
and mutation events, despite the proofreading mechanism (Markov et al., 2023). 
Starting in late 2020, several genetic variants with distinct characteristics have 
emerged, including increased infectivity and virulence, higher transmissibility, and 
the ability to evade adaptive immunity. The variants that pose the most significant 
risk to global public health have been classified as variants of concern (VOCs) by 
WHO. To date, five variants have been defined as VOCs: Alpha, Beta, Gamma, 
Delta, and Omicron. 

Neutralizing antibodies primarily target the spike (S) protein (Greaney et al., 
2021; L. Liu et al., 2020; Seydoux et al., 2020), making S the target of most COVID-
19 vaccines that have been authorized or are in the development phase. Many 
COVID-19 vaccines have been shown to induce CD4+ helper and CD8+ cytotoxic 
T cell responses, which have been associated with protection against the severe 
forms of the disease (Painter et al., 2021; Zuo et al., 2021). However, T cell-mediated 
responses alone cannot prevent the infection, and the rapid decrease of neutralizing 
antibodies has necessitated the administration of booster vaccine doses. 
Furthermore, since SARS-CoV-2 constantly mutates to evade vaccine-induced 
neutralizing antibodies, it is crucial to constantly monitor emerging variants, 
memory cell responses, and vaccine effectiveness. 
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The primary objective of this study was to analyse humoral and cell-mediated 
immune responses induced by COVID-19 mRNA vaccines in healthy adults during 
the mass vaccination campaigns in Finland in 2021 and to evaluate the duration of 
these responses. A secondary objective was to investigate the immune evasion of 
emerging variants circulating during 2020–2021. Additionally, we aimed to 
characterize the cross-reactivity of pre-pandemic hCoV-specific antibodies with 
SARS-CoV-2 to gain insights into the potential pre-existing immunity against 
COVID-19. 
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2 Review of the Literature 

2.1 SARS-CoV-2 
SARS-CoV-2 emerged in December 2019 in Wuhan, China, and it belongs to the 
order Nidovirales, family Coronaviridae and subfamily Orthocoronavirinae. The 
coronaviridae study group of the International Committee on Taxonomy of Viruses 
(ICTV) recognizes four distinctive genera in Orthocoronavirinae subfamily, Alpha, 
Beta, Gamma, and Deltacoronavirus (Woo et al., 2023). Alpha and 
Betacoronaviruses infect mammals, while Gamma and Deltacoronaviruses infect 
mainly avian species and are not found in humans. SARS-CoV-2 belongs to the 
Betacoronavirus genera and shares the highest sequence identity with two other 
Betacoronaviruses infecting humans, SARS and MERS. SARS-CoV-2 is the third 
coronavirus outbreak in the twenty-first century since SARS caused a severe 
pulmonary disease epidemic in 2003 with a 10% mortality rate (Chan-Yeung & Xu, 
2003; Donnelly et al., 2003) and MERS in 2012 with a 36% mortality rate (WHO, 
2019). 

Four other hCoVs, Betacoronaviruses OC43 and HKU1 and Alphacoronaviruses 
229E and NL63, typically cause mild upper respiratory tract infections and seasonal 
epidemics. 229E and OC43 were first isolated in the 1960s (Hamre & Procknow, 
1966; McIntosh et al., 1967), while NL63 and HKU1 were discovered later, in 2004 
(van der Hoek et al., 2004) and 2005 (Woo et al., 2005), respectively. The major 
natural reservoir host of coronaviruses is bats, where SARS, MERS, SARS-CoV-2, 
229E, and NL63 are thought to originate before transmission to other animals that 
function as intermediate hosts (Cui et al., 2019). The intermediate host of NL63 is 
not known; however, 229E is likely transmitted to humans from alpacas (Crossley 
et al., 2012), SARS from palm civets (Guan et al., 2003; Kan et al., 2005), and MERS 
from dromedary camels (Mohd et al., 2016). In contrast, OC43 and HKU1 are 
thought to originate in rodents, and the intermediate host of OC43 is likely cows 
(Bidokhti et al., 2013).  

Previous studies have shown that SARS-related bat viruses have the ability to 
infect human cells (Temmam et al., 2022). SARS-CoV-2 shares over 95% whole 
genome sequence identity with the bat coronavirus RaTG13 (P. Zhou et al., 2020), 
while receptor binding domain (RBD) has the highest identity with coronavirus 
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isolated from pangolin in 2019 (Boni et al., 2020). However, there are no signs of 
direct recombination with the pangolin coronavirus, indicating multiple 
recombination events in SARS-CoV-2 evolution (Hassanin et al., 2022). Despite 
extensive research, the indeterminate host animal and the timing when the virus 
crossed the species barrier have not been determined.  

2.1.1 Genomic structure 
SARS-CoV-2 is a large, enveloped virus with a positive-sense single-stranded RNA 
genome. The genome is non-segmented, around 30,000 bp long, and multiple open 
reading frames (ORFs) encode four structural proteins and 25 non-structural or 
accessory proteins (C. Wu et al., 2022) (Figure 1). Two-thirds of the 5' end of the 
genome is a replicase gene comprising two overlapping ORFs (ORF1a and ORF1b), 
which encode polyproteins (pp1a and pp1ab). Pp1a and pp1ab are further processed 
by two virus-encoded proteinases into 16 non-structural proteins (nsp1-nsp16) 
(V’kovski et al., 2021). Nsps have independent functions, including host innate 
immune evasion, proteolytic cleavage of pp1a and pp1ab, and RNA proofreading. 
Nsp2-16 compose the replicase-transcriptase complex (RTC) involved in 
synthesizing full-length genomic RNA and subgenomic RNAs, which are used to 
transcribe structural and accessory proteins. ORF1a, ORF1b, and structural proteins 
are conserved in the Orthocoronavirus genome (Woo et al., 2023).  

Structural proteins include the envelope protein (E), membrane protein (M), and 
spike glycoprotein (S), which forms the virion surface, and nucleoprotein (N), which 
packs around the viral RNA comprising the nucleocapsid structure. E-protein is the 
smallest of structural proteins and functions as an ion channel in addition to 
participating in virus maturation and budding (S. Zhou et al., 2023). M-protein is the 
most abundant structural protein and the main factor in virus assembly (Z. Zhang et 
al., 2022). N-protein is critical for packaging viral genome, protecting it from the 
host cell environment, and regulating gene transcription (C.-H. Wu et al., 2014). 
However, most of the research efforts have been targeted at S-protein responsible 
for receptor recognition, attachment, and entry into the host cell (Huang et al., 2020). 
After binding to the host cell receptor angiotensin-converting enzyme 2 (ACE2), 
transmembrane protease serine 2 (TMPRSS2) located on the host cell membrane 
promotes the S-protein activation by cleaving it into spike subunit 1 (S1) and 
membrane-fusion subunit 2 (S2). S1 includes N-terminal domain (NTD), receptor 
binding domain (RBD), and subdomains 1 and 2 (SD1 and SD2), while S2 includes 
fusion loop (FL), heptapeptide repeat sequence 1 and 2 (HR1 and HR2), 
transmembrane domain (TM), and intracellular tail. S2 is more conserved between 
Orthocoronaviruses compared to S1 (Woo et al., 2023). 
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Nine accessory proteins, ORF3a, ORF3b, ORF6, ORF7a, ORF7b, ORF8, 
ORF9b, ORF9c, and ORF10, are encoded from overlapping ORFs with structural 
genes. Accessory proteins are not necessary for virus replication; however, some are 
involved in viral pathogenesis, while the functions of some ORFs have so far 
remained uncharacterized (Redondo et al., 2021). Recent studies have shown that 
ORF3b, ORF6, ORF7a, ORF7b, ORF8, and ORF9b are type I interferon (IFN) 
antagonists with diverse mechanisms (Min et al., 2021; Redondo et al., 2021). 

 
Figure 1. SARS-CoV-2 virus particle and genomic structure. A. Four structural proteins and 

positive-sense single-stranded RNA genome. B. Open reading frames 1a (ORF1a) and 
1b (ORF1b) encode sixteen nonstructural proteins (nsp1–11 and nsp12–16). S encodes 
N-terminal domain (NTD), receptor-binding domain (RBD), subdomain 1 (SD1) and 2 
(SD2), fusion loop (FL), heptapeptide repeat sequence 1 (HR1) and 2 (HR2), and 
transmembrane domain (TM). S is cleaved into subunits 1 (S1) and 2 (S2) by furin and 
transmembrane serine protease 2 (TMPRSS2). Modified from Zhang et al. 2021. 

2.1.2 Modes of evolution 
The first SARS-CoV-2 whole genome sequence, designated Wuhan-Hu-1, was made 
publicly available already at the beginning of January 2020 (F. Wu et al., 2020). 
Since then, constant surveillance has resulted in an unprecedented number of 16 
million sequences submitted into the GISAID EpiCoV repository 
(https://gisaid.org/hcov19-variants/). In Finland, SARS-CoV-2 variants have been 
monitored with whole genome sequencing since December 2020 (Finnish Institute 
for Health and Welfare, 2021). As with most RNA viruses, SARS-CoV-2 evolves 
relatively rapidly, and in three years, the virus has diverged into multiple competing 
genetic variants, with a new emerging variant displacing the previous globally 
dominant strain every two to six months (https://gisaid.org/hcov19-variants/). 
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SARS-CoV-2 evolution is driven by mutation rates, random genetic changes, 
natural selection, and recombination. In SARS-like coronaviruses, nucleotide 
substitutions occur at similar rates, and studies have estimated the mutation rates to 
be 0.8–4.7x10-3 nucleotide substitutions per site per year (Chaw et al., 2020; J.-F. He 
et al., 2004; Z. Zhao et al., 2004) or 1.3x10-6  nucleotide substitutions per replication 
cycle (Amicone et al., 2022). These mutation rates are lower than in many other 
RNA viruses, such as influenza and hepatitis C, which lack exonuclease 
proofreading mechanisms (Pauly et al., 2017; Ribeiro et al., 2012). In addition to 
nucleotide substitutions, which may result in changes in the amino acids (aa), RNA 
replication errors may lead to aa insertions and deletions. Most aa changes are 
deleterious, leading to failure in viral replication and removal by natural selection. 
However, those changes that are beneficial to the virus, i.e., they increase receptor 
binding, replication, transmission or evasion of host immune responses, are 
positively selected. Recombination is common for coronaviruses and requires co-
circulation of the viruses and co-infection of the same host. In particular, the 
recombination of the S has significant effects on the virus fitness and the most recent 
dominant variant, Omicron XBB.1.5, is a recombinant between two Omicron 
sublineage viruses, BA.2.10.1 and BA.2.75. 

SARS-CoV-2 evolution is also affected by epidemiological dynamics, including 
the size of the infected population, host interactions, types of transmission cycles, 
and population-level immunity. With SARS-CoV-2, the size of the infected 
population is massive, increasing the possibility of spontaneous mutations and the 
chances of these mutations being transmitted further. High vaccine coverage and the 
use of antiviral therapeutics add selective pressure to the virus. In addition, some 
studies suggest that chronic infections in immunocompromised patients treated with 
plasma or monoclonal antibody therapy allow the virus to evolve faster and promote 
mutations which increase the viral replication and immune evasions (Harari et al., 
2022). SARS-CoV-2 has an ability to replicate in other species such as mice (Stone 
et al., 2022), domestic cats (Barrs et al., 2020), farmed minks (Oude Munnink et al., 
2021), and white-tailed deer (Kuchipudi et al., 2022), and it is possible that after 
diversification in an animal host, some sublineages spillover back to humans 
carrying non-typical aa changes. 

2.1.3 Variants of concern 
SARS-CoV-2 variants are named based on at least four different nomenclature 
systems: GISAID and Nextstrain clades, Pango lineage, and WHO classification. 
Pango lineage is widely used and covers the entire diversity of SARS-CoV-2 
(O’Toole et al., 2022), while WHO provides labels only for lineages most relevant 
to public health (https://www.who.int/activities/tracking-SARS-CoV-2-variants). 
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WHO classifies SARS-CoV-2 variants as variants under monitoring (VUM), 
variants of interest (VOI), and variants of concern (VOC) based on their potential to 
spread and replace previous variants. VUMs have genetic changes that are suspected 
to affect the virus fitness, and VOIs have changes that are predicted or known to 
affect virus transmissibility, disease severity, or immune escape, and their prevalence 
is increasing. In early 2021, for example, Epsilon (Pango lineage B.1.427 and 
B.1.429), Eta (B.1.525), and Iota (B.1.526) were designed as VOIs. VOCs are VOIs 
that pose the most significant risk to global public health and show a transmission 
advantage over the other circulating VOCs. By April 2023, five lineages were 
classified as VOCs: Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta 
(B.1.617.2), and Omicron (B.1.529). 

The first divergent SARS-CoV-2 lineage, Alpha variant, appeared in September 
2020 superseding the present lineage, which had only one substitution in the S protein, 
D614G. Beta and Gamma variants were recognized soon after in different parts of the 
world (Faria et al., 2021; Tegally et al., 2021), and all three cocirculated during spring 
2021, with either Alpha, Beta, or Gamma being the most dominant ones in different 
geographic areas (C. Cohen et al., 2022; Naveca et al., 2021). Alpha was the most 
dominant in Finland and co-circulated with Beta until the summer of 2021 (Figure 2). 
Alpha, Beta, and Gamma had strikingly 14, 8, and 11 aa changes in the S protein, 
respectively, which contributed to 40–160% higher transmissibility than the original 
virus (Coutinho et al., 2021; Davies, Abbott, et al., 2021; S. Zhao et al., 2022). Delta 
variant emerged in late 2020 and became globally dominant during the summer of 
2021 with critical mutations in the S protein (Earnest et al., 2022). Delta was 60% 
more transmissible than Alpha variant, and a study in Scotland determined that Delta 
infection led to hospital admission twice as likely as Alpha infection (Sheikh et al., 
2021). Alpha, Beta, and Gamma were also associated with more severe disease forms 
than those with pre-existing variants (Lin et al., 2021). Furthermore, Alpha variant was 
associated with a 66% higher risk of death within 28 days of a positive PCR test 
compared to the original strain (Davies, Jarvis, et al., 2021). 

The Omicron variant emerged in November 2021 with a high number of spike 
mutations, changing the course of the pandemic by leading to a massive global wave 
of infections (WHO, 2023b). In Finland, the number of SARS-CoV-2 infections 
increased rapidly and by the end of 2022, 54% of the Finnish adult population had 
been infected (Solastie et al., 2023). Before the emergence of Omicron variant, 
seroprevalence was estimated to be <7%. Omicron variant is the most diverse of all 
the VOCs, and its closest ancestor is B.1.1 lineage dating back to 2020 (Martin et 
al., 2022). The evolution of Omicron is unclear; whether it had circulated in an 
unmonitored population or emerged from an animal host or a chronic COVID-19 
patient is unknown. A recent study determined that Omicron is ten times more 
transmissible than the original variant and it has a high capacity for immune escape 
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(Jiahui Chen et al., 2022). Omicron infects the upper respiratory tract in hamsters 
(Armando et al., 2022), indicating that Omicron sublineage viruses cause milder 
disease than pre-Omicron VOCs. A data linkage study in South Africa also detected 
a lower hospitalization risk in Omicron infected than non-Omicron infected patients 
(Wolter et al., 2022).  

 
Figure 2. The weekly number of SARS-CoV-2 variants of concern (VOCs) sequenced in Finland 

from December 2020 to April 2023. Data are from the Finnish National Infectious 
Diseases Register maintained by the Finnish Institute for Health and Welfare (THL). 
Virus strains that were not VOCs are not shown. 

2.2 COVID-19 

2.2.1 Clinical manifestation 
SARS-CoV-2 infection can be asymptomatic or symptomatic. Two meta-analyses 
estimated that approximately 16–40% of infected had no symptoms at the time of 
the diagnosis (J. He et al., 2021; Q. Ma et al., 2021). However, the actual number is 
unclear since some individuals developed symptoms later. Most symptomatic 
infections are mild, meaning that they do not require hospitalization. In September 
2021, United States Centers for Disease Control and Prevention (CDC) estimated 
that 85% of the infections are mild, 5% require hospitalization, and 0.6% of the 
patients died (CDC, 2021). The risk of severe illness increases with age and the 
number of comorbidities, and varies by immunity status and circulating variants 
(Russell et al., 2023). Although Omicron-infected patients have a lower risk of 
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severe disease (Leiner et al., 2022) and vaccinations and antiviral treatments were 
available during the Omicron period, the COVID-19-associated hospitalizations 
increased in spring 2022 due to a massive number of infections (Havers et al., 2022). 
The risk of death is lower in those with at least two vaccine doses compared to those 
without vaccination or with only one vaccine dose (Tenforde et al., 2022).  

The most common clinical symptoms caused by SARS-CoV-2 are fever, 
headache, loss of smell, nasal obstruction, cough, fatigue, muscle aches, runny nose, 
loss of appetite, and sore throat (Alimohamadi et al., 2020; Lechien et al., 2020). 
SARS-CoV-2 enters the body through the mucosal surfaces of the respiratory tract, 
and it is mainly spread through respiratory droplets and aerosols released during 
coughing, sneezing, or speaking. The incubation period of COVID-19 is typically 
four to five days after exposure; however, Omicron variant decreased incubation 
time to three days (Ogata & Tanaka, 2023; Y. Wu et al., 2022). The most common 
manifestation of severe disease is pneumonia, which can be complicated by 
respiratory failure requiring mechanical ventilation. A high risk of fatal COVID-19 
has been associated with high viral load, release of pro-inflammatory cytokines, such 
as interleukin 6 (IL-6), IL-8 and tumor necrosis factor (TNF), and delayed or 
ineffective type I and III IFN responses (Galani et al., 2021). Inadequate interferon 
response seems to correlate with slowed or extreme activation of cellular immunity 
leading to more severe disease (Moss, 2022). 

Although most individuals with COVID-19 recover from the illness within a few 
weeks, a subset of patients experience persistent health problems for at least three 
months following the initial infection, referred to as long COVID or post-acute 
COVID-19 syndrome. Some long COVID patients recover within months; however, 
the symptoms, such as fatigue, chest pain, loss of taste or smell, breathing 
difficulties, cognitive impairment, and nausea, can persist for years (Davis et al., 
2021; Demko et al., 2022). While the incidence of long COVID varies within studies, 
the long-term symptoms appear more likely in hospitalized (59%) than in non-
hospitalized (13–38%) (Augustin et al., 2021; Pérez-González et al., 2022) or 
vaccinated patients (10%) (Ayoubkhani et al., 2022). The underlying 
pathophysiological mechanisms of long COVID remain unclear. Several hypotheses 
have been proposed, including immune dysregulation, persistent SARS-CoV-2 
infection in tissues, autoimmunity, endothelial dysfunction, and dysfunctional 
neurological signaling (Davis et al., 2023). 

2.2.2 Testing for SARS-CoV-2 infection 
Several diagnostic methods have been developed for the detection of SARS-CoV-
2 infection. The most frequently used methods are nucleic acid amplification tests, 
such as reverse transcription polymerase chain reaction (RT-PCR), and antigen 
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tests (WHO, 2020). RT-PCR is used for the detection of SARS-CoV-2 RNA in 
upper respiratory tract specimens, such as nasal and nasopharyngeal swabs or 
saliva. PCR tests are sensitive and accurate, and they have become the golden 
standard in diagnosing SARS-CoV-2 as well as other respiratory virus infections 
(Puhach et al., 2023). Using at least two gene targets is important for accuracy, and 
common gene targets include ORF1ab, E, N, S, and RNA-dependent RNA 
polymerase (RdRp) (Vogels et al., 2020). Some variants, including Alpha and 
Omicron, have mutations in the S gene resulting in negative S gene target RT-PCR 
results, which can be used to distinguish Alpha or Omicron variants from other 
variants circulating at the same time (McMillen et al., 2022). RT-PCR allows the 
early detection of the virus, even in asymptomatic individuals, and the test can be 
positive already on the day of the infection (Kim et al., 2021; McEllistrem et al., 
2021). However, PCR tests do not differentiate between infectious and non-viable 
viruses, and some patients have had positive RT-PCR test results several months 
after recovery (Henderson et al., 2021).  

Rapid antigen tests detect the presence of viral proteins in respiratory tract 
specimens, indicating an active infection. Antigen tests can produce results in 
minutes and be used at home, near the patient, and in laboratory settings. Antigen 
tests are less sensitive than RT-PCR tests (Pickering et al., 2021) and they detect 
asymptomatic infections poorly (Mitchell et al., 2021). However, antigen tests are 
useful for screening in community settings due to their low cost, availability, and 
fast turnaround time.  

A past SARS-CoV-2 infection or COVID-19 vaccination can be detected with 
serological assay, which detects the presence of SARS-CoV-2-specific antibodies 
in the blood. Most serological assays use N and S proteins or parts of S, mainly 
RBD or S1, which share less homology with seasonal hCoVs (Hicks et al., 2021). 
The technologies vary between non-quantitative rapid lateral flow tests and 
quantitative laboratory assays, where the binding of antibodies is detected based 
on enzymatic reaction, chemiluminescence, or fluorescence (WHO, 2020). 
Antibody tests should not be used for diagnosis; however, antibody measurement 
of saliva has been shown to increase the positive rates when combined with nucleic 
acid detection (S. Yu et al., 2022). Furthermore, testing of the acute phase and 
convalescent phase samples could aid with the diagnosis when there is continued 
clinical suspicion of COVID-19 despite negative nucleic acid amplification test 
results (WHO, 2020). Antibody tests are useful for surveillance studies and 
determining the prevalence of virus infections in the population. Serological tests 
have also been used in research to determine and compare the effectiveness of 
vaccines to induce antibody responses.  
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2.3 COVID-19 vaccinations 
The development of COVID-19 vaccines started already in January 2020 due to the 
rapid spread of SARS-CoV-2. The first vaccines receiving conditional marketing 
authorization by European Medicines Agency (EMA) were Comirnaty (research 
name: BNT162b2, BioNTech and Pfizer) in December 2020 and Spikevax (mRNA-
1273, Moderna) and Vaxzevria (ChAdOx1, AstraZeneca) in January 2021 (EMA, 
2023). The primary vaccine series for all three vaccines included two 
intramuscularly administrated doses for adults. Currently, eight vaccines are 
approved in the EU, while only four are approved or under emergency use 
authorization by U.S. Food and Drug Administration (FDA, 2023a). By December 
2022, 50 vaccines were approved at least in one country worldwide (McGill 
COVID19 Vaccine Tracker Team, 2022), and in 2023, WHO had granted 11 
vaccines permission for emergency use (WHO, 2023a). COVID-19 vaccines utilize 
multiple technologies, and WHO-approved vaccines include two RNA, two protein 
subunit, four non-replicating viral vector, and three inactivated virus vaccines. 
Despite the incredible speed the vaccines were developed and administrated and the 
high vaccine efficacy of mRNA vaccines, the long-term control of the COVID-19 
pandemic is challenging due to emerging immunoevasive viral variants.  

2.3.1 Types of vaccines 
All COVID-19 vaccines aim to induce immunological memory against SARS-CoV-
2 without causing infection. The first COVID-19 vaccine candidates to enter phase-
I trials were based on various technologies, including recombinant protein subunit, 
lipid-capsulated mRNA, DNA plasmids, and lentiviral and adenoviral vectors 
(Thanh Le et al., 2020). Later, virus-like particle (VLP) vaccines as well as 
attenuated and inactivated whole virus vaccines advanced into clinical trials. Various 
vaccine platforms offer flexibility in administration routes, manufacturing processes, 
and storage conditions. Intramuscularly administrated vaccines are traditionally the 
most common ones in preventing viral infections, and in the EU, all authorized 
COVID-19 vaccines are administrated through an intramuscular route (EMA, 2023). 
However, vaccines that are administrated through intranasal and subcutaneous routes 
are also developed. Especially intranasal vaccines are attractive since they could 
prevent the replication and transmission of SARS-CoV-2, as shown in hamsters and 
rhesus macaques (Deng et al., 2023; Hassan et al., 2021). However, whether humans 
are truly protected from SARS-CoV-2 after intranasal vaccination is unclear since 
one of the first COVID-19 intranasal vaccines, effective in animals, failed to induce 
a mucosal immune response in humans (Madhavan et al., 2022). 
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Subunit vaccines 

Recombinant protein subunit vaccine technology is well established, and subunit 
vaccines have been approved against multiple viruses, including influenza, hepatitis 
B, and human papillomavirus (FDA, 2023b). Subunit vaccines are formulated by 
expressing virus protein or parts of the protein in cell culture and purifying the 
protein. High purity improves vaccine safety; however, subunit vaccines usually 
require the use of adjuvants to induce sufficient immune responses (Jidang Chen et 
al., 2021). For SARS-CoV-2, three adjuvanted subunit vaccines have been 
authorized by EMA, Nuvaxovid by Novavax, VidPrevtyn Beta by Sanofi Pasteur 
and Bimervax by HIPRA Human Health. Bimervax and VidPrevtyn Beta contain a 
part of the spike from Alpha and Beta variants, and both have been shown to induce 
higher antibody levels against the Omicron variant than the original Comirnaty 
vaccine when used as a booster dose (EMA, 2023). 

mRNA and DNA vaccines 

Nucleic acid vaccines, which contain either mRNA or DNA encoding a target 
antigen, have emerged as a promising approach to vaccination. Upon delivery, the 
mRNA or DNA is taken in by host cells which express and present the antigen to 
immune cells inducing a strong antibody and T cell-mediated immune responses 
(Jackson et al., 2020). One of the major advantages of nucleic acid vaccines is their 
ease of production and design. Compared to traditional vaccines, only a small 
amount of mRNA or DNA is required to manufacture nucleic acid vaccines. 
However, mRNA molecules are known to be unstable and therefore need to be 
encapsulated into lipid nanoparticles to protect them from degradation. Additionally, 
low storage temperatures are required to maintain their stability.  

While the technology for mRNA vaccines has been studied since the 1980s, it 
was not until the COVID-19 pandemic that mRNA vaccines were authorized for 
human use. Since 2020, two COVID-19 mRNA vaccines encoding spike protein of 
original SARS-CoV-2 Wuhan-Hu-1 strain, Comirnaty and Spikevax, have been 
approved in US and EU (EMA, 2023). Over 90% of administered vaccine doses in 
both areas are mRNA vaccines. So far, Moderna has developed vaccines against the 
original Wuhan-Hu-1 strain and Beta and Omicron BA.1 and BA.4/5 variants, 
highlighting the ease of designing an mRNA vaccine.  

Viral vector vaccines 

Viral vector vaccines use unrelated viruses to deliver the genes encoding for target 
antigens into host cells, where they are produced and presented to T cells. Vector 
viruses are modified to reduce their virulence while maintaining their capability to 
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infect human cells. The most commonly used vector viruses are adenovirus and 
vesicular stomatitis virus (Travieso et al., 2022). Viral vectored vaccines can induce 
strong B and T cell immunity; however, responses against viral vector vaccines are 
decreased if pre-existing immunity against the vector virus exists. Most authorized 
COVID-19 viral vector vaccines use either human or chimpanzee adenovirus strains, 
which have been modified to prevent their replication. In EU, two adenoviral vector 
vaccines that include the spike gene have been approved, Jcovden by Janssen and 
Vaxzevria by Astra-Zeneca (EMA, 2023).  

Virus-like particle vaccines 

VLP vaccines are composed of one or more viral proteins that can self-assemble in 
the absence of a viral genome and non-structural proteins. VLP vaccines mimic the 
structure of the virus, and therefore they are thought to induce a more robust humoral 
immune response than protein subunit vaccines (Tariq et al., 2022). Before the 
COVID-19 pandemic, several VLP vaccines were approved in the US, including 
vaccines against human papillomavirus and hepatitis E virus (Dai et al., 2018). In 
May 2023, two COVID-19 VLP vaccines were in phase 3 clinical trials, and one of 
them was approved in Canada (McGill COVID19 Vaccine Tracker Team, 2022). 

Inactivated and attenuated vaccines 

Whole virus vaccines, including inactivated and attenuated vaccines, represent the 
oldest types of vaccines. Live attenuated vaccines involve the administration of 
viruses that have undergone a weakening process, while inactivated vaccines employ 
viruses that have been rendered chemically non-infectious, thereby ensuring 
enhanced safety. However, one drawback of inactivated vaccines is their potential to 
lose immunogenicity, and they often induce only humoral immune responses. 
Although growing viruses in cell cultures is relatively simple, an extensive amount 
of time is required, and the process can result in the introduction of mutations as 
viruses adapt to the host cells. Additionally, a concern with live attenuated whole 
virus vaccines against SARS-CoV-2 is the possibility of recombination between the 
attenuated vaccine strain and live circulating virus strain resulting in a novel 
infectious virus. In EU, one inactivated COVID-19 vaccine has been approved, 
Valneva by Valneva Austria (EMA, 2023). 

2.3.2 Vaccine effectiveness 
Vaccine effectiveness (VE) is a measure of protection against disease or other 
outcomes, such as hospitalization or death, in real-world communities. In contrast, 
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vaccine efficacy is measured during clinical trials and based on WHO, the vaccine 
should show at least a 50% efficacy rate to be approved (WHO, 2021). VE indicates 
the reduction in the number of people who will get the disease when they are exposed 
to the virus. VE is affected by study population factors, circulating virus variant, 
vaccine type, number of received vaccine doses, and time after the vaccination 
(Evans & Jewell, 2021). Different vaccine types can have different initial VE, and a 
vaccine with initially high VE can experience more rapid waning resulting in lower 
protection and a resurgence of infections months after vaccination (Burdin et al., 
2017). 

In clinical trials, Comirnaty vaccine showed a high efficacy of 95% in preventing 
symptomatic SARS-CoV-2 infection (Polack et al., 2020). During 2021, the VE of 
mRNA vaccines was estimated to be around 89–92% against symptomatic Alpha 
variant infection and 92–95% against symptomatic Delta infection. The VE was 
slightly higher against hospitalization or death (Nasreen et al., 2022). In another 
study, the VE of Comirnaty against symptomatic Alpha infection was 94% and 
against Delta 88% (Lopez Bernal et al., 2021). With COVID-19 vaccines the VE 
declines within months after vaccination and before the Omicron period, VE against 
symptomatic infection was estimated to drop by 20–30 percentage points in six 
months (Feikin et al., 2022). In comparison, influenza virus vaccines have a VE of 
around 50% against hospitalization (Ferdinands et al., 2019), and Ebola virus 
vaccine has a VE of nearly 100% (Henao-Restrepo et al., 2017). 

2.3.3 Vaccinations in Finland 
In Finland, COVID-19 vaccinations started at the end of December 2021 (Finnish 
Institute for Health and Welfare, 2023a). Healthcare workers treating COVID-19 
patients were vaccinated first with a 21-day dose interval with the Comirnaty 
vaccine, followed by nursing home residents, staff, and persons with a predisposing 
condition for severe COVID-19. At the beginning of February 2021, the vaccination 
interval was increased to three months. Comirnaty, Spikevax, and Vaxzervia were 
all administered until the use of Vaxzervia was restricted in people under 65 years 
in March 2021 due to an increased risk of blood clotting related to the vaccine 
(Greinacher et al., 2021). The use of Vaxzevria ceased completely in November 
2021. 

In autumn 2021, the vaccine recommendations were modified to include a third 
vaccine dose of mRNA vaccine six months after the previous vaccine dose to all 
adults. However, under 30-year-old males received only Comirnaty due to a 
somewhat increased risk of myocarditis associated with Spikevax (Karlstad et al., 
2022). The first protein subunit vaccine, Nuvaxovid, was authorized in December of 
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2021 (EMA, 2023) and was offered to all adults who did not want the mRNA vaccine 
as a third dose.   

In September 2022, bivalent mRNA vaccines from Pfizer-BioNTech and 
Moderna were taken into use, and a fourth vaccine dose was recommended for adults 
aged 65 or older and those belonging to medical risk groups (Finnish Institute for 
Health and Welfare, 2022). Bivalent vaccines have mRNAs encoding for spike 
protein of the original SARS-CoV-2 and Omicron variant. Currently, three doses are 
recommended for adults under 60 years old, four doses for 60–64 years old, and 
seasonal booster doses for those over 65 years or those in medical risk groups. 
SARS-CoV-2 infection is considered as one vaccine dose. Finland had relatively low 
vaccine hesitancy; 84.5% of adults have received two vaccine doses, 65.2% of adults 
have received three doses, and 26.7% of adults have received four doses (Finnish 
Institute for Health and Welfare, 2023c). Worldwide 70% of the population has 
received at least one vaccine dose (https://ourworldindata.org/covid-vaccinations). 
According to the Finnish Institute for Health and Welfare (THL), vaccinations 
prevented over 7,000 COVID-19 deaths in Finland between December 2020 and 
March 2022, in addition to preventing deaths in which SARS-CoV-2 infections 
contributed indirectly (Finnish Institute for Health and Welfare, 2023b).  

2.4 Adaptive immunity against SARS-CoV-2 and 
COVID-19 vaccination 

Adaptive immunity is highly antigen-specific and specialized in eliminating 
microbes and preventing infections. Adaptive immune responses are activated in 5-
10 days and function as a second line of defense after the faster activating innate 
immune system (Sego et al., 2020). Adaptive immunity consists of three 
fundamental cell types: B cells and CD4+ and CD8+ T cells. T cells require antigen 
presentation by antigen-presenting cells (APC) for expansion and effector functions. 
Activated CD4+ T cells costimulate B and CD8+ T cells, while activated CD8+ T 
cells destroy infected cells. B cell activation and differentiation leads to the 
production of affinity-maturated and isotype-switched antibodies that inactivate 
viruses outside of cells. T and B cells can differentiate into memory cells that respond 
to previously encountered microbes and form the basis of effective vaccinations 
against infectious diseases. SARS-CoV-2 infection and COVID-19 vaccinations are 
known to activate CD4+ and CD8+ T cells and induce the production of antibodies. 
Since most people in Finland are vaccinated with mRNA vaccines, this chapter will 
focus mainly on mRNA vaccines and infection-induced responses. 
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2.4.1 Antibody responses in COVID-19 patients 
In SARS-CoV-2 infection as well as in other viral infections, B cells are activated 
when viral antigen binds to their B cell receptor located on the surface of the cell (Qi 
et al., 2022). With the help of CD4+ T cells, B cells multiply and differentiate first 
into the germinal centre (GC) B cells and short-lived plasma cells that initially 
produce antigen-specific immunoglobulin (Ig) M antibodies, followed by IgG and 
IgA antibodies. Next, GC B cells migrate to B cell follicles of secondary lymphoid 
tissue to form germinal centres and differentiate into long-lived antibody-secreting 
plasma cells and memory B cells. During the germinal centre response, antibodies 
can class switch to different Ig types and accumulate somatic mutations, which 
increase antibody affinity against the target antigen.  

Natural SARS-CoV-2 infection induces the production of serum IgM, IgG, and 
IgA antibodies against a range of viral proteins, and N, S, ORF3b, and ORF8 proteins 
elicit the strongest SARS-CoV-2-specific antibody response (Hachim et al., 2020; 
Long et al., 2020). Serum IgM, IgG, and IgA antibodies are produced 2 to 16 days 
after symptom onset or after the first positive RT-qPCR test result, and almost all 
patients seroconvert within two weeks (Kellam & Barclay, 2020; Long et al., 2020; 
H. Ma et al., 2020; Suthar et al., 2020). IgM antibodies are mostly detected before 
IgG antibodies, although in some studies, IgM antibodies were detected 
simultaneously or after the secretion of IgG (Kaplonek et al., 2023; Long et al., 2020; 
Qu et al., 2020). The levels of IgG antibodies continue to increase after IgM antibody 
levels have reached their peak two weeks after symptom onset (Sun et al., 2020). 
IgM antibody titers decline rapidly one to six months post-infection, while IgG 
antibodies are sustained for at least a year after infection (H. Wang et al., 2021). IgG 
expression kinetics suggest successful recruitment of long-lived plasma cells, which 
migrate to reside in the bone marrow where they continue to produce antibodies for 
months or years. Furthermore, anti-S antibodies are sustained for a longer period of 
time than anti-N antibodies (Lumley et al., 2021), and studies suggest that anti-N 
IgG antibodies have a half-life of 71–85 days, while anti-S antibodies have a half-
life of 184–229 days (Lumley et al., 2021; Wei et al., 2021; Wheatley, Juno, et al., 
2021).  

IgG is the most abundant antibody in the blood, while in the mucus epithelium of 
intestinal and upper respiratory tracts, secretory IgA is the main isotype (Janeway CA 
Jr, Travers P, Walport M, 2001). Secretory IgA prevents the attachment of viruses to 
epithelial cells and likely offers protection against respiratory virus infection, as has 
been demonstrated with influenza A and B viruses (Asahi-Ozaki et al., 2004; Okamoto 
et al., 2009). In SARS-CoV-2 infection, IgG and IgA are detected in saliva and nasal 
fluids, although the responses vary significantly between patients (Cervia et al., 2021; 
Isho et al., 2020). A study analyzing saliva antibody responses in SARS-CoV-2 
infected children detected higher anti-S antibodies in asymptomatic infections 
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compared to symptomatic, suggesting that mucosal antibodies may prevent systemic 
infection (Dobaño et al., 2021). This finding is supported by a study reporting that 
dimeric secretory IgA neutralizes SARS-CoV-2, and the neutralization is more potent 
than monomeric serum IgA neutralization (Z. Wang, Lorenzi, et al., 2021). 

Spike-specific antibodies are mostly neutralizing antibodies that block the virus 
entry into host cells (Brouwer et al., 2020). Neutralizing antibodies develop at the 
same time as other antibodies, and they correlate well with anti-S antibodies (Suthar 
et al., 2020). In one study, RBD-specific neutralizing antibodies were noted to have 
low levels of somatic hypermutation when isolated at the early convalescent phase 
(Gaebler et al., 2021; Muecksch et al., 2021; Rogers et al., 2020). Although somatic 
hypermutations increased later, the results suggest that neutralizing antibodies do not 
require high affinity and are quickly produced. Neutralizing antibodies have been 
shown to correlate with protective immunity against SARS-CoV-2 re-infection 
(Chandrashekar et al., 2020; Imai et al., 2020; Khoury et al., 2021); however, 
protective antibody levels have not been determined against SARS-CoV-2, like 
against influenza A virus (Tsang et al., 2014).  

Despite the importance of virus-specific antibodies in protection, seroconversion 
after the first SARS-CoV-2 infection is not associated with more favorable disease 
outcomes (X. Chen et al., 2020). Studies have shown that patients with more severe 
diseases have higher viral load and consequently higher serum antibody levels 
(Röltgen et al., 2020; Wei et al., 2021). Neutralizing antibodies alone cannot clear 
an already established infection, which is supported by the recovery of patients with 
antibody deficiencies from SARS-CoV-2 infection (Soresina et al., 2020).  

Pre-existing antibodies against seasonal hCoVs have been proposed to offer 
some protection against SARS-CoV-2 (Galipeau et al., 2021). A study with US 
samples found higher levels of OC43 RBD-specific antibodies in recovered patients 
compared to deceased patients (Kaplonek et al., 2023). Another study of sub-Saharan 
Africa samples found cross-reactive S-specific antibodies to SARS-CoV-2 from 
229E and NL63 infected, but not from OC43 infected individuals (Tso et al., 2021). 
However, a few studies have found no or very little cross-neutralization of 
SARS-CoV-2 (Dhochak et al., 2022; Galipeau et al., 2021; Wells et al., 2022), and 
since early neutralizing antibodies lack somatic hypermutations, they are potentially 
developed from naïve B cells or other B cell subsets with little affinity maturation 
such as B-1 cells (Sette & Crotty, 2021).   

2.4.2 Antibody responses after COVID-19 vaccination 
COVID-19 mRNA and adenoviral vector vaccines used in Finland induce antibody 
responses against SARS-CoV-2 S protein but not against N protein. Similar to 
infection, vaccinations induce the production of IgG antibodies and some IgA and 
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IgM antibodies in serum; however, mucosal antibodies are not induced (Terreri et 
al., 2022). Antibodies are developed 14–30 days post mRNA vaccination, and the 
peak antibody levels are reached within four weeks (Goel et al., 2021; Payne et al., 
2021; Sahin et al., 2021). In clinical trials, the completion of the primary mRNA 
vaccine series resulted in neutralizing antibody response in all vaccinated 
participants (Walsh et al., 2020). Peak antibody levels and seropositivity are higher 
in the younger population than those 65 or older or immunosuppressed (Ward et al., 
2022).  

Vaccine-induced antibodies remain detectable for six to eight months (Korosec 
et al., 2022), and the half-life of neutralizing antibodies is estimated to be 66-182 
days, which resembles antibody durability after SARS-CoV-2 infection (Doria-Rose 
et al., 2021). Further immunizations can rescue decreasing antibody levels, and third 
and fourth vaccine doses have been shown to increase neutralizing antibodies 
(Regev-Yochay et al., 2022). A systemic review reported that SARS-CoV-2 infected 
patients who have also been vaccinated have more durable antibody responses 
compared to only vaccinated or infected individuals (Bobrovitz et al., 2023).  

Vaccine-induced antibody responses are challenged by evolving immunoevasive 
variants. Especially Beta, Gamma, Delta, and Omicron variants exhibit marked 
reductions in neutralization efficacy when compared to the original SARS-CoV-2 
strain (Lustig et al., 2021; Supasa et al., 2021; Tada et al., 2022). However, emerging 
evidence suggests that vaccine-induced anti-RBD antibodies demonstrate enhanced 
cross-neutralization capabilities against diverse variants, surpassing the neutralizing 
potential of infection-induced antibodies (Röltgen et al., 2022). The observed 
disparity in neutralizing efficacy may diminish when evaluating antibody responses 
a few months after infection, as infection-induced antibody responses require 
adequate time to mature. Furthermore, the breakthrough infection in vaccinated 
individuals elicits the production of highly potent neutralizing antibodies, surpassing 
those generated by natural infection or vaccination alone, thereby aiding in the 
control of emerging immunoevasive variants (H. Yu et al., 2023). 

Earlier SARS-CoV-2 infections and vaccinations can potentially result in 
immune imprinting (Wheatley, Fox, et al., 2021). Immune imprinting or original 
antigenic sin is a common phenomenon with influenza infections, where re-
infections with antigenically different influenza viruses boost antibodies against 
those epitopes that are shared with the previously infecting virus strain, leading to 
low-affinity antibodies against new viral epitopes (Krammer, 2019). With 
SARS-CoV-2, boosting with a bivalent booster vaccine has been shown to induce 
good levels of Omicron neutralizing antibodies; however, antibodies neutralized the 
original SARS-CoV-2 virus even better than Omicron variants and original 
monovalent vaccine induced comparable responses as bivalent vaccine (A. Y. 
Collier et al., 2023). Similar results were also seen in Omicron-infected patients who 
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were previously vaccinated with the original Wuhan-Hu-1 strain and who recalled 
mainly cross-reactive B cells formed in earlier vaccinations (Cao et al., 2023). Cao 
et al. did not detect the expansion of new B cell clones specific only to Omicron; 
however, booster vaccination with a bivalent vaccine has been shown to recruit de 
novo B cells targeting variant epitopes (Alsoussi et al., 2023). 

2.4.3 Memory B cells 
Memory B cells are formed during GC response and survive long-term in the 
circulation for immune surveillance (Akkaya et al., 2020). Memory B cells do not 
produce antibodies, but when re-encountering antigen, they activate and differentiate 
into plasma cells producing high-affinity antibodies. Both SARS-CoV-2 infection 
and COVID-19 vaccinations produce memory B cells (Goel et al., 2021) that 
increase in numbers in the following months (Terreri et al., 2022; Wheatley, Juno, 
et al., 2021). Memory B cells have been shown to persist at high concentrations at 
least 12 months post-infection (K. W. Cohen et al., 2021; Jernej et al., 2022) and 
nine months post-vaccination (Terreri et al., 2022). In SARS-infected patients, 
memory B cells have become undetectable in 3-6 years (Tang et al., 2011) and 
similar waning is possible for SARS-CoV-2-specific memory B cells. However, 
re-immunization with SARS-CoV-2 occurs repeatedly, which might change memory 
B cell durability. 

In re-activation, new memory B cells are formed. Additional COVID-19 vaccine 
doses have been shown to induce germinal centre reactions and secondary affinity 
maturation, further improving the quality of the antibody responses (Alsoussi et al., 
2023). Furthermore, SARS-CoV-2 convalescent patients who have subsequently 
been vaccinated have memory B cell pools which expand and mature into high-
affinity neutralizing clones without the loss of previous memory B cell pools (Sokal 
et al., 2021). 

2.4.4 T cell responses 
Naive T cells are activated and differentiate into effector cells when they receive 
suitable costimulatory signals and are presented by their specific antigen in the form 
of peptides. Intracellular pathogen peptides are presented to CD8+ T cells through 
major histocompatibility complex (MHC) class I molecules on the surface of 
infected cells, and pathogens ingested by APCs, including dendritic cells and 
macrophages, are presented to CD4+ T cells through MHC class II molecules. After 
clearance of infection, a small proportion of effector T cells are maintained as 
memory T cells, capable of responding to re-infections (Kaech et al., 2002). CD4+ 
T cells are important for a robust CD8+ T cell response. For instance, in influenza 
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infection, CD4+ T cells have been shown to help memory CD8+ T cells to migrate 
into lung airways and recruit more CD8+ T cells from circulation (Laidlaw et al., 
2014, 2016).  

SARS-CoV-2 infection has been shown to activate both CD4+ and CD8+ T cells, 
and SARS-CoV-2-specific T cell responses have been detected 2-10 days post 
symptom onset (Kundu et al., 2022; A. T. Tan et al., 2021; Weiskopf et al., 2020). 
SARS-CoV-2 S-specific CD4+ T cell responses are induced in almost all COVID-
19 patients, while CD8+ T cell responses are less prominent and present in around 
70% of infected individuals (Grifoni et al., 2020; Le Bert et al., 2020). CD4+ and 
CD8+ T cells can also target M and N proteins, and to a lesser extent nsp3, nsp4, 
nsp12, and ORF3a proteins (Tarke et al., 2021), although S protein is recognized 
most consistently (Grifoni et al., 2020). After COVID-19 mRNA vaccination, a 
similar magnitude of S-specific CD4+ and CD8+ T cell responses are detected than 
after infection (Sahin et al., 2021). A recent study demonstrated that vaccinated 
individuals with a breakthrough infection could activate CD8+ T cells specific to 
other proteins than spike, eliciting a broader repertoire of T cells and indicating that 
vaccination does not prevent the future recruitment of naïve T cells (Minervina et 
al., 2022). 

SARS-CoV-2-specific T cell responses are associated with milder disease forms 
(Rydyznski Moderbacher et al., 2020; Sekine et al., 2020). In animal models, CD4+ 
T cells protect mice from lethal SARS and MERS infection (J. Zhao et al., 2016) and 
CD8+ T cells reduced viral loads in rhesus macaques with breakthrough SARS-
CoV-2 infection even with low neutralizing antibody levels (McMahan et al., 2021). 
This is further supported by studies in patients with antibody deficiencies or cancer 
patients receiving B cell depleting therapy who recover from COVID-19 (Bange et 
al., 2021; Soresina et al., 2020). T cell numbers, expression of effector cytokine 
tumor necrosis factor alpha (TNFα), and low expression of exhaustion marker PD-
1, are associated with improved outcomes (Zeyu Chen & John Wherry, 2020; Su et 
al., 2020). The severe disease is characterized by high expression of PD-1 and CD8+ 
T cell effector molecules perforin and granzyme B, which may contribute to 
immunopathology (Mathew et al., 2020; Zenarruzabeitia et al., 2021). Of note, T 
cells express PD-1 at acute phase of the disease and PD-1+ cells are shown to be 
functional and continue to circulate (Minervina et al., 2022; Rha et al., 2021), 
indicating that expression of PD-1 is a sign of highly activated T cells rather than a 
marker of exhaustion. 

SARS-CoV-2-specific memory CD4+ T cells have been shown to be more 
abundant than memory CD8+ T cells (K. W. Cohen et al., 2021). Circulating 
memory T cells are maintained for at least nine months after infection (Wirsching et 
al., 2022) and six months after vaccination (Maringer et al., 2023). With SARS, 
circulating memory T cells have been detected 17 years after infection, indicating 
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long-lasting protection from severe SARS-related diseases (Le Bert et al., 2020). In 
addition to circulating memory T cells, some memory T cells persist long-term in 
epithelial tissues. Studies of tissue-resident memory T cells are more difficult than 
circulating T cells, although important, since memory CD4+ and CD8+ T cells in 
the airway of mice mediate the clearance of SARS and MERS infections (J. Zhao et 
al., 2016). In addition, a study found that vaccinated individuals with breakthrough 
infection had nasal-resident CD4+ and CD8+ T cells, which recognized S and other 
SARS-CoV-2 epitopes and persisted for at least four months (Lim et al., 2022). 

CD4+ T cells can differentiate into multiple subtypes, including T helper 1 (Th1) 
and Th2 effector cells. Th1-type response is generally considered to direct CD8+ T 
cell and innate immune responses and protect against intracellular bacteria and virus 
infections (McKinstry et al., 2012), while Th2-type response is linked with antibody 
production and eradication of extracellular pathogens (Corripio-Miyar et al., 2022). 
In SARS-CoV-2 infection and vaccination, the polarization of the response seems to 
be of Th1 type with high production of interferon gamma (IFN-γ) and no interleukin 
4 (IL-4) (Grifoni et al., 2020; Rydyznski Moderbacher et al., 2020; Sahin et al., 
2021), suggesting the effective recruitment of cytotoxic CD8+ T cells. Induction of 
inappropriate CD4+ T cell subtype can lead to poor protection against intracellular 
viruses, and also to enhanced disease, as shown in SARS-vaccinated mice which 
elicited Th2 type immunopathology and massive eosinophil infiltration when 
challenged with infectious virus (Tseng et al., 2012). Therefore, vaccines need to be 
designed and studied carefully to avoid immunopathology or delays in virus 
clearance. 

Pre-existing hCoV-specific T cells that cross-react with SARS-CoV-2 have been 
found in samples collected before the COVID-19 pandemic. Depending on the study, 
20-80% of people have been detected to have cross-reactive memory CD4+ T cells 
(Grifoni et al., 2020; Le Bert et al., 2020; Sekine et al., 2020), while cross-reactive 
CD8+ T cells are observed less frequently. Cross-reactive CD4+ T cells target 
structural proteins and nsp epitopes (Grifoni et al., 2020; Kundu et al., 2022). 
Although there is no evidence that these pre-existing clones would be expanded over 
de novo clones in SARS-CoV-2 infection, a study found higher frequencies of cross-
reactive T cells in PCR-negative individuals exposed to SARS-CoV-2 compared to 
PCR-positive individuals (Kundu et al., 2022), suggesting that pre-existing T cells 
have a role in controlling the infection.  

The evaluation of both humoral and cellular immune responses is crucial for 
assessing vaccine effectiveness and long-term protection. However, SARS-CoV-2 
adaptive immune responses are defined by marked heterogeneity between 
individuals, and B and T cell responses are affected by the MHC molecule and B 
and T cell receptor variability, innate immune responses, pre-existing cross-reactive 
B and T cells, localization and magnitude of the infection, and viral antigen 
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production (Sette & Crotty, 2021). Despite individual variation, more research is 
needed to understand the durability of memory B and T cell responses upon repeated 
breakthrough infections and the role of adaptive immunity in providing sustained 
protection against SARS-CoV-2 variants at the population level. 
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3 Aims 

The overall aim of this study was to develop assays to measure humoral and cell-
mediated immunity and analyse COVID-19 vaccine and SARS-CoV-2 infection-
induced humoral and cell-mediated responses in Finnish healthcare workers and 
COVID-19 patients. 

 
The specific research objectives were: 

1. To set up and optimize a serological assay for measuring the SARS-CoV-2-
specific antibody levels and characterize the cross-reactivity of antibodies 
against other human coronaviruses. 

2. To study the induction of neutralizing antibodies after COVID-19 mRNA 
vaccination and analyse immunity against SARS-CoV-2 variants of concern 
circulating in Finland during 2020 to summer of 2021. 

3. To follow-up the longevity of COVID-19 mRNA vaccine-induced humoral 
immunity.  

4. To compare the COVID-19 vaccine and infection-induced humoral and cell-
mediated immune responses and to measure the sensitivity of T cell responses 
to the antigenic variation in the viral spike glycoprotein.
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4 Materials and Methods 

4.1 Study participants 

COVID-19 patients (I, II, IV) 

In studies I, II, and IV, PCR-confirmed COVID-19 patients were recruited from 
Turku University Hospital (TYKS, Turku, Finland) or Helsinki University Hospital 
(HUS, Helsinki, Finland). Serum samples were collected during the acute phase (0–
13 days after symptom onset or positive PCR test result when the date of the 
symptom onset was not available) and convalescent phase (>14 days) of the disease. 
Study I included 101 patients from TYKS and HUS aged 24–86 (mean 54 years; 49 
females and 52 males) with 92 acute phase and 27 convalescent phase serum samples 
(17 paired serum samples). In study I, serum samples were inactivated at 56°C for 
30 minutes. Study II included 50 home-treated patients from HUS aged 19–93 years 
(mean 43 years; 33 females and 17 males) with 50 convalescent phase serum 
samples. Study IV included 15 patients from TYKS aged 32–78 years (mean 53 
years; six females and nine males) with convalescent phase serum samples and 
peripheral blood mononuclear cells (PBMCs) collected. 

Negative control participants (I-IV) 

In studies I-III, COVID-19 negative control samples were selected randomly from a 
pool of de-identified serum samples collected at TYKS for epidemiological purposes 
before the COVID-19 pandemic. Study I included 100, study II 20, and study III 30 
negative control samples. In study IV, serum samples and PBMCs were collected 
from 13 non-vaccinated control participants with no previous SARS-CoV-2 
infection. 

COVID-19 vaccinated health care workers (II-IV) 

In studies II-IV, healthcare workers (HCWs) were recruited among personnel of 
TYKS and HUS. HCWs received two doses of the BNT162b2 mRNA vaccine 
(Pfizer-BioNTech) with three-week dose intervals as part of occupational healthcare. 
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In study II, serum samples were collected from 180 HCWs aged 20–65 years (mean 
43 years; 149 females and 31 males) before or on the day of the first vaccine dose 
and three weeks after the first and second vaccine doses. In study III, follow-up was 
continued for 52 HCWs aged 22–65 years (mean age 45 years; 35 females and 17 
males), selected randomly from the larger cohort of study I, and serum samples were 
collected three and six months after the second vaccine dose. In study IV, in addition 
to serum samples, PBMCs were collected from 23 HCWs working at TYKS three 
weeks and three and six months after the second vaccine dose. In study IV, the 
participants were 26–60 years (mean 39 years; 20 females and three males). All 
participants were asked to fill out a study questionnaire at each visit. 
Immunocompromised patients were excluded from the study. 

4.2 Ethics 
All study participants provided a written informed consent. The Ethics Committees 
of the Southwest Finland health district and the Helsinki-Uusimaa health district 
approved the study protocols. Decision numbers are for TYKS HCWs ETMK 
19/1801/2020 (EudraCT 2021-004419-14), for HUS HCWs, negative control 
participants (IV), and COVID-19 patients (IV) HUS/1238/2020 (EudraCT 2021-
004016-26), and study I COVID-19 patients HUS/32/2018. 

4.3 Expression and purification of proteins 
In study I, synthetic genes encoding the N proteins of human coronaviruses 
(SARS-CoV-2, SARS, MERS, HKU1, OC43, 229E, and NL63) were obtained from 
GeneArt, and codon-optimized genes encoding the SARS-CoV-2 S1 (aa residues 16–
541) and RBD (aa residues 319–541) proteins were obtained from GeneUniversal 
(Table 1). N protein encoding genes were cloned into a pBVboost vector with N-
terminal glutathione-S-transferase (GST), and S1 and RBD genes were cloned into a 
mammalian expression vector with C-terminal polyhistidine tail and mouse IgG2a Fc 
part (later referred as mFc-8xHis). N proteins were produced in Spodoptera frugiperda 
(Sf-9) cells (Airenne et al., 2009) and purified with Glutathione Sepharose® 4B 
(Merck). S1 and RBD -proteins were produced in human embryonic kidney 
(HEK293F) cells and purified with Protino Ni-NTA column (Macherey-Nagel). 
Protein purity was evaluated with sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) and Page Blue staining. Protein concentration was 
measured with Nanodrop or by running known amounts of BSA standard in SDS-
PAGE. In study I, for negative control antigens, a mouse myostatin growth factor 
proregion (proMstn; aa residues 1–263 with a D76A stabilizing mutation; GenBank 
accession AAI05675) fused to a GSGGGG linker and mouse IgG2a Fc region tagged 
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with polyhistidine tail (proMstn-mFc-6xHis), and GST were expressed as described 
above. In study II-IV, recombinant SARS-CoV-2 GST-N produced in Sf-9 cells and 
S1-mFc-8xHis produced in HEK293F cells were used. 

Table 1. Genbank accesion numbers for human coronavirus proteins. 

Virus Strain Proteins Genbank accession number 

SARS-CoV-2 Wuhan-Hu-1 N NC_045512.2 
 Wuhan-Hu-1 S1 and RBD MN908947.3 
SARS HKU-39849 N AY278491.2 
MERS EMC/2012 N JX869059.2 
HKU1 N09-1605B N KY674943.1 
OC43 HCoV_OC43/Seattle/USA/

SC9430/2018 
N MN306053.1 

229E HCoV_229E/Seattle/USA/
SC379/2016 

N KY621348.1 

NL63 N06-1144B N KY554967.1 

4.4 Enzyme immunoassay (EIA) 
In study I, 96-well microtiter plates (Nunc Maxisorp, Thermo Fisher Scientific) were 
coated with purified recombinant GST-N, RBD-8xHis, RBD-mFc-8xHis, S1-8xHis, 
and S1-mFc-8xHis proteins. Corresponding molar amounts of GST and proMstn-
mFc-6xHis proteins were used as negative control antigens. The next day, the plates 
were washed once and incubated with 1:300 diluted serum samples in assay buffer 
(5% swine serum [Biological Industries] in PBS-Tween20) for two hours at 37°C. 
Plates were washed, and incubated with horseradish peroxidase-labeled anti-human 
IgG (Dako), anti-human IgA (Invitrogen), or anti-human IgM (Dako) antibodies for 
one hour at 37°C. After washing four times, wells were incubated with TMB One 
substrate (3, 3', 5, 5’-tetramethylbenzidine, Kementec Solutions) for 20 min, and the 
reaction was stopped with 0.1 M H2SO4. The absorbance was measured at 450 nm 
wavelength with a Victor Nivo plate reader (PerkinElmer). 

In studies II-IV, EIAs were performed as in study I with minor modifications. 
Plates were coated only with SARS-CoV-2 GST-N and S1-mFc-8xHis proteins, and 
before the addition of serum samples, the plates were blocked with assay buffer. In 
studies III and IV, IgM and IgA antibodies were not measured. 

Conversion to units 

In all studies, negative and positive control pools were included in each plate. The 
negative pool consisted of SARS-CoV-2 negative serum samples collected from one 
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to three years old children (Kazakova et al., 2019). The positive pool consisted of 
COVID-19 patient serum samples positive for SARS-CoV-2 N and S1 proteins from 
study I; however, individual samples in the positive pool varied in each study due to 
the low volume of the samples. In study I, the absorbance for the negative control 
antigen (GST or proMstn-mFc-6xHis) was subtracted from the respective sample 
absorbance. In all studies, optical density (OD) values were converted into EIA units 
using linear interpolation between positive (marked as 100 units) and negative 
(marked as 0 units) control pools. In studies II-IV, units <1 were marked as 1 unit. 
In study I, the unit values for SARS-CoV-2 N–based EIA were adopted to other 
hCoV EIAs because no confirmed negative and highly positive control samples were 
available for SARS, MERS, and seasonal coronaviruses. 

Cut-off values 

In study I, the cut-off units were determined with receiver operating characteristics 
(ROC) analysis by choosing 98–100% specificity for anti-SARS-CoV-2 N, S1, and 
RBD IgG, IgA, and IgM EIAs. In study II–IV, the cut-off units for S1-based EIA 
were calculated as the average of negative serum samples plus three or six standard 
deviations (SDs). 

4.5 Viruses, virus culture and sequencing 
In studies I-III, SARS-CoV-2 variants were isolated from COVID-19 patient 
nasopharyngeal samples in a biosafety level 3 (BSL3) laboratory in THL or 
University of Helsinki (Table 2). Isolates were grown in infection media (DMEM or 
EMEM with 2% fetal bovine serum (FBS), 2mM L-glutamine, and 
penicillin/streptomycin) using African green monkey kidney epithelial (VeroE6) 
cells (ATCC) or VeroE6 cells expressing TMPRSS2 (VeroE6-TMPRSS2-H10) 
kindly provided by Dr Jussi Hepojoki, University of Helsinki (Rusanen et al., 2021). 
Supernatants containing viruses were harvested, cell debris was removed, and 
aliquots were stored at -80 °C. Fifty-percent tissue culture infective dose (TCID50) 
of virus stocks was determined with endpoint dilution assay: ten-fold virus dilutions 
in infection media were applied onto 96-well tissue culture plates (Sarstedt) 
containing 50,000 VeroE6 (study I) or VeroE6-TMPRSS2-H10 (study II and III) 
cells per well, and the plates were incubated for three days at 37°C and 5% CO2. 
Cells were fixed with 4% formaldehyde and stained with crystal violet. TCID50 was 
calculated with the Reed-Muench method.  

In studies II and III, the viral RNA was extracted from virus stocks using the 
RNeasy Mini kit (Qiagen), and sequencing was performed by Dr. Teemu Smura at 
University of Helsinki. Whole genome sequences of SARS-CoV-2 isolates used in 
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studies II and III were deposited in GenBank. Pango lineage and aa changes were 
identified with Nextclade (https://clades.nextstrain.org/). 

Table 2.  SARS-CoV-2 isolates used in studies I-III. 

Study Virus 
isolate 

Sample 
collection 

Pango 
lineage 
(WHO 
label) 

Genbank ID 
for virus 
stock 

GISAID 
(EPI ISL) 

Number of 
passages (p) 

From 

I, III FIN-1-20 01/2020 B MZ934691 407079 p5 in VE6  THL 
II, III FIN-25 02/2020 B.1 MW717675.1 412971 p3 in VE6 + 

p2 in VE6-H10 
THL 

II SR-121 10/2020 B.1.463 MW717676.1 NA p3 in VE6-H10 UH 
II 85HEL 12/2020 B.1.1.7 

(Alpha) 
MW717677.1 NA p3 in VE6-H10 UH 

III FIN35-21 01/2021 B.1.1.7 
(Alpha) 

OK448478.1 2589882 p4 in VE6-H10 THL 

II HEL12-102 01/2021 B.1.351 
(Beta) 

MW717678.1 NA p3 in VE6-H10 UH 

III FIN32-21 01/2021 B.1.351 
(Beta) 

OK448476.1 3471851 p5 in VE6-H10 THL 

III FIN33-21 01/2021 B.1.525  
(Eta) 

OK638135 3471854 p5 in VE6-H10 THL 

III FIN37-21 05/2021 B.1.617.2 
(Delta) 

OK626882.1 2557176 p3 in VE6-H10 THL 

VE6, VeroE6 cells; VE6-H10, VeroE6-TMPRRS2-H10 cells; UH, University of Helsinki; THL, 
Finnish Institute for Health and Welfare; NA, not available 

4.6 Microneutralization test (MNT) 
In studies I-III, the neutralization of SARS-CoV-2 variants by serum samples 
collected from infected or vaccinated individuals were measured using a 
microneutralization test (MNT). In study I, serum samples were serially diluted two-
fold, starting at 1:5 dilution in infection media and incubated with an equal volume 
of 1,000 TCID50 of SARS-CoV-2 isolate in 96-well tissue culture plates (Sarstedt) 
for one hour at 37 °C (final serum dilution 1:10) in BSL3 laboratory. VeroE6 cells 
were added (50,000 cells/well), and the plates were incubated at 37 °C and 5% CO2 
for three days. To visualize the cell death, cells were fixed with 4% formaldehyde 
and stained with crystal violet. Serum dilutions were done in triplicates, and 
neutralization titers were calculated as reciprocal of the serum dilution that inhibited 
the infection in at least two parallel wells. 

In studies II and III, MNTs were performed as in study I with some 
modifications: serum dilutions started from 1:10, and samples were incubated with 
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an equal volume of 50 TCID50 of SARS-CoV-2 isolates (final serum dilution 1:20). 
Instead of VeroE6 cells, 50,000 VeroE6-TMPRSS2-H10 cells per well were used. 
Serum dilutions were done in duplicates, and an inhibitory dose of 50% (ID50) was 
calculated as the reciprocal dilution inhibiting 50% of cell death. For geometric mean 
calculations neutralization titres <20 were marked as 10. 

4.7 PBMC isolation and stimulations 
PBMCs were isolated using Ficoll-Paque PLUS (GE Healthcare) density gradient 
centrifugation according to the manufacturer's instructions. After isolation, the 
PBMCs were counted and suspended in freezing media containing 10% dimethyl 
sulfoxide (DMSO) and 10% human AB serum (Sigma-Aldrich) and gradually frozen 
to -135°C until further use. 

For PBMC stimulation assays, cryopreserved PBMCs were rapidly thawed and 
washed with culture media (RPMI-1640 (Gibco) supplemented with 10% human AB 
serum, 2mM L-glutamine, and penicillin/streptomycin). PBMCs were rested for 
eight hours and after resting, PBMCs were pelleted and resuspended into fresh 
culture media and counted. To activate SARS-CoV-2 S-specific T cells, 1x106 live 
cells were plated into 96 well U-bottom plates (Thermo Fisher Scientific) and 
stimulated with peptide pools spanning the whole SARS-CoV-2 S protein (PepMiX, 
JPT Peptide Technologies, Table 3) at a 0.5 µg/ml final concentration in culture 
media for 48 hours. Peptide pools consisted of 15mers with 11mer overlaps. Ten 
µg/ml of purified tetanus toxoid (AJ Vaccines) and 0.4% of DMSO in culture media 
were used as positive and negative controls, respectively. Timepoints from the same 
individual were always processed simultaneously. 

Table 3.  SARS-CoV-2 peptide pools (PepMixTM from JPT Peptide) covering the whole spike 
protein. 

Pango lineage / WHO label Cat# Number of aa changes* 

B PM-WCPV-S-1 - 
B.1.1.7 / Alpha PM-SARS2-SMUT01-1 10 
B.1.351 / Beta PM-SARS2-SMUT02-1 10 
P.1 / Gamma PM-SARS2-SMUT03-1 12 
B.1.617.2 / Delta PM-SARS2-SMUT06-1 10 

*compared to the spike protein of the original Wuhan-Hu-1 strain 
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4.8 Flow cytometry 
Stimulated PBMCs were washed with PBS, and dead cells were stained with Zombie 
Green dye (BioLegend) according to the manufacturer's instructions. PBMCs were 
subsequently stained with fluorescently labeled surface antibodies recognizing 
CD45, CD3, CD4, CD8, CD69, CD134, and CD137 (Table 4) in PBS containing 2% 
FBS for 30 min on ice. Stained PBMCs were washed and resuspended in PBS, and 
T cell subtypes were characterized with NovoCyte Quanteon Flow Cytometer 
(Agilent Technologies Inc) and analysed with NovoExpress v1.5.0 (Agilent 
Technologies Inc). A stimulation index (SI) was calculated by dividing the 
percentage of CD69+CD134+ or CD69+CD137+ cells after SARS-CoV-2 S peptide 
pool stimulation by the percentage of CD69+CD134+ or CD69+CD137+ cells after 
DMSO stimulation. Low-quality samples (CD3 cell count <10,000 cells/sample or 
missing CD4+ response to tetanus toxoid SI <2.0) were excluded. 

Table 4.  Fluorochrome labeled antibodies in FACS. 

Antibody Fluorochrome Manufacturer Cat# 

Anti-human CD45 APC-eFluor780 Invitrogen/Life technologies  47-0459-42 
Anti-human CD3 eFluor506 Invitrogen/Life technologies 69-0038-42 
Anti-human CD4 eFluor450 Invitrogen/Life technologies  48-0049-42 
Anti-human CD8a PerCP-eFluor710 Invitrogen/Life technologies 46-0087-42 
Anti-human CD69  PE BD Biosciences 555531 
Anti-human CD134  PE/Cyanine7 BioLegend 350012 
Anti-human CD137  APC BioLegend 309810 

4.9 Luminex 
The levels of secreted cytokines and effector molecules (IFN-γ, IL-2, TNF-α, and 
perforin) were analysed in THL with MILLIPLEX MAP Kit HCD8MAG-15K 
(Millipore) from the supernatant of stimulated PBMCs. The fluorescence of the 
samples was measured with Luminex MAGPIX magnetic bead analyser (Luminex 
Corporation), and the concentration was calculated from the median fluorescent 
intensity of seven diluted standards using a 5-parameter logistic regression. The 
samples with <35 beads/well were excluded from the final analysis. Samples that 
had a value from DMSO stimulation and either from tetanus or SARS-CoV-2 spike 
peptide pool stimulation were included in the final analysis. 
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4.10 Statistical analysis 
In studies I–IV, data were analysed with GraphPad Prism version 8. Paired samples 
were tested with Wilcoxon signed-rank test, and unpaired samples were tested with 
Mann-Whitney U-test. In study I, statistical differences between multiple groups 
were analysed with one-way ANOVA followed by Tukey's multiple comparisons 
test. All tests were two-sided, and p-values <0.05 were considered statistically 
significant. Correlations were analysed with Spearman's correlation test. 
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5 Results 

5.1 Development of SARS-CoV-2 serological 
assays (I) 

In study I, enzyme immunoassay (EIA) was set up to detect various immunoglobulin 
classes against a combination of in-house-produced recombinant SARS-CoV-2 
proteins. Antibody binding to S1 and RBD proteins with or without mFc tag was 
tested with six COVID-19 PCR-positive serum samples and six negative control 
samples. S1-mFc and RBD-mFc, presenting S1 and RBD in dimer, showed better 
antibody binding compared to monomeric S1 and RBD, and S1 showed somewhat 
higher signals than RBD. S1-mFc and RBD-mFc were selected for further studies 
and are here on referred to as S1 and RBD. 

The performance of recombinant S1, RBD, and N protein-based EIA was tested 
with 119 serum samples collected from 101 PCR-confirmed COVID-19 patients at 
acute (1–13 days) and convalescent-phase (>14 days) of the disease. ROC curve 
analysis revealed area under the curve (AUC) values of 0.83, 0.92, and 0.86 for S1, 
RBD, and N protein-based IgG EIAs, respectively. The AUC values for IgA and 
IgM measurement were similar (anti-S1 IgA 0.86 and IgM 0.79; anti-RBD IgA 0.93 
and IgM 0.91; anti-N IgA 0.86 and IgM 0.83). When the cut-off values were selected 
to be 8.5, 9.5, and 7.5 units, the specificities were 98%, 99%, and 99% for S1, RBD, 
and N protein-based IgG EIAs, respectively. IgA and IgM EIAs had specificities of 
99–100%. The highest analytical sensitivity was with anti-N IgG (65% at acute 
phase; 96% at convalescent phase) and anti-RBD IgA (65% at acute phase; 96% at 
convalescent phase) measurement (Table 5). The combination of these two further 
increased the sensitivity (77% at acute phase; 100% at convalescent phase), 
indicating that the antibody kinetics vary between patients and that both N and RBD 
are needed for accurate detection of past SARS-CoV-2 infections. 

SARS-CoV-2 infection-induced S1-specific IgG, IgM, and IgA antibody levels 
correlated well with neutralization titers against the Wuhan-Hu-1-like SARS-CoV-
2 isolate (FIN-1-20, Spearman r=0.865, r=0.860, and r=0.825, respectively, 
p<0.0001). In addition, neutralization titers correlated with N-specific IgG (r=0.786, 
p<0.0001) but only moderately with N-specific IgM and IgA (r=0.627 and r=0.646, 
respectively, p<0.0001). 
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Table 5.  Sensitivities (%) of SARS-CoV-2 N, S1, and RBD-based EIAs. Modified from Original 
publication I. 

    N S1  RBD N AND/OR 
S1 

N AND/OR 
RBD 

COVID-19 
PATIENTS, 
ACUTE PHASE 
(N=92) 

IgG 65.2 41.3 48.9 67.4 67.4 
IgA 63.0  56.5 65.2 69.6 75.0 
IgM 51.1 48.9 57.6 57.6 65.2 
IgG/IgA 68.5 57.6 69.6 71.7 77.2 
IgG/IgM 66.3 51.1 63.0 71.7 72.8 
IgA/IgM 66.3 57.6 73.9 71.7 80.4 

COVID-19 
PATIENTS, 
CONVALESCENT 
PHASE (N=27) 

IgG 96.3 85.2 85.2 96.3 96.3 
IgA 81.5 92.6 96.3 96.3 100.0 
IgM 55.6 74.1 88.9 81.5 88.9 
IgG/IgA 96.3 96.3 100.0 100.0 100.0 
IgG/IgM 96.3 85.2 92.6 96.3 96.3 
IgA/IgM 81.5 96.3 100.0 96.3 100.0 

 

Next, cross-reactivity between low-pathogenic and high-pathogenic hCoVs was 
tested. Most negative control participants were positive for NL63 (86%) and 229E 
(69%), and some were positive for OC43 (45%) and HKU1 (27%). However, 
previous infections with low-pathogenic hCoVs caused minimal cross-reactivity 
with antigens of high-pathogenic coronaviruses: SARS-CoV-2, SARS, and MERS 
N-specific IgG antibody responses were detected in 1–3% of negative control 
participants. Instead, SARS-CoV-2 infections boosted the low pathogenic hCoV 
antibody production in some participants even when hCoV-specific antibody 
response was low or absent. In particular, 229E and NL63 N-specific IgG antibody 
levels were elevated after SARS-CoV-2 infection and out of 16 patients with paired 
serum samples, six (38%) had >10 unit increase between acute and convalescent 
phase serum samples against 229E and NL63 N.  
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Figure 3. Antibody responses against nucleoproteins of all seven human CoVs, SARS-CoV-2, 

SARS, MERS, HKU1, OC43, 229E, and NL63, in serum samples collected from 
negative controls (n=100) and PCR-confirmed COVID-19 patients at acute (n=91) and 
convalescent phase (n=26). One patient with paired serum samples was excluded due 
to insufficient sample amount. The dotted line indicates cut-off units of 8.5, and the mean 
with SD is shown. Two-tailed p-values <0.05 were considered significant. Modified from 
Original publication I. **p<0.01, ***p<0.001, ****p<0.0001 

5.2 Humoral immune response following COVID-
19 mRNA vaccination (II–IV) 

In studies II–IV, COVID-19 mRNA vaccine-induced immune responses were 
analysed in health care workers (HCWs) who received two doses of BNT162b2 
(Comirnaty, Pfizer-BioNTech) vaccine as part of the occupational health care with 
a three-week dose interval. HCWs invited to the study cared for COVID-19 patients 
or handled clinical SARS-CoV-2 samples and were thus considered to be at risk of 
occupational exposure to SARS-CoV-2. Sequential blood samples were collected 
before or on the day of the first vaccine dose (Pre), three weeks after the first vaccine 
dose (1D3wk), and three weeks after the second vaccine dose (2D3wk). Follow-up 
samples were collected three and six months after the second vaccine dose (2D3mo 
and 2D6mo, respectively). Detailed participant characteristics, sample collection 
intervals, and study methods are described in the original publications. 

5.2.1 Binding antibodies 
COVID-19 vaccine-induced antibodies were analysed with S1 and N-based EIAs. 
Before vaccinations, SARS-CoV-2 infection was determined based on S1 alone or 
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S1 and N seropositivity due to higher similarity of SARS-CoV-2 N protein than S1 
with other hCoVs. After vaccinations, the rate of SARS-CoV-2 infections was 
determined based on an increase in N-specific antibodies. In study II, six participants 
were anti-S1 IgG positive before vaccination, six were anti-N IgG positive, and five 
were positive for both S1 and N. The first vaccine dose induced anti-S1 IgG 
antibodies in 94% of initially S1-seronegative participants, and although the levels 
of anti-S1 IgG varied between participants from 1 to 123 units, the geometric mean 
(GM) was higher than in unvaccinated home-treated convalescent COVID-19 
patients (47 units vs 20 units) (Figure 4a). Notably, all participants with prior 
infection developed high anti-S1 responses already after the first vaccine dose. The 
second vaccine dose boosted S1-specific IgG antibody levels in previously S1-
seronegative but not in infected individuals, which resulted in comparable responses 
in initially seronegative and seropositive participants (GM 107 units vs 109 units, 
p=0.2384). S1-specific IgA and IgM levels were slightly elevated in some vaccinated 
individuals (Figure 4b). Of the unvaccinated COVID-19 patients, 47 (94%) had anti-
S1 IgM antibodies and only four (8%) had anti-S1 IgA antibodies. 

In studies III and IV, the serological follow-up was continued for a smaller subset 
of COVID-19 vaccinated participants without prior SARS-CoV-2 infection. Study 
II, III, and IV results were comparable with each other: after the second vaccine dose, 
GMs were 107, 109, and 125 units, respectively. After the peak antibody levels were 
reached, anti-S1 IgG levels started to decrease. Three months post-vaccination GMs 
were 88 and 98 units in studies III and IV, respectively, and the levels were higher 
compared to unvaccinated hospitalized COVID-19 patients (Figure 4c). Six months 
after the vaccination, antibody levels had decreased to levels that corresponded to 
50% of the peak antibody levels. Despite the decline, all participants remained 
seropositive for anti-S1 antibodies, and based on anti-N antibody levels, participants 
did not contract SARS-CoV-2 infection during the six-month study period. 
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Figure 4. Antibody responses against SARS-CoV-2 S1 and N proteins in mRNA vaccinated health 

care workers and recovered COVID-19 patients. A. Anti-S1 and anti-N IgG antibody 
levels were measured from serum samples collected from vaccinated participants with 
and without previous SARS-CoV-2 infection and home-treated convalescent phase 
patients 2-6 weeks after positive PCR test result. B. Anti-S1 IgA and IgM antibodies in 
vaccinated and infected participants. C. Longevity of vaccine-induced antibody 
responses in a subset of vaccinated participants, COVID-19 hospitalized patients one 
month after symptom onset, and healthy negative controls who had not been vaccinated 
or infected. Geometric means are represented above the groups. Cut-off values are 
indicated with dashed lines. Modified from Original publications II, III, and IV. ns, not 
significant; ***p<0.001; ****p<0.0001 

5.2.2 Neutralizing antibodies 
In studies II and III, the neutralization of D614G variant (FIN-25 isolate), SR-121 
isolate (Pango lineage B.1.463), and Alpha, Beta, Eta, and Delta variants was 
analysed with MNT from serum samples collected before and after COVID-19 
vaccinations. SARS-CoV-2 naïve participants did not have cross-reactive 
neutralizing antibodies before vaccination, and the first vaccine dose induced 
neutralizing antibody response in 63% of participants against D614G (Figure 5a). 
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No difference was observed in the neutralization of Alpha variant compared to 
D614G; however, the neutralization of Beta variant was significantly reduced 
(p<0.0001, Figure 5b). In contrast, most participants with prior anti-S1 IgG 
antibodies showed a low neutralization activity against D614G, Alpha, and Beta 
variants already before the vaccination, and pre-existing immunity was found to 
increase the neutralization titers after the first vaccination (Figure 5a).  

The second vaccine dose boosted the neutralizing antibody levels in all 
uninfected participants. Three weeks after the second dose, 100% of participants 
neutralized the D614G, SR-121, Alpha, and Eta variants. Beta variant was 
neutralized by 92% of the participants, while Delta variant was neutralized by 98% 
of the participants. The neutralization of Beta and Delta variants was significantly 
lower compared to D614G (Figure 5b). Although the second vaccine dose increased 
the neutralization titers only slightly in pre-infected participants, the neutralization 
titers were higher than in uninfected vaccinated participants. Furthermore, 
vaccinated participants neutralized variants better than non-vaccinated convalescent 
COVID-19 outpatients (Figure 5a). Out of the COVID-19 patients, 86%, 96%, and 
56% neutralized D614G, Alpha, and Beta variants, respectively. 

Similar to antibodies measured with EIA, the neutralization titers decreased three 
and six months after the vaccination (Figure 5c). Between three-week and six-month 
timepoints, the decrease in the neutralization titers was 3.9, 3.1, and 3.8-folds against 
D614G, Alpha, and Delta, respectively. While D614G and Alpha were neutralized 
by all vaccinated participants, Delta was neutralized by 85% of participants six 
months after the vaccinations. 

In study II, to assess whether COVID-19 mRNA vaccine-induced antibody 
levels are associated with neutralizing antibody levels, anti-S1 IgG antibodies were 
compared to neutralization titres against D614G variant. Anti-S1 IgG measurement 
correlated highly with neutralization titres (Spearman r=0.913, p<0.0001), indicating 
that anti-S1 antibody measurement could be used to determine the level of protection 
against SARS-CoV-2 infection, at least with D614G variant. 
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Figure 5. Neutralization of SARS-CoV-2 variants D614G, SR-121 (Pango lineage B.1.463), 

Alpha, Beta, Eta, and Delta in mRNA vaccinated health care workers and recovered 
COVID-19 patients. A. Neutralization by serum samples collected from vaccinated 
participants with and without previous SARS-CoV-2 infection and home-treated 
convalescent phase patients. Neutralization of Eta was measured in a separate study 
with similar assay settings as with other variants. B. Neutralization of variants was 
compared three weeks after the first (1D3wk) and second (2D3wk) doses. MNT for SR-
121, Alpha, and Beta was performed with 3-day incubation, while MTN for Delta was 
done with 4-day incubation. Neutralization of the D614G variant was measured both 
with 3 and 4-day incubation. C. Neutralization of D614G, Alpha, and Delta variants three 
(2D3mo) and six months (2D6mo) after vaccination. Modified from Original publications 
II and III. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001 

5.2.3 Age and sex-related distribution of vaccine-induced 
responses 

The effect of age and gender on the vaccine-induced humoral immune response was 
analysed in study II by dividing participants into four age groups. After the first 
vaccine dose, neutralization titers against D614G strain were significantly lower in 
the older (55–65 years) compared to younger participants (20–34 years p=0.0005 
and 35–44 years p=0.0133). However, after the second vaccine dose, there was no 
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statistically significant difference between the age groups, although older 
participants had slightly lower neutralization titers compared to younger (geometric 
mean titer 257, 268, 200, and 206 in age groups of 20–34, 35–44, 45–54, and 55–65 
years, respectively). Gender did not affect the humoral immune responses after the 
first vaccine dose; however, females showed slightly higher neutralization titres after 
the second dose than males (p=0.0412). 

5.3 Whole genome sequencing of SARS-CoV-2 
isolates (II–III) 

Based on WGS, Alpha, Beta, Eta, and Delta isolates used in studies II and III had 
typical aa substitutions and deletions defining their lineages (Figure 6). Alpha carried 
10 (study III) or 11 (study II), Beta 10 (study III) or 11 (study II), Eta 9, and Delta 
11 aa changes in the S protein. In addition, Alpha (study III) and Eta had amino acid 
change R682W near the furin cleavage site (FCS) due to cell culture adaptation. SR-
121 (Pango lineage B.1.463) isolate had four aa substitutions in the S protein (three 
in the S1 subunit; F59Y, P384L, D614G, and one in the S2 subunit; P812S), and was 
genetically closest to D614G compared to other isolates. D614G isolate had five 
deletions (study II) and one substitution (study II and III) near the FCS. Other isolates 
had either intact FCS or substitutions in less than a quarter of the sequences. 

 
Figure 6. Amino acid changes in the spike protein based on whole genome sequencing. Changes 

present in over 40% of sequences are shown. Aa changes that are present only in the 
study II isolate are marked with ^ and aa changes only in the study III isolate are marked 
with *. NTD, N-terminal domain; RBD, receptor-binding domain, SD1/2, subdomains 1 
and 2; S2, subunit 2 

5.4 T cell responses following COVID-19 mRNA 
vaccination (IV) 

Study IV aimed to evaluate the persistence of T cell responses six months after two 
COVID-19 vaccine doses. Activation of SARS-CoV-2-specific memory T cells was 
analysed with activation-induced marker (AIM) assay and by measuring secreted 



Pinja Jalkanen 

 50 

cytokines and effector molecules (IFN-γ, IL-2, TNFα, and perforin) after stimulation 
of PBMCs. AIM assay was originally developed at La Jolla Institute at the University 
of California for the detection of pathogen-specific CD4+ T cells (Dan et al., 2016), 
and later adapted for SARS-CoV-2-specific T cells analysis (Grifoni et al., 2020). 

5.4.1 Activation induced surface markers 
After COVID-19 mRNA vaccination, S-specific memory CD4+ T cells were 
activated in 100%, and memory CD8+ T cells were activated in 70% of vaccinated 
participants (Figure 7). There was no statistically significant difference in CD4+ or 
CD8+ T cell activation between vaccinated individuals and hospitalized COVID-19 
patients. Three and six months after the vaccination, CD4+ and CD8+ T cell 
responses persisted, and the mean SI-values were 8.6–9.5 for CD4+ and 1.6–2.6 for 
CD8+ T cells. In addition to measuring T cell activity against Wuhan-Hu-1, a 
number of samples were stimulated with S peptides of Alpha, Beta, Gamma and 
Delta variants. CD4+ T cell response was detected in 71% and CD8+ T cell response 
in 50% of participants against all SARS-CoV-2 variant peptide pools, indicating that 
T cells are able to cross-recognize genetically different strains. Some of the negative 
donors had also low levels of variant S-specific T cells likely due to pre-existing 
hCoV-specific T cells. At the six-month timepoint, a significant decrease was noted 
between Alpha and Beta variant-specific CD4+ T cells when paired samples were 
analysed; however, a consistent difference across variants was not observed. 

Serum anti-S1 antibody levels in vaccinated participants did not correlate with 
either CD4+ or CD8+ T cell responses (r=0.117 and p=0.4061, r=0.225 and 
p=0.1090, respectively), further supporting the persistence of memory T cells despite 
decreasing antibody levels. 
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Figure 7. COVID-19 mRNA vaccine-induced T cell responses against SARS-CoV-2 original 

Wuhan-Hu-1 strain and variants of concern S peptide pools. A. S-specific CD4+ T cell 
responses and B. S-specific CD8+ T cell responses in vaccinated healthcare workers, 
convalescent COVID-19 patients, and negative control donors. Statistical differences 
were analysed between paired serum samples and samples with no data on both data 
points were excluded from the analysis. Modified from Original publication IV. *p<0.05 

5.4.2 Secreted cytokines  
PBMCs of all vaccinated participants secreted IFN-γ and IL-2 in response to 
stimulation with tetanus toxoid, Wuhan-Hu-1 and Delta variant S peptide pools 
(Figure 8). The levels of IFN-γ and IL-2 were higher in the S peptide pool stimulated 
vaccinated participants and COVID-19 patients than in negative controls, and the 
levels remained the same at all time points post-vaccination. In addition, no 
difference was detected between Wuhan-Hu-1 and Delta variant S peptide pool 
stimulated cells. Some negative participants had elevated IFN-γ and IL-2 secretion 
when stimulated with S peptide pools, possibly due to pre-existing cross-reactive T 
cells. IFN-γ concentrations correlated with CD8+ T cell activation (Spearman 
r=0.58, p<0.0001) and moderately with CD4+ T cell activation (r=0.47, p<0.0001), 
while IL-2 concentrations correlated with CD8+ T cells (r=0.55, p<0.0001) but not 
with CD4+ T cells (r=0.24, p=0.1090). Increased production of TNFα and perforin 
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was detected in most COVID-19 patients (Figure 8C–D), but only in a few 
vaccinated participants. Furthermore, the TNFα and perforin levels were relatively 
high in DMSO-stimulated PBMCs and negative control donors compared to IFN-γ 
and IL-2. 

 
Figure 8. Secreted cytokines after stimulation of PBMCs with original Wuhan-Hu-1 virus and Delta 

variant spike-specific peptide pools. Stimulation with DMSO was used as negative 
control and stimulation with tetanus toxoid was used as positive control. The 
concentration of A. IFN-γ, B. IL-2, C. TNFα, and D. perforin were analysed with multiplex 
Luminex immunoassay. Data are represented as geometric means with geometric SD. 
Modified from Original publication IV. *p < 0.05; **p < 0.01; ***p < 0.001. 
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6 Discussion 

6.1 SARS-CoV-2 serology tests 
Analysis of SARS-CoV-2-specific antibodies has an essential role in estimating 
seroprevalence, assessing vaccine effectiveness, and analysing how SARS-CoV-2 
interacts with the immune system. N and S are one of the most immunogenic proteins 
in SARS-CoV-2, and multiple serological assays utilizing these proteins were 
developed already in the spring of 2020. To date, 83 serological tests have been 
approved by the FDA under emergency use authorization (FDA, 2022), and 646 
antibody tests have been CE-IVD marked in the European Union (European 
Commission, 2023). Many commercial tests have not been independently evaluated, 
and a wide variety of technologies and the lack of reference sample panels create 
challenges in applying the tests in clinical use. In addition, at the beginning of the 
pandemic, SARS-CoV-2 proteins were not widely available, the assays showed 
remarkable discrepancies, and the assay sensitivities varied between 46–100% 
(GeurtsvanKessel et al., 2020; Jääskeläinen et al., 2020). Therefore, we produced S1, 
RBD, and N proteins and developed an immunoassay for measuring IgG, IgA, and 
IgM antibodies against these proteins. 

The fusion of S1 and RBD with mFc increased the yield in protein production 
and the signals in EIA. The sensitivities for anti-RBD-mFc and anti-S1-mFc IgG 
tests were 41% and 49%, respectively, when samples were collected during the first 
two weeks post symptom onset, and 85% when samples were collected ≥14 days 
after onset. The sensitivity of the anti-N IgG EIA was higher in the early and late 
stages of the disease (65% and 96%, respectively), and the specificities of all tests 
were 98–99%. The sensitivity and specificity of our in-house EIA resembled the 
performance of commercial tests, which were validated with samples collected at 
least two weeks after SARS-CoV-2 infection (Lagerqvist et al., 2021; Piec et al., 
2021). In addition, two meta-analyses determined that the sensitivity of EIA tests 
increased from 65% to 82–99% when samples were collected during the second 
week of infection or during the third week and later (Lisboa Bastos et al., 2020; 
Macedo et al., 2022).  

The lower sensitivity of the tests at the early stage of COVID-19 is explained by 
the mean seroconversion time of 12 days after symptom onset (Iyer et al., 2020; Long 
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et al., 2020; Lou et al., 2020). Peak anti-S IgG antibodies are reached in three weeks, 
and Van Elslande et al. reported that N-specific antibodies are detected before anti-
S antibodies (Van Elslande et al., 2020). In addition, IgM and IgA antibodies have 
been shown to peak earlier than IgG in some patients (Iyer et al., 2020), and thus IgA 
and IgM tests can potentially detect seroconversion earlier than the IgG test. Indeed, 
we found that by combining IgG and IgA measurements, the assay's sensitivity could 
be increased both at acute and convalescent phases of the disease. Also, a 
combination of IgA and IgM improved the assay performance; however, both IgA 
and IgM antibodies have been shown to decrease rapidly after infection and return 
to base level in two to three months (Iyer et al., 2020; Nathalie et al., 2021). 
Therefore, combining N and S-specific antibody measurements with IgG and 
IgA/IgM could increase the accuracy of seroprevalence estimates by detecting those 
who contracted SARS-CoV-2 recently or a few months ago. 

Antibody production in response to viral infections differs between patients and 
can be affected by age, sex, presence of comorbidities, and medication. Interestingly, 
in SARS-CoV-2 infections, antibody kinetics are affected by disease severity (Lucas 
et al., 2021). Recent studies have demonstrated that S and N-specific IgG and IgM 
responses are higher in hospitalized patients than in outpatients (Nathalie et al., 2021; 
Röltgen et al., 2020) and disease severity has also been associated with persistent 
antibody levels (Chia et al., 2021). Wei et al. showed that patients who did not 
develop antibodies were older, asymptomatic, or had low viral burden detected by 
RT-qPCR (Wei et al., 2021). We did not have any data on the disease severity, and 
it remains unclear whether, in our patient cohort, some seronegative patients with 
only acute phase samples had mild or asymptomatic infection and failed to 
seroconvert or seroconverted at a later stage.  

Seasonal human coronavirus N-proteins share 24–36% amino acid sequence 
identity with SARS-CoV-2 N, and thus, determining the cross-reactivity of pre-
pandemic samples with SARS-CoV-2 antigens was important. Although our pre-
pandemic serum samples had anti-NL63, 229E, and OC43 N IgG antibodies, we did 
not detect strong cross-reactivity with the SARS-CoV-2 or SARS N protein (1–3%). 
The level of cross-reactivity we detected was lower than the 11% cross-reactivity 
shown in another study (Galipeau et al., 2021) and it is unclear whether the cross-
reactive antibodies found in some individuals are protective against SARS-CoV-2 
infection or severe COVID-19.  

Interestingly, NL63 and 229E N-specific IgG antibodies were boosted in some 
patients after SARS-CoV-2 infection but not antibodies against OC43 or HKU1, 
which share higher homology with SARS-CoV-2. In contrast to our results, Prevost 
et al. and Anderson et al. observed an increase in OC43 S-specific antibody levels 
after COVID-19 infection and a substantially lower increase in 229E S-specific 
antibodies (Anderson et al., 2021; Prévost et al., 2020). Also, SARS infection has 
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been associated with an increase in pre-existing antibodies against OC43, HKU1, 
and 229E (Chan et al., 2005; Che et al., 2005). In our study, the detection of increased 
NL63 and 229E N-specific antibody levels could be due to the reactivation of 
N-specific memory B cells formed in earlier 229E and NL63 infections, which are 
relatively common in Finland based on the high seropositivity. Further studies would 
be needed to determine whether SARS-CoV-2 infection boosts hCoV S-specific 
antibodies, which are more prevalent against OC43 than against 229E and NL63 
(Kolehmainen et al., 2023). 

SARS-CoV-2 S-specific antibodies were shown to be associated with 
neutralizing antibodies in our study and a number of other studies (Peluso et al., 
2023; Suthar et al., 2020; Terreri et al., 2022). However, since SARS-CoV-2 is 
constantly evolving, measuring antibody responses against Wuhan-like S-protein 
will unlikely accurately estimate population-level immunity. Nevertheless, the 
COVID-19 serology tests can be used to monitor the prevalence of infections in the 
selected population and the individual's immunity over time. Serology testing can 
also provide valuable insights into the COVID-19 pandemic when combined with 
other diagnostic tests and clinical information. 

6.2 COVID-19 vaccine-induced adaptive immunity 
All vaccines authorized by EMA in 2020-2021 target the whole S glycoprotein 
(EMA, 2023). In healthy immunocompetent adults, COVID-19 vaccinations are 
shown to induce both humoral and cell-mediated immune responses within a month 
after the first vaccination. CD4+ T cells are needed to generate a robust humoral 
response, and neutralizing antibodies can prevent the disease by restricting the entry 
of SARS-CoV-2 to host cells. Although antibody levels in the blood decrease over 
time, re-exposure through infection or vaccination can reactivate the formed memory 
B and T cells (Alsoussi et al., 2023; Terreri et al., 2022). 

6.2.1 Antibody responses to COVID-19 vaccination 
In the phase-I/II trial, the BNT162b2 COVID-19 mRNA vaccine was shown to 
induce high anti-S antibodies in adults, and one week after the second dose, the 
antibody levels were higher than in convalescent COVID-19 patients (Walsh et al., 
2020). After the authorization of the vaccines, multiple independent studies 
confirmed the findings of the clinical trials (Goel et al., 2021; Payne et al., 2021; 
Sahin et al., 2021), including our study II, which was conducted during Spring 2021 
and included 180 HCWs vaccinated with BNT162b2. After the first vaccine dose, 
the antibody responses varied between the participants. Unlike in the phase-I/II trial, 
nine participants remained seronegative for S protein. Out of the nine, six 
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seronegative participants were older (55–65y), and age-related immunosenescence 
likely explains some of the missing responses (D. A. Collier et al., 2021; Goronzy & 
Weyand, 2013). However, the second dose boosted the antibody production in all 
age groups, and S-specific antibody concentrations were higher in all vaccinated 
participants compared to convalescent non-hospitalized patients.  

Previous SARS-CoV-2 infections have been shown to affect the immune 
response to vaccination (Prendecki et al., 2021; Z. Wang, Muecksch, et al., 2021). A 
large prospective cohort study confirmed that anti-S antibody concentrations were 
over seven times higher in previously infected than in infection-naïve participants 
after vaccination (Angyal et al., 2022). In addition, the antibody levels remained 
higher in infected participants with one vaccine dose than in naïve participants with 
two vaccine doses. A recent study analysed the effect of hybrid immunity (induced 
by both infection and vaccinations) on antibody production and revealed that 
infected individuals who were vaccinated had two times more memory B-cells than 
uninfected, and the produced antibodies had higher neutralization potency 
(Andreano et al., 2021). Although our sample size of previously infected was small, 
we also noticed that one vaccine dose was sufficient to induce high antibody levels 
in participants with prior infection, and the antibody levels were not substantially 
increased after the second vaccine dose. 

In our study, some participants produced S-specific IgA and IgM antibodies after 
the first and second vaccine doses, although the levels were lower than those 
observed for IgG antibodies. Similarly, Ruggiero et al. demonstrated that after 
BNT162b2 vaccination, 64% produced IgM antibodies simultaneously or following 
IgG antibodies (Ruggiero et al., 2022). In addition, Kalimuddin et al. reported the 
production of S-specific IgM and IgA antibodies ten days after BNT162b2 
vaccination, and all three antibody types were found in vaccinated individuals at 21 
days post-first vaccination (Kalimuddin et al., 2021). However, COVID-19 
vaccination does not boost IgA production in saliva, indicating a strong systemic 
response with no activation of mucosal immunity (Azzi et al., 2022).  

Previous studies have shown a decline in N- and S-specific antibodies after 
SARS-CoV-2 infection; however, antibodies seem to persist for at least one year 
after recovery (Haveri et al., 2021; Marcotte et al., 2022). Similarly, COVID-19 
mRNA vaccine studies have demonstrated that anti-S IgG antibodies decrease a few 
weeks after vaccination but remain at detectable levels for at least eight months 
(Korosec et al., 2022). In our cohort, S1-specific antibody responses declined 
approximately 1.5-fold (1.2–2.1) every three months after vaccination, and as in 
other studies (Doria-Rose et al., 2021; Goel et al., 2021), all participants had a 
measurable level of antibodies at six months after vaccination. We did not determine 
the half-life of the antibodies; however, other studies have estimated that anti-S IgG 
half-life is 28–52 days in two-times vaccinated individuals (Doria-Rose et al., 2021; 
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Goel et al., 2021; Wei et al., 2022) or 109 days if decay rates are assumed to decrease 
over time (Doria-Rose et al., 2021). Anti-S half-life is estimated to be longer for 
those who have been infected with SARS-CoV-2 before vaccination, 266 days (Wei 
et al., 2022). Based on one model, antibodies are lost eight months after the second 
dose (Korosec et al., 2022), which supports the administration of booster doses after 
two vaccine doses. 

6.2.2 Neutralization of evolving SARS-CoV-2 variants 
SARS-CoV-2-induced neutralizing antibodies bind to the S protein blocking the 
virus from entering the host cell and providing protection against symptomatic 
infection (Khoury et al., 2021). Neutralizing antibodies against SARS-CoV-2 are 
commonly measured with an infection inhibition test, which includes the addition of 
serum dilution and live virus mixture on a cell monolayer. The results are detected 
as cytopathic variables, such as plaque or focus reduction (Bewley et al., 2021). 
Other methods include pseudotyped virus and surrogate neutralization tests, which 
do not require BSL3 facilities but lack other SARS-CoV-2 antigens than S providing 
only an approximate of neutralization (Bewley et al., 2021; C. W. Tan et al., 2020). 
In studies II and III, we set up a live virus MNT to measure the neutralization 
capacity of vaccine-induced antibodies against SARS-CoV-2 variants circulating in 
the Finnish population during 2020–2021: Alpha, Beta, Eta, and Delta. 

SARS-CoV-2 is constantly evolving, and although most mutations have no or 
little impact, the accumulation of changes offers increased infectivity, higher 
transmissibility, and evasion of infection and vaccine-induced immunity. In 
particular, changes in the S-protein are of great concern since most neutralizing 
antibodies and therapeutic monoclonal antibodies target epitopes in the S1 subunit 
(Graham et al., 2021). RBD mutations, including E484K, K417N, and N501Y in 
Beta variant and L452K and T478K in Delta variant, have been associated with 
decreased neutralization and increasing immune evasion properties of the virus 
(Wibmer et al., 2021). N501Y in Alpha, Beta, and Gamma has been shown to 
increase the ACE2 binding (H. Liu et al., 2021), and in Alpha and Eta variants, 
deletion at HV69-70 has been proposed to increase S1/S2 cleavage and S 
incorporation into virions (Meng et al., 2021). P681H in Alpha is thought to increase 
the accessibility of the FCS and increase the resistance to beta interferon (Jose et al., 
2022). Furthermore, P681R in Delta has been shown to increase the S1/S2 cleavage 
even higher than in Alpha variant increasing the replication of the virus (Y. Liu et 
al., 2022). 

In our study, D614G, Alpha, and Eta variants were neutralized by all vaccinated 
participants three months after the second vaccine dose, indicating that mutations in 
Alpha and Eta are insufficient to significantly reduce the vaccine-induced 
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neutralizing antibody functions. Beta variant was neutralized less effectively than 
Alpha, and three weeks after the second vaccination, 92% of HCWs neutralized Beta 
with 6-fold lower neutralization titers than against D614G. Neutralization of Delta 
variant was also decreased by 4-fold compared to D614G. These results were in line 
with previous studies showing an 8-fold reduction in the neutralization of Beta 
variant followed by a 3 to 6-fold reduced neutralization of Delta variant compared 
to the original Wuhan-like virus (C. Liu et al., 2021; Mlcochova et al., 2021). 
Furthermore, Nasreen et al. estimated 89–92% VE against Alpha infection, 87% VE 
against Beta infection, and 92–95% VE against Delta infection after two doses of 
mRNA vaccine (Nasreen et al., 2022). 

During the spring of 2021 in Finland, the predominant source of infections was 
the Alpha variant, which exhibited a transmissibility that was 43–90% higher than 
the preceding variant (Davies, Abbott, et al., 2021). Despite the co-occurrence of the 
Beta variant with Alpha, the former demonstrated lower transmissibility (Tegally et 
al., 2021), thus conferring a selective advantage to the Alpha variant. By June 2021, 
the Delta variant had superseded the Alpha variant, owing to its enhanced 
transmissibility of 63–167% more than Alpha (Earnest et al., 2022). In addition, the 
Delta variant displayed greater immunoevasive capabilities compared to ancestral 
strain and Alpha variant (Mlcochova et al., 2021; Tada et al., 2022). However, even 
though our observations revealed a decline in neutralizing antibody levels 
comparable to those measured with EIA, six months post-vaccination, 85% of the 
participants still exhibited neutralization activity against the Delta variant. Towards 
the end of 2021 Delta variant was replaced by Omicron variant leading to a massive 
surge in infections. However, at the time of the studies, Omicron variant had not yet 
spread globally and therefore was unavailable for analysis. 

6.2.3 T cell-mediated responses to COVID-19 vaccination 
The activation of T cell-mediated immunity is essential for protection from severe 
COVID-19 (Grifoni et al., 2020; Rydyznski Moderbacher et al., 2020). Activated 
CD4+ T cells are necessary for B and CD8+ T cell activation, while activated CD8+ 
T cells are important for clearing virus-infected cells. One dose of the BNT162b2 
vaccine was shown to activate both CD4+ and CD8+ T cells in adults (Sahin et al., 
2021). Similarly, our study demonstrated that the COVID-19 mRNA vaccine 
generated CD4+ and CD8+ T cell responses against the SARS-CoV-2 S protein. 
CD8+ T cell response was not detected in each of the vaccinated participants, while 
CD4+ T cell response was seen in all participants. Several studies have demonstrated 
lower expansion of S-specific CD8+ T cells compared to CD4+ T cells in response 
to infection or two or three vaccine doses (Grifoni et al., 2020; Guerrera et al., 2023; 
Naaber et al., 2021). However, the difference in T cell numbers needs to be analysed 
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further since CD8+ T cells might reside predominantly in tissues and all studies used 
a suboptimal length of 15 aa peptides for antigen presentation to CD8+ T cells 
through MHC class I molecules (Rammensee et al., 1993).  

CD4+ and CD8+ T cells recognize multiple epitopes in the SARS-CoV-2 S 
protein and other structural and non-structural proteins. The strength of the response 
seems to correlate with the expression level of the viral protein, and in infection, T 
cell response is mostly directed towards S, N, and M proteins (Tarke et al., 2021). 
Tarke et al. identified that CD4+ and CD8+ T cells of each COVID-19 patient 
recognize approximately 30-40 epitopes, which distribute mainly around N, M and 
S. In addition, SARS-CoV-2 mutations have been shown to affect only 12% of 
predicted T cell epitopes, indicating efficient cross-recognition of SARS-CoV-2 
variants (Nelde et al., 2021). In line with this observation, we showed that S-specific 
CD4+ and CD8+ T cells cross-recognized Alpha, Beta, Gamma, and Delta variant S 
peptides in vaccinated and infected individuals. Other studies have reported similar 
results and demonstrated that vaccine-induced T cells also cross-recognize recent 
Omicron variants (GeurtsvanKessel et al., 2022; Goel et al., 2023; Tarke et al., 
2022). However, T cell responses and recognized epitopes vary between individuals, 
and one study demonstrated a 50% loss of T cell activity against the Omicron variant 
in 20% of the individuals (Naranbhai et al., 2022). Despite the individual variation, 
these results suggest that SARS-CoV-2 evolution is not associated with increased 
evasion of T cell responses at the population level. 

In addition to the expression of surface activation markers, we measured the 
functionality of the T cells. Stimulated PBMCs (and T cells) secreted IFN-γ and IL-
2 in high levels, indicating a Th1 dominant response in infected and vaccinated 
individuals. A similar response has been detected by multiple other studies (Painter 
et al., 2021; Sekine et al., 2020), and Th1-mediated T cell response is known to be 
important in clearing many other viral infections, including measles, varicella, and 
influenza. Studies have shown that influenza vaccine-induced Th1-skewed response 
promotes the generation of cytotoxic CD8+ T cells and rapid clearance of influenza 
virus infection, while Th2-skewed response has delayed the virus clearance in 
influenza virus-infected mice (Moran et al., 1999). In our study, we showed that 
levels of S-specific CD4+ T cells, IFN-γ, and IL-2 correlate with the levels of S-
specific CD8+ T cells, suggesting that CD4+ T cells are able to promote the 
expansion of CD8+ T cells. 

Consistent with previous research (GeurtsvanKessel et al., 2022), our study 
provides evidence that the COVID-19 mRNA vaccine elicits robust S-specific T cell 
responses, which remain detectable for at least six months post-vaccination. 
Guerrera et al. observed a slight decrease in the activation of memory CD4+ and 
CD8+ T cells between samples collected two weeks and six months after vaccination 
(Guerrera et al., 2023). However, it is important to note that the proportion of 
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individuals with detectable T cell responses increased over time, indicating a 
potential stabilization or delayed response. Although our study did not analyse the 
impact of a third vaccine dose, subsequent studies have demonstrated a rapid recall 
of T cell responses following repeated immunizations (Koutsakos et al., 2023; 
Maringer et al., 2023). Remarkably, individuals who recovered from SARS infection 
were found to possess memory T cells that could be reactivated even 17 years after 
infection (Le Bert et al., 2020). Therefore, it is plausible that infections with new 
SARS-CoV-2 variants reactivate memory CD4+ and CD8+ T cells years after 
vaccination, providing protection against severe illness and mortality, despite not 
completely preventing infection. 

6.3 Limitations of the study 
Our studies had limitations. At the time of the study I, COVID-19 patient serum 
samples were not broadly available, and the sensitivity was estimated with only 27 
convalescent-phase samples. In some patients, the date for the onset of symptoms 
was not available, and thus the day of the positive PCR test was used to determine 
acute and convalescent-phase samples. The difference between the symptom onset 
and the first PCR test can vary by approximately 10 days (Suthar et al., 2020), and 
some samples could have been miscategorized as acute phase samples based only on 
PCR test results. In addition, we did not know the duration and severity of the 
symptoms experienced. Also, the WHO international standard was not yet available, 
and we could not calibrate our test to reduce interlaboratory variation.  

In studies II-IV, HCWs were 20 to 65 years old, and the age distribution did not 
represent the whole vaccinated population. We did not include elderly individuals 
and thus we could not fully study the effect of age-dependent immunosenescence. In 
study III, anti-S1 IgG antibody levels saturated the assay after the second vaccine 
dose with the used dilution, and fold-reduction three months after vaccination was 
likely underestimated. 

In study IV, the sample size was relatively small, and we used cryopreserved 
PBMCs, a procedure that can decrease cell viability. PBMCs were stimulated with 
15-mers, which could underestimate the CD8+ T cell activation since the optimal 
peptide size for the MHC class I binding groove is smaller, 8-10aa (Trolle et al., 
2016). Cytokines were measured from the PBMC supernatants, and we cannot 
determine the polyfunctionality of the T cells or confirm which cell types were 
producing the cytokines. Also, we lacked samples to measure S-specific T cell 
responses before vaccination in the same individuals who provided samples after 
immunization. Lastly, we could not assess the adaptive immune responses induced 
by other COVID-19 vaccine types or breakthrough infections in these studies. 
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6.4 Future aspects of COVID-19 vaccines 
By May 2023, EMA had granted authorization to seven COVID-19 vaccines 
targeting the S glycoprotein, along with an inactivated whole virus vaccine. In 
addition to the S protein, other viral proteins are also considered as vaccine 
candidates. N and M proteins are attractive vaccine targets since they are more 
conserved than S protein and have been shown to induce T cell response (Tarke et 
al., 2021). Recently, a novel mRNA vaccine, BNT162b4, encoding for N, M, and 
ORF1ab proteins, has been shown to induce cell-mediated protective immunity in 
hamsters and has progressed into clinical trials (Arieta et al., 2023). Updating mRNA 
vaccine antigens in the form of bivalent vaccines to match the currently circulating 
Omicron strains has not been able to significantly increase the neutralization of 
Omicron strains compared to previous monovalent vaccines, likely due to immune 
imprinting (A. Y. Collier et al., 2023). However, there is evidence suggesting that 
incorporating a higher quantity of mRNA specifically targeting the Omicron strains 
could enhance neutralizing antibody responses and alleviate the immune imprinting 
(Offit, 2023). 

While mRNA vaccines have demonstrated high efficacy and effectiveness in 
preventing severe disease, administering booster doses is likely not able to offer 
greater protection against infection or transmission of the virus compared to previous 
doses. Advancements in alternative vaccine technologies, such as intranasal or oral 
vaccines, have the potential to yield more accessible and convenient COVID-19 
vaccine formulations. These alternative delivery methods could simplify vaccine 
administration, improve vaccine coverage, and elicit mucosal immunity at the initial 
site of SARS-CoV-2 entry (Singh et al., 2023). Mucosal immunity could prevent 
even milder disease forms and SARS-CoV-2 transmission as shown in animal 
studies (Alu et al., 2022); however, further investigation is necessary to establish the 
effectiveness and safety of intranasal vaccines in humans. 

Ongoing research is needed to assess the longevity of the COVID-19 vaccine-
induced immune responses and protection beyond the six months addressed in this 
work. A meta-analysis revealed a decline of 10 percentage points in vaccine 
effectiveness against severe COVID-19 disease over a six-month period (Feikin et 
al., 2022), while another study reported that COVID-19 mRNA vaccines remained 
56% effective against COVID-19-associated mechanical ventilation or death one to 
two years after the last dose (DeCuir et al., 2023). Live-attenuated vaccines and the 
utilization of adjuvants could potentially enhance long-term immunity by 
intensifying innate immune responses, thereby enhancing B and T cell activation 
(Pulendran & Ahmed, 2011). However, the underlying reasons why some vaccines, 
such as those for tetanus and diphtheria, confer lifelong protection, while others, like 
the influenza vaccine, require yearly administration, are not fully understood (Zhian 
Chen et al., 2022).   
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For now, research should focus on the development of safe vaccines able to 
prevent infection. Vaccine responses in certain risk groups and the elderly should be 
monitored to improve the protection against severe disease and hospitalization. 
Lastly, ongoing endeavours should prioritize improving vaccine distribution and 
ensuring equitable access to vaccines for all populations, regardless of geographic 
location or socioeconomic status. 
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7 Conclusions 

The main conclusions of the study were: 

1. Pre-pandemic serum samples have no or little crossreactivity to SARS-CoV-
2 N and S proteins, although seasonal coronavirus NL63, 229E, and OC43 
infections are common in the study population.  

2. COVID-19 mRNA vaccine induces SARS-CoV-2 S-specific IgG antibodies 
in working age adults. A slightly attenuated antibody response is observed 
among older individuals after the first vaccine dose. However, upon 
completion of the two-dose regimen, S-specific antibodies are produced 
uniformly among all participants. 

3. SARS-CoV-2 S-specific memory CD4+ and CD8+ T cells are present in the 
majority of vaccinated individuals and recovered COVID-19 patients, and the 
Th1 cytokine profile dominates the CD4+ T cell response. 

4. Vaccine-induced antibodies cross-neutralize SARS-CoV-2 variants, although 
neutralization of Beta and Delta variants is slightly decreased compared to 
ancestral strains. SARS-CoV-2 infection followed by vaccination increases 
the cross-neutralization of SARS-CoV-2 variants compared to only 
vaccination. However, accumulating genetic changes in emerging variants 
may increase the evasion from vaccine and infection-induced antibodies. 

5. Vaccine-induced T cells demonstrate cross-recognition of SARS-CoV-2 
variants, indicating that even though these variants can evade neutralizing 
antibodies, the vaccine maintains its effectiveness in protecting against severe 
illness caused by newly emerging variants. 

6. S-specific antibody levels decrease within months after the vaccination, while 
T cell responses remain stable for at least six months. However, further 
research on memory B and T cell longevity is needed.  

7. Vaccine and infection-induced adaptive immunity and its interactions with 
emerging variants needs to be studied in order to optimize vaccine strategies 
and control the COVID-19 pandemic. 
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