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T-cell receptor repertoire analysis in CVID patients post Comirnaty vac-

cination

Abstract:

Common variable immunodeficiency (CVID) is one the most diagnosed primary immuno-
deficiencies (PID) with a complex etiology, characterized by low levels of serum immuno-
globulins mainly due to B-cell deficiencies with potential T-cell dysregulations and abnor-
malities. This immune system dysfunction puts CVID patients at a higher risk for developing
severe infections, including COVID-19. Despite its critical importance, their immune re-
sponse to SARS-CoV-2 infection and vaccination remains unclear. Studying the T-cell-re-
ceptor (TCR) repertoire of these patients sheds light on the dynamics of their cellular im-
mune response, knowing that T-cells recognize antigens through their TCR. In this study,
we utilized high throughput sequencing to investigate and profile the TCR repertoire of PID
patients, particularly those with CVID following the second dose of the Pfizer-BioNTech
Comirnaty-BNT162b2 vaccine. We report on the diversity and clonality of TCR repertoires
between diseased and healthy individuals post-vaccination. Investigating gene segment us-
age, we found a bias in the frequency of TCR V beta gene segment usage between patients
and controls. Lastly, we examined the clonal expansion of T-cells following Spike-antigen

(S Ag) stimulation to provide insights into the T-cell response post-vaccination.
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T-raku retseptorite repertuaari analiiiis iildise variaabli immuun-

puudulikkusega patsientidel Comirnaty vaktsiini jargselt

Liihikokkuvote:

Uldine variaabel immuunpuudulikkus (CVID) on iiks kdige sagedamini diagnoositavaid
primaarseid immuunpuudulikkuseid (PID), millel on keeruline etioloogia, mida
iseloomustab seerumi immunoglobuliinide madal tase peamiselt B-rakkude puudulikkuse
tottu koos voimalike T-rakkude funktsiooni kdrvalekalletega. Immuunsiisteemi héire tottu
on CVID-ga patsientidel suurem risk raskete infektsioonide, sealhulgas komplitseeritud
COVID-19 tekkeks. Vaatamata selle kriitilisele téhtsusele on nende patsientidevastus
SARS-CoV-2 infektsioonile ja vaktsineerimisele endiselt ebaselge. Nende patsientide T-
raku retseptori (TCR) repertuaari uurimine heidab valgust nende rakulise immuunvastuse
diinaamikale, arvestades et T-rakud tunnevad antigeene oma TCR-i kaudu é&ra. Selles uurin-
gus kasutasime jargmise polvkonna sekveneerimist, et uurida PID-patsientide TCR-i reper-
tuaari eriparasid Pfizer-BioNTech Comirnaty-BNT162b2 vaktsiini teise annuse jarel. Kir-
jeldame TCR repertuaaride mitmekesisust ja klonaalsust haigetel ja tervetel. Leidsime TCR
V beeta geenisegmendi kasutamise sageduse kallutatuse patsientide ja kontrollriihmade va-
hel. Lopuks uurisime T-rakkude kloonide laienemist péarast Spike-antigeeni stimulatsiooni,

et anda iilevaade T-rakkude vastusest parast vaktsineerimist.
Votmesonad:
T-raku retseptorite repertuaar, CVID, immuunpuudulikkus, COVID-19, vaktsineerimine

CERCS: B500 Immunoloogia, seroloogia, transplantoloogia
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TERMS, ABBREVIATIONS AND NOTATIONS

ACE2
APC
CDR
COVID-19
cTth
CVID
E

EF
GC

Ig
IFN
IL-1
IL-6

LNP

MHC

NGS
PBMC
PBS
PID

RACE

Angiotensin-converting enzyme 2
Antigen presenting cell
Complementarity determining region
Coronavirus Disease of 2019
Circulating Tth cells

Common variable immunodeficiency
Envelope

Extrafollicular phase

Germinal center

Immunoglobulins

Interferon

Interleukin-1

Interleukin-6

Lipid nanoparticles

Membrane

Major histocompatibility complex
Nucleocapsid

Next generation sequencing
Peripheral blood mononuclear cell
Phosphate buffered saline

Primary immunodefeciency

Rapid Amplification of cDNA Ends
Running buffer

Receptor binding domain

Spike



SARS-CoV-2  Severe Acute Respiratory Distress Syndrome Coronavirus 2

TCR T-cell Receptor

Tth T follicular helper cells

Th17 T helper 17 cell

TNF Tumor necrosis factor

TLR Toll-like receptor

UMI Unique molecular identifier
XLA X-linked agammaglobulinemia



INTRODUCTION

Primary immunodeficiencies (PID) are a heterogeneous group of monogenic or polygenic
diseases that can affect both the adaptive and innate arms of the immune system. Common
Variable Immunodeficiency (CVID) is one of the most diagnosed PIDs, resulting in signifi-
cant antibody deficiency. CVID is mainly thought of as a B-cell immunodeficiency; how-
ever, the disease is also associated with possible T-cell dysregulations and abnormalities.
This results in impaired antibody responses to infections or vaccinations. Thus, these patients
are at a higher risk for severe infections compared to the public. This vulnerability extends
to Coronavirus disease 2019 (COVID-19) and the recent pandemic, as their immune system
impairment could increase morbidity. However, their immune response to severe acute res-
piratory distress syndrome Coronavirus 2 (SARS-CoV-2) remains unclear to this day based
on varying reports and conclusions. The vaccine response in these patients is also highly
variable depending on the specific immune defect and the vaccine type. This highlights the
need for more studies focusing on the immune responses of these patients post-infection and
vaccination. Studying the T-cell receptor (TCR) repertoire of CVID patients post-vaccina-
tion allows for a better understanding of their cellular immune response dynamics, such as
the antigen specificity and clonal dynamics of the T-cell response. T-cells recognize peptide
antigens in combination with HLA molecules through their highly specific TCR. This is
followed by the clonal expansion of the specific T-cells and their establishment as memory
T-cells, enhancing the immune response upon subsequent encounters with the same antigen.
T-cell response post-vaccination is induced by the vaccine antigen, and the TCR repertoire
dynamics can be studied with high-throughput TCR repertoire sequencing (Fink, 2019;
Miyasaka et al., 2019; Pogorelyy et al., 2018).

In this work, we focused on studying the TCR repertoire of PID patients post second dose
of Pfizer-BioNTech Comirnaty-BNT162b2, especially those with CVID, to help fill the
knowledge gaps regarding the TCR repertoire of these individuals. We investigated the clon-
ality of the TCR repertoire between the healthy and diseased, the overlap of CDR3 region in
these cohorts, and diversity. We also reported changes in the TCR V beta gene segment
usage between different groups in the cohort. Lastly, clonal expansion post-spike-protein

stimulation was also investigated.



LITERATURE REVIEW

1.1 Coronavirus disease 2019 (COVID-19)

In December 2019, a previously unknown coronavirus belonging to the f-coronavirus ge-
nus, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), was identified in Wu-
han, China, causing the disease known as Coronavirus disease 2019 (COVID-19). The pan-
demic caused by this virus highlighted the need for effective vaccines and therapeutics
(Walls et al., 2020). This enveloped, single-stranded positive-sense RNA virus belongs to
the Coronaviridae family of viruses consisting of 4 genera: a-coronavirus, -coronavirus,
y-coronavirus, and d-coronavirus, primarily infecting birds and mammals. a-coronaviruses
and f-coronaviruses are the two genera known to infect humans, with SARS-CoV-2 emerg-
ing as a particularly virulent and transmissible member of the f-genus, highlighting the crit-
ical importance of understanding coronavirus diversity and cross-species transmission po-
tential (Hartenian et al., 2020). The coronavirus’s virion is characterized by four structural
proteins: spike (S), envelope (E), membrane (M), and nucleocapsid (N), among which the
spike glycoprotein is central to hosT-cell entry (Tortorici & Veesler, 2019). S is composed
of two functional subunits: S1, which is responsible for binding the hosT-cell receptor con-
taining the receptor-binding domain (RBD), and the S2 subunit, which facilitates the fusion
of the viral and cellular membranes, enabling the virus to enter the host cytoplasm; as a
result, S determines the host range of the virus and is also the main target of the neutralizing
antibodies post-infection and the central target for vaccine development (Tortorici &

Veesler, 2019; Walls et al., 2020).

1.1.1 COVID-19 and risk factors

SARS-CoV-2 threatens human health and public safety by being highly transmissible and
pathogenic, causing mild to severe respiratory infections (Cascella et al., 2023). It is mainly
spread through infected individuals via respiratory droplets while talking, sneezing, cough-
ing, or any face-to-face contact, as suggested by epidemiologic data. Notably, infection
transmission can happen by carriers who are asymptomatic, pre-symptomatic, or sympto-

matic (Wiersinga et al., 2020). Clinically speaking, although completely asymptomatic



SARS-CoV-2 infection is not rare, around 30-50% of patients present with progressive res-
piratory involvement, such as interstitial pneumonia (da Rosa Mesquita et al., 2021; Tong et

al., 2020).

People of all ages are susceptible to SARS-CoV-2. However, age and certain medical con-
ditions affect the infection's intensity and the virus's clinical manifestation. Individuals aged
60 and higher and patients with underlying medical comorbidities such as obesity, heart dis-
ease, chronic kidney disease, diabetes, cancer, or those who have undergone solid organ or
hematopoietic stem cell transplants and immunocompromised patients face a higher risk of

experiencing severe COVID-19 (Cascella et al., 2023).

The respiratory system is the main target for SARS-CoV-2 due to the high expression of the
angiotensin-converting enzyme 2 (ACE2) receptor protein and the transmembrane protease
serine protease 2, which are the virus entry mediators into the hosT-cell, in nasal epithelial
cells, lungs, and bronchial branches(Cascella et al., 2023b; Hu et al., 2020). Thus, the pri-
mary symptoms are experienced mainly in the respiratory system. The common symptoms
include fever, headache, shortness of breath, cough, muscle aches, and exhaustion (Esa-

kandari et al., n.d.).

1.1.2 Immune response to COVID-19

The immune system's innate and adaptive components are involved in the dynamic and well-
coordinated immune response to COVID-19. The exposure of human cells to the virus and
its particles is the first step of this response. This initial encounter occurs in the upper res-
piratory tract, causing the innate immune response to act first through pattern recognition
receptors (Brandtzaeg, 2015; Primorac et al., 2022). with SARS-CoV-2 immune evasion
strategies, a downmodulated antiviral type-I-interferon (IFN) response follows. Plasmacy-
toid dendritic cells (pDCs), which are present in the blood and the mucosa, are highly spe-
cialized cells that primates evolved for the generation of type-I IFNs, which also act as the
main link between the innate immune response and the activation of the adaptive immune
response via upregulating major histocompatibility complex class I (MHC-I) molecules for
better virus antigen presentation for CD8+ T-cells and potentiating the function of T and B-
cells (Hartmann et al., 2006; Tezuka et al., 2011). Virus-infected cells can be targeted by NK

cells that sense the stressed cells, activate their killing machinery, and help get rid of the
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virus together with the infected cells. B-cells, CD4+ T-cells, and CD8+ T-cells are the major
components of the adaptive immune system. B-cells produce antibodies, CD4+ T-cells pos-
sess helper and effector functionalities, and CD8+ T-cells kill the infected cells (Sette &
Crotty, 2021). Thus, one of the roles of the innate immune response is to prime and trigger
the adaptive immune system. The adaptive immune response requires several days, typically
6-10 days after initial exposure to the virus, to generate enough specialized cells capable of
controlling a viral infection. This delay is due to the time needed for extensive proliferation
and differentiation of naive immune cells into active effector cells. Once a sufficient number
of effector T-cells (helper and cytotoxic) and effector B-cells responsible for antibody pro-
duction (plasma cells) have proliferated and differentiated, they work together to eliminate

infected cells and circulating virions (Sette & Crotty, 2021).

1.1.3 Antibody response (humoral immunity)

Antibodies play a crucial role in adaptive immunity, specifically against viral infections.
This antibody response can be divided into two phases based on predominant isotypes and
the profile of somatic hypermutations of the antibodies: the extrafollicular (EF) phase and
the germinal center (GC) phase. In the EF phase of the response, B-cells differentiate into
plasma cells in foci outside the follicle shortly after infection (Elsner & Shlomchik, 2020).
These plasma cells produce antibodies with fewer somatic hypermutations that still possess
high enough affinity, enabling the neutralization of the virus (Lam et al., 2020). However,
this rise of neutralizing antibodies by the EF response is insufficient for controlling the in-
fection. Prevention of re-infection depends on the GC response, which gives rise to enduring
neutralizing antibodies with enhanced affinity and binding strength, as well as a durable
humoral memory through memory B-cells and long-lived plasma cells (Qi et al., 2022;
Woodruff et al., 2020). Neutralizing antibody responses are likely markers of protective im-
munity, and they exclusively target the viral S protein, specifically the RBD within the S1
sub-domain (Robbiani et al., 2020; Wheatley et al., 2021). Neutralizing immunoglobulins
IgA, IgM, and IgG have been reportedly found in cases of COVID-19, with IgM being the
primary one being produced (Suthar et al., 2020). The antibody response is expected to be
generated 5-15 days post-onset of the symptoms and peak after 3-4 weeks before starting to
go down. Additionally, the magnitude of the neutralizing antibody response has been shown

to correspond with the severity of the disease in a way that patients with the most severity
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typically show the most intense antibody response. On the other hand, patients experiencing
mild disease or who are asymptomatic may have lower levels of detectable neutralizing ac-
tivity in their blood; this is explained by the significant expansion of antibody-secreting cells

in severe cases due to prolonged contact with viral antigens (Woodruff et al., 2020).

1.1.4 T-cell response (cellular immunity)

Understanding the T-cell response in disease pathogenesis and longer-term protective im-
munity is crucial when guiding therapeutic approaches and efficient vaccine design (Peng et

al., 2020).

Multiple studies of acute and convalescent COVID-19 patients have shown the importance
of T-cell responses for the control and resolution of a primary SARS-CoV-2 infection, sug-
gesting that there is a correlation between robust T-cell responses and milder forms of the
disease(Rydyznski Moderbacher et al., 2020; Sekine et al., 2020). However, T-cell responses
are commonly detected following approximately all COVID-19 infections, and CD4+ T-cell
responses are more significant than those of CD8+ T-cells. Moreover, the neutralizing anti-
body response also depends on the CD4+ T-cell response (Grifoni et al., 2020; Sekine et al.,
2020). Thus, CD4+ T-cell responses play a vital role in the efficacy of most vaccines (Ry-
dyznski Moderbacher et al., 2020). Most CD4+ T-cells in COVID-19 patients specifically
target the S, M, N, and open reading frames (ORFs) of SARS-CoV-2, which are abundantly
expressed (Grifoni et al., 2020).

Virus-specific CD4+ T-cells typically differentiate into effector cells with more direct anti-
pathogen activities, such as Thl cells and T follicular helper cells (Tth), where Th1 cells
exhibit antiviral activity by IFNy production and Tth cells play a vital role in assisting B-
cells and developing neutralizing antibody responses, as well as memory B-cells and long-
term adaptive immunity (Crotty, 2019). Circulating Tth cells (cTth) specific to SARS-CoV-
2 and memory cTth cells are also formed during acute infection (Rydyznski Moderbacher et

al., 2020).

Furthermore, IFNy+ CD4+ T-cells have been shown to confer protection against lethal
SARS-CoV infection, and IFNy is known to be the most dominant cytokine produced by T-
cells in COVID-19 patients(Weiskopf et al., 2020; Zhao et al., 2016).
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Additionally, CD4+ T-cells also assist CD8+ T-cells, and IL-21, which is a canonical cyto-
kine of Tth cells, is known to be important for CD4+ T-cells to help CD8+ T-cells (Buchholz
& Busch, 2019; Zander et al., 2019).

It has also been reported that a CD4-CTL (CD4+ T-cells with cytotoxic activity) transcrip-
tional signature has been seen in COVID-19 patients; however, the cytotoxicity degranula-
tion marker CD107a has been minimally detected on SARS-CoV-2-specific CD4+ T-cells
(Peng et al., 2020; Sekine et al., 2020; Weiskopf et al., 2015).

Another function of the SARS-CoV-2 specific CD4+ T-cells through gene expression of
CCL3/4/5 (MIP-1a) and XCL1 chemokine could be recruiting other effector cells to viral
antigen sites (Meckiff et al., 2020).

Furthermore, the expression of CCR6, which is a chemokine receptor known to be associated
with migration to mucosal tissue, by a sub-population of SARS-CoV-2 specific CD4+ T-
cells may suggest that these cells may possess characteristics of Th17 cell lineage (T helper
17); however, expression of IL-17a which is typically produced by Th17 cells is either un-
detectable or low (Braun et al., 2020; Juno et al., 2020; Rydyznski Moderbacher et al., 2020;
Weiskopf et al., 2020). On the other hand, there is a robust expression of IL-22, which is
commonly produced by mucosal CD4+ T-cells in the SARS-CoV-2 Tspecific CD4+ T-cells,
and IL-22 expression is commonly associated with tissue repair, especially of lung or epi-
thelial cells. This suggests that SARS-CoV-2-specific CD4+ T-cells may play a role in lung
tissue repair during COVID-19 infection (Dudakov et al., 2015; Rydyznski Moderbacher et
al., 2020).

CD8+ T-cells are known for the critical role they play in viral infections by their ability to
kill infected cells. In the case of COVID-19, it has been reported that SARS-CoV-2 specific
CD8+ T-cells were more present in milder cases of infection, and scarcity of naive CD8+ T-
cells is associated with a risk of severe COVID-19 (Peng et al., 2020). However, SARS-
CoV-2 specific CD8+ T-cells are less frequently observed compared to CD4+ specific cells
however, they are still directed against different SARS-CoV-2 antigens such as S, N, M, and
ORF3a, which is a nonstructural accessory protein of SARS-CoV-2 which is hypothesized
to promote virus uptake, replication, and release through exocytosis (Grifoni et al., 2020;
Sekine et al., 2020; Zhang et al., 2022). SARS-CoV-2 specific CD8+ T-cell’s cytotoxic ac-
tivity is correlated with the expression of IFNy, granzyme B, perforin, and the cytotoxicity

degranulation marker CD107a (Rydyznski Moderbacher et al., 2020; Schulien et al., 2021).
13



1.2 COVID-19 vaccines

Despite the protective measures taken to control the transmission of SARS-CoV-2, such as
wearing masks and contact limitations, vaccination against the disease was established as a
solution by developing acquired immunity. The vaccine-mediated immune activation mim-
ics the natural immune activation of SARS-CoV-2, resulting in the proliferation of the same
effector and memory cell subsets without the real infection or severe inflammatory side ef-
fects (Mistry et al., 2022). Most COVID-19 vaccines are focused on and target the S protein
with which the virus can enter the host cell via the ACE2 receptor; by targeting the S protein,
vaccines tend to block this receptor-mediated entry of the virus (Martinez-Flores et al.,

2021).

There are currently eight Covid-19 vaccines that have been approved for use in Europe,
which can be categorized into 4 different types: mRNA-based vaccines, viral vector-based
vaccines, inactivated vaccines, and protein-based vaccines (Covid-19 Vaktsiinid |

Ravimiamet, n.d.) (Table 1).
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Table 1. Authorized SARS-CoV-2 vaccines for use in Europe and Estonia. The Table

describes different types of SARS-CoV-2 vaccines, their manufacturers, adjuvant, and active

ingredients. (Ravimiamet, 2024).

Vaccine and manu-
facturer
Comirnaty
BionTech Manufac-
turing GmbH
Spikevax
Moderna Biotech
Spain S.L

mRNA
based

Vaxzervia
AstraZenecaAB
Adeno-vi-

rus-based Jeovden

Jannsen-Cilag Inter-
national N. V

Covid-19 Vaccine
Valneva
Valneva

Nuvaxovid
Novavax CZ a.s.
VidPrevtyn Beta

Sanofi Pasteur

Inactivated

Protein-

based .
Bimervax

Hipra Human Health
S.L.

1.2.1 mRNA vaccines

Vaccines active ingredient

SARS-CoV-2 spike protein-

encoding mRNA packaged
in a lipid nanoparticle

DNA encoding the spike
protein of SARS-CoV-2
packaged in a chimpanzee
adenoviral vector
DNA encoding the spike
protein of SARS-CoV-2
packaged in a human
adenoviral vector

Inactivated (killed)
SARS-Cov-2 virus particle

SARS-CoV-2 spike protein

SARS-CoV-2 spike protein
Alpha and beta variant of

SARS-CoV-2 spike protein
fragment

Adjuvant

Does not contain

Does not contain

Does not contain

Does not contain

Aluminum hydroxide
and nucleic acid
CpG1018
Matrix M (soap tree bark
extract)

ASO03 - squalene-based
adjuvant

SOBA - squalene-based
adjuvant

mRNA-based vaccines represent the most recent advancement in vaccine technology. These

vaccines contain a single-stranded RNA molecule carrying a part of the coding sequence of

a viral peptide or protein. Once synthesized within the cytoplasm, this antigen elicits an im-

mune response, leading to the generation of effector cells and antibody production (Pormo-

hammad et al., 2021). An advantage offered by these vaccines is that there is no need for

delivery into the nucleus as opposed to DNA-based vaccines, as protein translation from the

mRNA takes place in the cytoplasm. Moreover, these vaccines do not need an adjuvant as

mRNA on its own acts as an adjuvant capable of triggering a strong innate immune response

(Cagigi & Loré¢, 2021; Corey et al., 2020).
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mRNA-based SARS-CoV-2 vaccines Pfizer-BioNTech Comirnaty-BNT162b2 & Moderna
- mRNA-1273) contain mRNA sequences that encode the full-length spike protein, which is
packaged into lipid nanoparticles (LNP) (Pormohammad et al., 2021).

The LNP acts as an adjuvant, enhancing the immune response, shielding the mRNA from
degradation, and facilitating mRNA entry into the cell (Corey et al., 2020). Encapsulation is
essential due to the unstable nature and negative charge of mRNA, ensuring successful en-
try(E. Fang et al., 2022). Cell entry, in the case of these vaccines, happens solely through
endocytosis, creating an endosome that does not damage the cell membrane. This is followed
by the immediate direction of the endosomes to lysosomes for degradation, which poses a
challenge to maintaining the integrity of the mRNA essential for its translation into proteins.
Thus, it is crucial to avoid endosomal fusion to lysosomes; this is facilitated by the ionizable
cationic lipids in LNPs, which help with endosomal escape. The acidic environment inside
the endosome leads the ionizable lipids to gain a positive charge, making them have an af-
finity for the negatively charged headgroups of phospholipids in the endosomal membrane.
This results in disruption of the stable phospholipid bilayer structure, and this disruption
enables the encapsulated mRNA within the lipid nanoparticle to evade the endosome and

reach the cytoplasm, where it can be translated by ribosomes (E. Fang et al., 2022).

Following the translation of the mRNA, the translated protein is degraded by the proteasome
into antigenic peptides. These peptides are consequently presented to CD8+ cytotoxic T-
cells through MHC-I, resulting in the activation of the cell-mediated immune response
(Cagigi & Lor¢, 2021). Moreover, upon the secretion of the translated proteins into the ex-
tracellular environment and, thereby, the circulatory system, these proteins can be taken up
by APCs. Through these events, antigen presentation to CD4+ T-cells takes place via MHC-
IT molecules, which results in the activation of CD4+ T-cells, which is followed by various
cytokine secretions and B-cell activation, resulting in antibody production (Cagigi & Lor¢,

2021).

1.3 COVID-19 and vaccine response in primary immunodeficiencies

COVID-19 can affect and threaten the general population. However, those with existing

comorbidities are at a greater risk for adverse outcomes. Patients with inborn errors of im-
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munity, or in other words, primary immunodeficiencies (PID), belong to this category, mak-
ing them susceptible to a severe acute and long-lasting SARS-CoV-2 infection (Ameratunga
et al., 2021; Hurme et al., 2023). Thus, understanding the immune response of patients with

PIDs post-vaccination is of critical importance.

1.3.1 Spectrum of PIDs

PIDs are a large heterogeneous group of diseases with genetic anomalies that arise from
adaptive and innate immunity impairments. Patients suffering from PID can have varied
clinical presentations depending on the underlying genetic defect causing the immune sys-
tem dysfunction. However, some of the common manifestations could be named as high
susceptibility to infections causing recurrent and severe infections, autoimmunity, autoin-
flammation, immune dysregulation, extreme allergies, etc. (Amaya-Uribe et al., 2019;

Cunningham-Rundles & Ponda, 2005; Raje & Dinakar, 2015).

The classification of primary immunodeficiency disorders (PIDs) depends on which compo-
nent of the immune system is malfunctioning, whether it's the adaptive immunity (i.e., T-
cell, B-cell, or combined immunodeficiencies) or the innate immunity (e.g., phagocyte and
complement disorders) and the prevalence of PIDs is approximately estimated to be around
4-10 per 10° live births. Moreover, PIDs can manifest themselves at any age, depending on
the type; sometimes, they can be diagnosed in newborns, and sometimes, the disease presents

itself later in life (Fischer et al., 2017; McCusker et al., 2018; Tangye et al., 2020).

Among the diverse spectrum of PIDs, severe combined immunodeficiency, which is charac-
terized by a lack of functional T-cells, Wiskott-Aldrich syndrome, DiGeorge syndrome,
ataxia-telangiectasia, and x-linked lymphoproliferative disease are examples of T-cell and

combined immunodeficiencies (Bousfiha et al., 2015).

The common variable immunodeficiency (CVID), relevant to this thesis, is a type of B-cell
immunodeficiency. B-cell immunodeficiencies (antibody deficiency) are considered to be
the most frequent type of PIDs, accounting for approximately 50% of all PID-confirmed
cases (Bonilla et al., 2014).
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1.3.2 CVID

Back in 1971, the term “variable immunodeficiency” was used to refer to all PIDs not fitting
the diagnosis as x-linked agammaglobulinemia (XLA), selective immunoglobulin A defi-
ciency, x-linked hyper-IgM syndrome, ataxia telangiectasia, Wiskott-Aldrich syndrome, se-
vere combined immunodeficiency, or some other clinically distinct syndromes. to this day,
CVID remains challenging to classify as the term encompasses a broad and varied array of
conditions and there is little knowledge on definite patterns and underlying causes(Bousfiha

et al., 2015; Fudenberg et al., 1971).

However, CVID is considered the most prevalent clinically significant antibody deficiency
(humoral primary immunodeficiency) with a possible underlying T-cell dysregulation, and
symptoms may present at any age with a usual onset at a later age. Susceptibility to recurrent
bacterial infections and viral respiratory tract infections are the major clinical manifestations
of this disease(Bonilla & Geha, 2009). Moreover, CVID is also associated with a greater risk

of autoimmune and inflammatory complications (Fischer et al., 2017).

From an immunologic perspective, all CVID patients have low serum IgG accompanied by
low IgA or IgM and distinctly impaired antibody response to infection or vaccines, resulting
in poor or absent responses to immunization, a low percentage of class-switched
IgD—CD27+ memory B lymphocytes is also prevalent and associated with low antibody
production capacity (Arroyo-Sanchez et al., 2022; Bonilla & Geha, 2009; McCusker et al.,
2018). Additionally, another characteristic of this disease could be an inverted CD4/CDS T-
cell ratio pointing to a relative CD4+ T-cell lymphopenia along with T-cell activation and
exhaustion markers that could indicate an underlying T-cell dysregulation (Leken & Fevang,

2023).

1.3.3 COVID-19 in CVID

Patients with inborn errors of immunity, especially patients with CVID, are at a higher risk
for severe SARS-CoV-2 infection relative to the general population. However, different
studies have reported varied conclusions on this matter, making the immune response of

these patients into a hot debate (Bonilla & Geha, 2009).

The two primary antiviral cellular immune responses after a viral infection post transcription
are the induction of IFNs and the production of cytokines, primarily interleukin-1 (IL-1),
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interleukin-6 (IL-6), and tumor necrosis factor-alpha (TNF-a) resulting in the recruitment of
specific white blood cells (Blanco-Melo et al., 2020). Studies claim that primary immuno-
compromised patients have a dysfunctional IL-6 pathway due to the lack of IL-6 receptor
expression, which subsequently makes them unresponsive to IL-6 (Nahum et al., 2020;

Spencer et al., 2019).

In the case of SARS-CoV-2, research suggests that this virus induces a severe inflammatory
response characterized by lowered IFN response and a significant cytokine release (particu-
larly IL-1 and IL-6), ultimately leading to a cytokine storm (Blanco-Melo et al., 2020;
McGonagle et al., 2020). B lymphocyte impairment in CVID patients may result in a poor
cytokine response; however, this impairment, along with low Ig levels, may not necessarily
result in high mortality caused by COVID-19 but rather an increase in morbidity (Abraham
et al., 2021). It has also been shown that despite the B-cell impairment and antibody defi-
ciency, CVID patients may still develop SARS-CoV-2 IgM and IgG antibodies 7 weeks post
the initial symptoms (Guchelaar et al., 2021). According to Quinti et a/, CVID patients ex-
perienced a more severe illness caused by SARS-CoV-2 compared to those with agammag-
lobulinemia, implying a potential role of B-lymphocytes in the inflammatory process trig-

gered by SARS-CoV-2 (Quinti et al., 2020).

Furthermore, studies indicate that in CVID patients, there is a notable decrease in the func-
tionality of specific toll-like receptors (TLR), namely TLR-7 (responsive to RNA viruses)
and TLR-9, which play crucial roles in both antiviral responses and the production of proin-

flammatory cytokines (Petes et al., 2017).

Regarding cellular immunity and COVID-19 in CVID patients, findings suggest that T-cells
may provide significant protection, making up for the impaired B-cell response. In a study
done by Kinoshita et al. in which they studied 5 unvaccinated COVID-19 Patients with pri-
mary antibody deficiency, three of the patients with CVID experienced mild disease. They
demonstrated CD4+ T-cell responses similar to the healthy convalescent patients, evidenced
by cytokine production levels in peripheral blood mononuclear cells (PBMC) cultures stim-
ulated by S, M, and nucleocapsid proteins (Kinoshita et al., 2021). Another study suggests
that 7 out of 11 uninfected CVID patients with no lymphopenia had spike protein-specific
reactive CD4+ T-cells but none against nucleocapsid. However, healthy controls had a
higher frequency of reactive T-cell populations (Steiner et al., 2020). In a separate study, 3

unvaccinated CVID patients with severe COVID-19 showed robust T-cell responses, with
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all patients displaying reactive CD4+ T-cells against spike and nucleocapsid proteins. Nota-
bly, the frequencies of reactive T-cells were significantly higher in CVID patients compared
to convalescent healthy controls. Similarly, the reactive CD4+ T-cells produced higher
amounts of IFN-y, TNF, and IL-2 in CVID patients. However, the controls experienced only
mild disease. These findings suggest that CVID patients mount strong T-cell responses to

COVID-19, even in the absence of a serologic response (Steiner et al., 2022).

1.3.4 Vaccine responses in CVID

Multiple studies have been done on the humoral and cellular response of CVID patients post-
vaccination against SARS-CoV-2. However, the response to immunization depends on sev-
eral factors, such as the antigen type, the vaccine mechanism, and the specific immune defect

causing CVID (Arroyo-Séanchez et al., 2022).

It is generally expected for CVID patients not to have robust antibody responses post-vac-
cination due to B and T-cell impairments and possible hypogammaglobulinemia. However,
it has been shown that most CVID patients with mild to moderate IgG deficiency did exhibit
specific anti-S antibody concentrations that were slightly lower but comparable to healthy
individuals after the second dose of mRNA vaccination (Bitzenhofer et al., 2022). Con-
versely, other findings indicate a lack of humoral immune response in two-thirds of CVID
patients (Salinas et al., 2021). These variations in immune response may be attributed to the
severity of humoral immunodeficiency, immunosuppressant treatments, and low IgG base-
line titers (Bitzenhofer et al., 2022; Kinoshita et al., 2021). Furthermore, there are also stud-
ies suggesting that patients with immune deficiencies can develop robust T-cell responses
compared to healthy individuals, making up for the lack of humoral response post-vaccina-

tion (Kinoshita et al., 2021; Zonozi et al., 2023).

One way to assess the cellular response is by measuring the cytokine production levels, spe-
cifically IFN-y and IL-2. Multiple studies claim that cellular responses measured by cytokine
levels in some CVID patients were defective compared to healthy controls 4-5 weeks after
the start of the vaccination (Pfizer-BioNTech Comirnaty-BNT162b2). However, the same
CVID patients did have a present but blunted anti-S antibody response. Interestingly, CVID
patients showed a weaker cellular response than XL A patients present in the study group,

meaning that there was no detected increase in IFN-y after spike protein inductions of their
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cells, this lack of cellular response could be in association with previous oncologic history
and defects in the T-cells and cellular arm of immunity (Arroyo-Sanchez et al., 2022; Hagin
et al., 2021; Salinas et al., 2021). However, both the humoral and cellular responses could
be variable among different CVID populations with different underlying causes and etiolo-
gies. Another study has shown that individuals with CVID have increased effector and
memory spike protein-specific T-cell responses, specifically CD8+ T-cells, after vaccination
with two doses of mRNA-based spike protein vaccines (Moderna mRNA-1273 or Pfizer-
BioNTech Comirnaty-BNT162b2) (Zonozi et al., 2023).

The collective conclusion of all studies is showcasing the benefits of vaccination in reducing
the disease severity for this vulnerable group. However, solid conclusions require more in-

depth studies on immunity post-vaccination.

1.4 T-cell receptor (TCR)

Mature T-cells recognize specific antigens presented on MHC molecules on APCs through
specific receptors known as T-cell receptors (TCR). Thus, large numbers of TCRs elicit the
cellular arm of adaptive immunity, providing protection against a vast diversity of pathogens

(X. Liu & Wu, 2018).

Depending on the TCR expressed on the surface of T-cells, they can be divided into either
a/PB T-cells or y/d T-cells. a/p T-cells make up almost 95% of the T-cell population, and the
receptor is a heterodimer consisting of one alpha chain and one beta chain. In the case of y/6
T-cells, TCR consists of one gamma and one delta chain (H. Liu et al., 2021; X. Liu & Wu,
2018).

TCRa and TCRP are formed through somatic recombination known as VDJ recombination
(Figure 1), which is a combinatorial somatic rearrangement of multiple variable (V), diver-
sity (D) (for the B-chain only), joining (J) and constant (C) gene segments (Davis &
Bjorkman, 1988). According to the International Immunogenetics Information System, to
this day, there are 45 known V gene segments and 50 J segments for the a chain and 48V, 2

D, and 13 functional J segments for the  chain in humans (Manso et al., 2022).

Vdj recombination, coupled with the insertion or deletion of nucleotides between spliced

gene segments, produces a diverse TCR repertoire with an estimated 2x10'° distinct TCRa3
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pairs, ensuring that each T-cell is specific to a different antigen. However, selection pres-
sures and the number of present T-cells likely lower this diversity in an individual (Bradley
& Thomas, 2019; Davis & Bjorkman, 1988; Nikolich—Zugich et al., 2004). These somatic
rearrangements in TCRs occur during T-cell development in the thymus (X. Liu & Wu,

2018).

Within TCR, there are three significant regions known as complementarity-determining re-
gions (CDR1, CDR2, and CDR3). These regions are essential for identifying antigens pre-
sented by MHC molecules. CDR1 and CDR2, found in both o and f chains and encoded
only by the V genes, typically interact with the MHC molecule. On the other hand, CDR3,
encoded by the junctional region including the V, (D) (only in the beta chain), and J genes,
primarily recognizes the antigenic peptide itself, and it is also known to be the most diverse
region in TCR chains. Therefore, the CDR3 region is considered the main determinant of

the antigen-specificity of T-cells (Turner et al., 2006).

The T-cell receptor (TCR) sequence is unique to each T-cell, serving as a specific molecular
identifier. This characteristic assists in distinguishing individual T-cells and their grouped
clones, referred to as clonotypes. This is possible because all T-cells that are activated and
undergoing proliferation carry the same TCR (Turner et al., 2006). Thus, analyzing the TCR
repertoire allows for a better understanding of the antigen-driven clonal expansion and dy-
namics of T-cells as an indicator of antigen specificity and response (Bradley & Thomas,

2019).
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Figure 1. VDJ recombination in the a and the B chain of the TCR. A schematic repre-

sentation of the V(D)J rearrangement for the alpha and beta chains of o/ T-cells.
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THE AIMS OF THE THESIS

The study's general aim was to analyze the properties of the T-cell receptor repertoire of
patients with dominant B-cell defects to increase the understanding of the potential involve-

ment of T-cell abnormalities in their disease pathogenesis.
Specific aims:

e Compare the general characteristics of the TCR repertoire of CVID patients to those
of healthy individuals and other PID patients, such as clonality, diversity, CDR3
length, V beta gene usage, and clonal expansion.

¢ Find and characterize the expanded T-cell clonotypes after in vitro restimulation with

SARS-CoV2 spike antigen.
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EXPERIMENTAL PART

MATERIALS AND METHODS

1.4.1 Study group

Samples for this thesis were taken from 33 individuals with Primary immunodeficiencies
(PIDs) (Table 2). Additionally, the study featured samples from 5 individuals serving as
healthy controls. All individuals were vaccinated against COVID-19 with the Pfizer-BioN-
Tech Comirnaty-BNT162b2 vaccine. Samples were collected from individuals aged 19 to

71, including females and males.

Table 2. The number of samples and the age range included in the study based on the

diagnosis and the number of individuals with low antibody levels post Comirnaty vac-

cination.

Count of im-
paired antibody

Status Number of Samples  Age Range
response to vac-
cination

CVID 13 21-48 9

XLA 2 19 -21 2

Antibody deficieny 18 26-71 1

Healthy 5 30-55 0
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1.4.2 PBMC isolation

Blood samples from PID patients and healthy controls were collected in 8§ ml CPT tubes
(Cell Preparation Tubes) (BD Vacutainer). For PBMC isolation, the blood tubes were first
centrifuged (Eppendorf 5810R, rotor A-4-62) at room temperature at 1800 rcf (Relative Cen-
trifugal Force) for 25 minutes with a minimum brake to maintain the required gradient. Post
centrifugation, the PBMC-containing layer of the formed gradient was carefully moved to a
15 ml tube (Biosigma ClearLine). Following this step, cells were washed with 15 ml of PBS
(Phosphate buffered saline) (Corning) and centrifuged at room temperature for 10 min at
200 rcf. This step was followed by removing the supernatant and a second wash with 10 ml
of PBS and 10 minutes of centrifugation at 300 rcf. During the centrifugation, cells were
counted using Luna Fluorescence Cell Counter (Logos Biosystems) by taking 18 pl of cell
suspension and 2 pl of acridine orange-propidium iodide dye (Logos Biosystems, catalog
number F23001). Lastly, the supernatant was removed, and ABC freezing media (Immuno-
spot) was added according to the manufacturer's protocol. The cells were stored at -150 °C.

PBMC isolation was done by other lab members.

1.4.3 Proliferation assay

Prior to antigen stimulation of samples from patients, proliferation assay using CTV (cell
trace violet staining) was carried out on PBMC samples from healthy controls that had been
vaccinated against COVID-19. The assay was carried out with the purpose of comparing T-
cell proliferation after stimulation with SARS-CoV-2 S Antigen containing S1 and S2 sub-
units (BioLegend) versus a S peptide pool containing immunodominant regions from the
wild-type virus (PepTivator SARS-CoV-2 Prot S (WT), Miltenyi Biotec). Moreover, the
proliferation in the presence and absence of heat-inactivated 5% human serum was compared
(Sigma-Aldrich).

PBMCs were thawed using a warm (37°C) RPMI 1640 medium (Corning), and cell numbers
were counted using Luna Fluorescence Cell Counter (Logos Biosystems) by taking 18 pL
of cell suspension and 2 pl of acridine orange-propidium iodide dye (Logos Biosystems,

catalog number F23001). For staining the cells, thawed PBMCs were resuspended in 37°C

PBS (corning) depending on the cell numbers, 1 ml of PBS was used per 1 million cells.
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Furthermore, 0.2 pl /mL of CTV Brilliant Violet 421 dye (Invitrogen) was added to the sam-
ples, and samples were left to incubate for 20 minutes at room temperature. Post Incubation,
5 volumes of warm (37°C) RPMI 1640 medium supplemented with 10% autologous plasma
was added to the samples. This step was followed by another 5 minutes of incubation at
room temperature. Samples were then centrifuged (Eppendorf 5810R, rotor A-4-62) at 300
rcf for 10 minutes, and cells were counted another time as CTV is toxic to the cells. CTV-
stained cells were then taken up in approximately 1.5 million cells in 250 pl warm (37°C)
X-VIVO 15 media (Lonza) supplemented with 10 pM sodium pyruvate (Gibco), Ix MEM-
nonessential amino acids (Gibco), 0.01mM 2-mercaptoethanol (Sigma), 2mM L-Glutamine,
and plated into a cell culture 48-well plate (Greiner bio-one). 5 pl of each stimulant was then
added to the wells at a final concentration of 1 pg/mL. The experiment also had a set of
negative controls with no stimulant added to the culture. Cells were then left to proliferate

in the 37°C incubator.

1.4.3.1 Flow cytometry

Flow cytometry was performed on the 5th and 7th days post-stimulation to assess differences
in proliferation based on both the stimulant and the number of days for the immune response
to form. To start, the cells were resuspended and transferred to 1.5 ml tubes. The wells were
then washed with 1 ml of 2 mM EDTA-PBS solution, which was then transferred to the
tubes containing the cells. Cells were then centrifuged (Centrifuge 5415R, Eppendorf) at
4°C for 5 minutes at 400 rcf. 25 pl of 5x dilution of FcR Blocking reagent (Miltenyi Biotec,
catalog number 130-059-901) in running Buffer (RB) (25 mM EDTA, 0.5 % BSA, 1X PBS)
was added to the samples after removing the supernatant. The cells were then incubated for
10 minutes while being kept on ice. Next, 25 pl of antibody mix containing anti-CD3 APC,
anti-CD4 Alexa Fluor 700, and CD8 Brilliant Violet 605 (all from Biolegend) was added to
the samples. This was followed by 30 minutes of incubation at 4°C. Compensation beads
were used to prepare single stains for each dye during the incubation. Post incubation, cells
were washed with RB and centrifuged at 400 rcf for 5 minutes and finally taken up in 200
ul RB. 7-AAD (BioLegend) was added to the samples prior to acquiring samples for the
discrimination of dead cells at a final concentration of 0.75 ug/ml. Flow cytometry was per-
formed using LSRFortessa (BD Biosciences) and results were obtained by Cell Sorter Soft-

ware version 3.1.2.6151.
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1.4.4 PBMC antigen stimulation

35 PBMC samples of PID patients from time point VD2-1 (1 month after the second vaccine
dose) along with 5 samples from healthy controls were first thawed using warm (37°C)
RPMI 1640 medium (Corning). Consecutively, cell numbers were counted using Luna Flu-
orescence Cell Counter (Logos Biosystems) by taking 18uL of cell suspension and 2 pl of
acridine orange-propidium iodide dye (Logos Biosystems, catalog number F23001). For an-
tigen stimulation, thawed PBMCs were centrifuged (Eppendorf 5810R, rotor A-4-62, 18 rad)
for 10 minutes at 200 rcf. Next, approximately 1.5 million cells were taken up in 250 pl
warm (37°C) X-VIVO 15 media (Lonza) supplemented with 10 uM sodium pyruvate
(Gibco), 1x MEM-nonessential amino acids (Gibco), 0.01mM 2-mercaptoethanol (Sigma),
2mM L-Glutamine and plated into a cell culture 48-well plate (Greiner bio-one). Following
the plating, 5 pl of SARS-CoV-2 S protein S1 + S2 (BioLegend) was added to the samples
at a final concentration of 1 pg/mL, and 5 pl of RPMI 1640 to unstimulated controls, and
cells were left in the incubator (37°C) for 7 consecutive days. On the second day of stimu-
lation, 50 pl of the medium was removed and stored at -20°C for IFN-y quantification, and
300 pl of the X-VIVO 15 medium was respectively added to all the wells. On the 7" Day,
cells were resuspended and transferred to 1,5 ml tubes, and the wells were washed with 2
mM EDTA-PBS solution and added to the corresponding tubes. After centrifugation for 5
minutes at 400 rcf (Centrifuge 5415R, Eppendorf), the supernatant was removed, and cells
were resuspended in 1 ml of Trizol (Invitrogen- Thermo Fisher Scientific) to be kept at -

80°C for RNA Isolation.

1.4.5 Total RNA isolation

The frozen stimulated and unstimulated cells kept in Trizol were removed from -80°C and
thawed at room temperature. 200 pl of Chloroform (FisherScientific) was added to the
thawed samples. This step was followed by vigorous vertexing of the sample to create a
harmonized pink solution. After 2-3 minutes of incubation at room temperature, the samples
were centrifuged (Centrifuge 5415R, Eppendorf) at 12000 rcf for 15 minutes at 4°C. Post
centrifugation, the aqueous phase of the separated solution was carefully removed using a
pipette and transferred into a new 1.5 ml Eppendorf tube. This was followed by an addition

of 650 pl of freshly made 70% ethanol, resuspension using a pipette, and finally, transfer to

28



the RNeasy Mini kit column (Qiagen). Further, RNA isolation was conducted following the
manufacturer's protocol (Qiagen - RNeasy mini kit), with DNase I treatment performed be-
tween the two washing steps as specified in the protocol. The RNA was eluted in 30 pL of
RNase-free water (Qiagen), and concentrations were measured using a NanoDrop spectro-
photometer (Thermo Fisher Scientific), yielding results ranging from 4.6 to 86.3 ng/uL. Sub-
sequently, the RNA was stored at -80 °C.

1.4.6 RNA-based 5’-RACE protocol

To prepare an NGS (next-generation sequencing) library of TCR repertoire, the unbiased
5’RACE (Rapid amplification of cDNA ends) protocol was used, which amplifies TCR
genes using one primer targeting the constant region and a universal primer concatenated to
the 5’end. In this method, RNA was first reverse transcribed using reverse transcriptase en-
zyme with terminal transferase activity, adding additional untemplated C nucleotides to the
3’ end of the cDNA. This was followed by the anchoring of a template switch oligonucleo-
tide containing a poly (G) to the untemplated poly (C) region, allowing the reverse transcrip-
tase to switch templates and continue the cDNA extension until the end of the template
switch oligonucleotide that contains a common adaptor sequence on the 5’ end. In our ex-
periments, the 5’ template switch adaptor (SmartNNNa) added UMIs (unique molecular
identifiers) to the 5' end of each cDNA molecule. Two PCR reactions followed this, with
semi-nested and nested primers amplifying the VDJ region. The process is illustrated in Fig-
ure 2. UMIs are random nucleotides labeling individual cDNA molecules, allowing us to
assign each sequencing read to a particular template cDNA molecule and, therefore, help

minimize amplification and sequencing errors.
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Figure 2. Schematic of the S’RACE TCR library preparation protocol. The Figure
shows the protocol steps and the region to be sequenced (Modified Turchaninova et al.,

2016).

3.1.4.1 cDNA synthesis

For cDNA synthesis, RNA extracted from samples was taken from a -80 °C freezer and
thawed on ice. Mix 1 was prepared in a sterile 0.2 ml reaction tube with a total volume of 8
ul (Table 3). Mix 1 was then incubated at t 72°C for 3 minutes in a thermal cycler; post-
incubation, the tubes were immediately chilled on ice. This step was followed by the addition
of 12.5 ul of mix 2 (Table 4) to mix 1. The final reaction mix was gently resuspended and
put into the thermal cycler at 42 °C for 60 minutes. Following the incubation, 1 pl of Uracyl
DNA glycosylase (5U/ul, New England Biolabs) was added to the samples, and the samples
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were once again put into the thermal cycler to incubate for 40 minutes at 37°C. Uracyl DNA
glycosylase treatment removes the residual template switch adapter, critical for accurately
labeling starting cDNA molecules. Lastly, cDNA was purified with the Zymo DNA clean &
concentrator kit (Zymo Research) according to the manufacturer’s protocol. CDNA was
eluted in 12 pl of DNA elution buffer. cDNA synthesis was done two times for each sample,
and they were pooled on a single purification column (Zymo Research) to achieve desirable

amounts of cDNA.

Table 3. cDNA synthesis reaction mix 1.

Amount
Component Final amount/concentration

(D)
RNA 5 <500 ng
cDNA synthesis primer: hTCRB-r1

1 uM
(10 uM)
Nuclease-free water (Ambion, Thermo
Scientific)
Table 4. cDNA synthesis reaction mix 2.

Amount
Component Final amount/concentration

(D)
First-strand buffer (5x, Takara) 4 1x
DTT (20mM, Takara) 2 2 mM
5’-template switch adapter (10 pM) M

W
(SMARTNNNa)
dNTP solution (10 mM) 2 1 mM
SMARTScribe Reverse Transcriptase
10 U/l

(10%, Takara)
Ribolock (40 U/ul, Thermo Scientific) 0.5 1.6 U/ul
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3.1.4.2 First PCR amplification

The first semi-nested PCR reaction was carried out right after cDNA synthesis to minimize
product loss. The following reagents were used for the first round of PCR amplification
(Table 5). The reaction was carried out in a total volume of 50 pl. PCR was performed using
the parameters given in Table 6. PCR products were then purified using the Zymo DNA
Clean & Concentrator kit (Zymo Research). The purified products were stored at 4 °C.

Table S. First PCR amplification components and Final concentrations.

Component Amount (ul) Final amount/concentration
First-strand cDNA 12 —
Q5 Hot Start High Fidelity Polymerase

Reaction Buffer (5x, New England Bi- 10 Ix

olabs)

dNTP solution (10 mM) 1 0.2 mM
Forward primer: Rep M1SS 1 0.2 uM
Reverse primer: hTCRB-r2 (10 uM) 1 0.2 uM
Phusion Hot Start Il DNA polymerase

(Thermo Scientific) (2 U/uL) 0 0.02 Ul
Nuclease-free water (Ambion, Thermo 245 -

Scientific)

Table 6. First PCR program and its parameters.

Cycle Denaturation Annealing Extension

1 98°C30s — —

21 98°C10s 55°C20s 72°C50s
1 — — 72 °C 2 min
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3.1.4.3 Second PCR amplification

The second PCR was also carried out in a volume of 50 pl, contained the components given
in Table 7, and was carried out on the parameters in Table 8. The PCR product was purified
within an hour after amplification, using the Zymo DNA Clean & Concentrator kit (Zymo

Research), and eluted in 10 pl elution buffer.

Table 7. Second PCR amplification components and Final concentrations.

Component Amount (ul) Final amount/concentration
Purified first PCR product 2 —

Q5 Hot Start High Fidelity Polymerase

Reaction Buffer (5x, New England Bi- 10 Ix

olabs)

dNTP solution (10 mM) 1 0.2 mM
Forward primer: Fwd OH MI1S 1 0.2 uM
Reverse primer: hTCRb_R3+NextRev 1 0.2 uM
Phusion Hot Start Il DNA polymerase

(Thermo Scientific) (2 U/uL) 0> 0.02 Ul
Nuclease-free water (Ambion, Thermo 345

Scientific)

Table 8. Second PCR program and its parameters.

Cycle Denaturation Annealing Extension

1 98°C30s — —

15 98°C10s 58°C20s 72°C50s
1 — — 72 °C 2 min
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3.1.4.3 Sequencing library preparation

The concentration of the second PCR product was measured using the Qubit 2.0 fluorometer
dsDNA with an HS Assay kit (Thermo Scientific) according to the manufacturer’s protocol.
For Library preparation, all second PCR products were diluted to a unified concentration of
10 ng/pl. This step was followed by indexing PCR to add Illumina adaptor indexes (Nextera
(XT v2 Index Kit D kit (catalog number FC-131-2004, manufacturer Illumina)) to both ends
of the samples. The reaction was carried out in a total volume of 15 ul (Table 9), and the

PCR reaction was performed using parameters provided in Table 10.

The products of the indexing PCR were further purified using AMPure XP purification beads
(Beckman Coulter). For the bead purification, 9 ul of AMPure XP beads were added to 15
ul of each indexed PCR sample. The resulting solution was resuspended thoroughly using a
pipette, and samples were left to incubate for 5 minutes at room temperature for maximum
recovery; then, samples were placed on a magnet for two minutes to separate the beads from
the solution. The clarified suspension was removed from the mixture on the magnet, leaving
about 5 pl of supernatant. Furthermore, 200 pl of freshly made 70% ethanol was added to
the samples, which were left to incubate for 30 seconds. Post incubation, ethanol was care-
fully removed. The ethanol wash was repeated a total of two times. The samples were then
removed from the magnet, and 40 pl of RNase-free water (Qiagen) was added for elution,
mixed 10 times with the pipette, and incubated at room temperature for 2 minutes until the
solution was clarified. The samples were placed on a magnet for 1 minute to separate the

beads from the solution. 35 pl of the elute was transferred to new sample tubes.

Table 9. Indexing PCR.

Component Amount (ul)  Final amount/concentration
Purified second PCR product (10 ng/ ul) 2.5 —
2x KAPA HiFi HotStart PCR Mix (Kapa

Biosystems) 7 x
Nextera XT v2 Index 1 primer (i7) (Illu- ) s -
mina)

Nextera XT v2 Index 2 primer (i5) (Illu- ) s -

mina)
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Table 10. Index PCR program and its parameters.

Cycle Denaturation Annealing Extention

1 95°C 3 min — —

7 95 °C 3 sec 55°C30s 72°C30s

1 — — 72 °C 5 min

1.4.7 Next-generation sequencing

Next-generation sequencing was carried out in the sequencing core facility laboratory of the
Institute of Genomics at the University of Tartu using MiSeq (M01338) instrument using
symmetric 301 bp paired-end sequencing with dual-index configuration. The sequencing kit

used was MiSeq v3 600 cycles.

1.4.8 Bioinformatics analysis

The rocket cluster (HPC center, 2024) of the Centre for Scientific Computing at the Univer-
sity of Tartu was used for preliminary Bioinformatic analysis. FastQC (version 0.11.9, An-
drews, 2014) was employed to control the quality of the sequencing data. Additionally, Mul-
tiQC (version v1.19, Ewels et al., 2016) was used for enhanced visualization of quality con-
trol results. MiXCR (version 4.3.2, Ewels ef al., 2016) was used for the upstream analysis
of raw data. The pipeline first aligned the raw sequencing reads against the reference data-
base of V-, D-, J-, and C-gene segments. It then matched the tag pattern sequence and ex-
tracted UMIs, correcting sequencing and PCR errors within the barcode sequence to reduce
false diversity caused by these errors. Additionally, the pipeline assembled clonotypes based
on the CDR3 region, applying multiple layers of error correction, and ultimately generated

a table of clonotypes for each sample.

For downstream analysis, the R programming language (version 4.3.3) was employed via
the RStudio software (version 2023.12.1+402), with Immunarch (version 0.9.0, Im-

munoMind Team, 2019) serving as the primary R package utilized for data analysis.
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1.4.9 Enzyme-linked immunosorbent assay (ELISA)

Sample supernatants from 2 days post-stimulation of PBMCs were taken out of -20°C and
thawed with the end goal of IFN-y quantification. A dilution factor of 2 was selected for the
supernatants used in the assay. The experiment was done using high-binding half-area 96
Microwell plates (Greiner bio-one), and the assay was carried out using the ELISA MAX™
Deluxe Set Human IFN-y kit (Biolegend) and based on the manufacturer’s protocol. The

results were analyzed by GraphPad Prism 10.2.2.
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1.5 RESULTS

1.5.1 Optimization of T-cell stimulation conditions

Flow cytometry allowed the comparison of different conditions for the proliferation of anti-
gen-specific T-cells, including the presence and absence of human serum in the growth me-
dia. More importantly, it enabled us to assess the proliferation response to two different
SARS-CoV-2 antigens: recombinant SARS-CoV-2 S Protein S1+S2 (R683A, R685A) and
an S peptide pool containing immunodominant regions of the wild-type virus (124 peptides,
15-mers with 11 amino acid overlap). Proliferation was also compared between two different

time points, 5 days post-stimulation (Figure S3) and 7 days post-stimulation (Figure 3, 4).

We checked for CD4+ and CD8+ proliferating T-cells. The gating strategy can be found in
the supplementary materials (Figure S2).

T-cell proliferation was determined using cell trace violet staining. After each cell division,
the daughter cells carry 50% of the parent cell fluorescence, allowing us to track and quantify

the proliferation using flow cytometry.

Throughout the repetitions of the experiment, our results stayed consistent, and better pro-
liferation could be observed in samples stimulated for 7 days with the protein antigen con-

sisting of both S1 and S2 subunits of the SARS-CoV-2 spike protein.
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Figure 3. Flow cytometry results from the 7th-day post antigen stimulations with no
human serum. The panels on the right represent the proliferation of CD4+ T-cells, while

those on the left represent the proliferation of CD8+ T-cells.
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Figure 4. Flow cytometry results from the 7th-day post antigen stimulations with hu-
man serum. The panels on the right represent CD4+ T-cells, while those on the left represent
CD8+ T-cells. The panels on the right represent the proliferation of CD4+ T-cells, while

those on the left represent the proliferation of CD8+ T-cells.
39



1.5.2 Repertoire clonality

T-cell receptor repertoire clonality is defined as the number of different TCR sequences
within one repertoire. One TCR clone has a unique sequence on a protein level resulting
from a random VDJ recombination, and clonotype refers to all the TCRs found within a
repertoire carrying a similar TCR sequence (similar clones). To have a general overview of
the sizes of our repertoires, the numbers of clones and clonotypes from each repertoire were

examined.

1.5.2.1 Number of clones and clonotypes

The total number of Clones in our library was 2,206,714 in all samples, and the average
number of clones was 30,649. The maximum number of clones was represented in sample
31-S-Ag-1, belonging to the antibody-deficient patient group with 120,757 clones, and the
minimum number of clones belonged to sample 1-S-Ag, belonging to the antibody-deficient

patient group with 2355 Clones (Figure 5).
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Figure 5. Number of Clones found within each repertoire. The X-axis represents the
samples in our library; each sample is considered a singular repertoire. The Y-axis represents

the number of clones.

The number of clonotypes represents the count of distinct T-cell receptor sequences carrying

a unique CDR3 region. Each clonotype represents a unique combination of T-cell receptors
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with the same CDR3 region. On average, there were 7,931 clonotypes among the samples.
The maximum number of clonotypes belonged to sample 28-S-Ag-4, with 32,452 clonotypes
belonging to the CVID group. The minimum number of clonotypes belonged to sample 1-

S-Ag with 919 clonotypes. In total, our library represented 571,039 clonotypes (Figure 6).
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Figure 6. Number of Clonotypes found within each repertoire. The X-axis represents the
samples in our library; each sample is considered a singular repertoire. The Y-axis represents

the number of clonotypes.

1.5.2.2 Number of clonotypes within grouped data

The distribution of clonotypes within each condition was analyzed and compared to gain
deeper insights into how the number of clonotypes varies across different conditions. First,
the number of clonotypes among stimulated samples with S antigen and unstimulated sam-
ples was investigated (Figure 7). Given the observed p-value, it was concluded that there is
no statically significant difference in the number of clonotypes presented in stimulated ver-

sus unstimulated samples.

Moreover, the distribution of clonotypes among patients with different diagnoses (healthy
controls, CVID, antibody deficiency, XLA) was also analyzed. Similarly, the distribution
was not significantly different between the studied groups, given the p-values represented in

the figure (Figure 8).
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Figure 7. Distribution of clonotypes among stimulated and unstimulated samples. The
X-axis represents grouped samples based on stimulation status, and the Y-axis represents the
number of clonotypes in the input repertoires. P-value was calculated by the Wilcoxon rank

sum test (a difference in mean rank values between two groups).
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Figure 8. Distribution of clonotypes among samples with different Diagnosis. The X-
axis represents grouped samples based on Diagnosis, and the Y-axis represents the number

of clonotypes in the input repertoires. P-values were calculated by the Wilcoxon rank sum

test (a difference in mean rank values between two groups).
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1.5.2.3 Clonal proportions

Clonal proportions were also investigated to assess the diversity of the repertoires by con-
sidering the distribution of rare and abundant clonotypes within the TCR repertoires, looking
into the top clonal proportions and rare clonal proportions among grouped repertoires (stim-
ulated versus unstimulated samples and different diagnoses). This analysis is based on the
number of clones within clonotypes and the frequency of those clonotypes in the repertoires.
The top clonal proportion estimates the relative abundance of the most prevalent clonotypes
(Figure 9 B, D), whereas the rare clonal proportion estimates the relative abundance for the

groups of rare clonotypes with low counts (Figure 9 A, C).

Initially, both rare and top clonal proportions of stimulated and unstimulated samples were
compared and investigated. Looking into the rare clonal proportion (Figure 9 A), consider-
ing that the X-axis represents the number of times a clonotype appears in each group, and
the Y-axis represents the percentage that the clonotype takes up in the repertoire, it can be
observed that almost 60% (~30% 2-3 and ~30% 4-10) of the repertoires fall into the abun-
dance interval of 2-10, with no significant difference between stimulated and unstimulated
samples. However, the repertoires of stimulated samples contain more clonotypes with abun-
dances of 11-30 (p-value of 0.015). Clonotypes with counts of 31 and higher take up approx-
imately 20% of the repertoire, with no significant difference between the stimulated and
unstimulated samples. Furthermore, looking at the top clonal proportions (Figure 9 B), the
X-axis indicates the indices of the clonotypes based on their abundance in the repertoire.
The clonotype index is ordered by decreasing clonotype size. A low clonotype index indi-
cates an expanded clonotype, whereas a high one indicates a rare clonotype group. In a way
that index [1:10] shows the 10 most prevalent clonotypes in the respective repertoire,
[11:100] represents the next, and so forth. The Y-axis represents the percentage that the

clonotype takes up in the repertoire.

There is no statistically significant difference between stimulated and unstimulated samples.
However, it can be observed that the most abundant clonotypes represent only ~10% of the
respective repertoires, pointing to the diversity of the repertoire. The most frequently ob-
served clonotypes belong to indices [101:1000] and [1001:3000], which comprise around
30% of the repertoire each.
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Figure 9. Representation of Top and Rare clonotypes among grouped repertoires. A:
Rare clonal proportions among stimulated and unstimulated samples (0: unstimulated, 1:
stimulated). The X-axis shows counts of clonotypes, and the Y-axis shows the percentage
that the clonotype takes up in the repertoire. B: Top Clonal proportion among stimulated and
unstimulated samples (0: unstimulated, 1: stimulated). The X-axis represents the indices of
clonotypes, where the index indicates the clonotype's ranking from the most abundant (index
1) to the least abundant (index 32,000). P-values were calculated by the Wilcoxon rank sum
test (a difference in mean rank values between two groups). C and D: Top and rare clono-
types among repertoires grouped by diagnosis. P-values were calculated by the Kruskal-
Wallis test, which indicates that at least one sample stochastically dominates over another

sample.

Next, the top and Rare clonal proportions of repertoires belonging to patients with different
diagnoses were examined. For a more accurate analysis, data was downsampled to the size
of the repertoire with the smallest number of clones (2355 Clones). Most repertoires across
different diagnoses (Figure 9 C) consist of rare clonotypes (~60-70%) that have occurred
only once with no statistically significant difference among the different groups. However,

a statistically significant difference is observed within the rare clonotypes that have occurred
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2-3 times, with repertoires of healthy individuals containing fewer of these clonotypes (p-
value 1.9x107). Statistical significance could also be observed within the repertoires of
clonotypes occurring 31-100 times, with CVID patients exhibiting a greater abundance of

such clonotypes and antibody-deficient patients displaying the least (p-value 0.00098).

Regarding the top clonal proportion among different diagnoses, the top 10 most prevalent
clonotypes occupy less than 20% of the repertoire. CVID and healthy individuals contain
more of the respective clonotypes (p-value 0.0078) (Figure 9 D). Clonotypes with indices
[101:1000] occupy ~40-50% of respective repertoires and show another statistical signifi-
cance with a p-value of 4.4x10”° between antibody deficient and CVID patients versus

healthy controls and XLA patients.

1.5.3 CDR3 sequence length

The length of detected CDR3 amino acids of each of the patient groups was analyzed and
compared. CDR3 sequences across different patient groups and healthy controls were dis-
tributed according to their respective lengths using a histogram (Figure 10). All sequences
shorter than 10 amino acids and longer than 23 amino acids (outside the 95th percentile)
were removed from the graph to better visualize the distribution. After the removal of the
very short and very long sequences, the average amino acid length of CDR3 was 15.98, and
a similar mean value was also observed within different patient groups and healthy controls

(AB deficiency - 15.99, CVID - 16.00, Healthy - 16.00, XLA - 15.79).

45



CDR3 amino acid lengths distribution in stimulated samples

100,000
75,000
Diagnosis
€ AB deficiency
3 50,000 [ cviD
o Healthy
XLA
25,000

12 16 20
CDR3 lengths (aa)

Figure 10. Distribution of CDR3 amino acid sequence length across different diagnoses
in stimulated samples. The X-axis represents the CDR3 length in amino acids, and the Y-

axis represents the number of sequences with the corresponding length.

1.5.4 Repertoire diversity

Repertoire Diversity was analyzed using two different indices: the D50 index and the Chaol

index.

1.5.4.1 D50 Index

The D50 index was used to indicate the percentage of unique CDR3 sequences or, in other
words, clonotypes represented in 50% of the total sequencing reads, meaning that this diver-
sity is dependent on the dominant and most prevalent clonotypes (Chaudhary & Wesemann,
2018; Lee et al., 2016). The higher the D50 index, the higher the diversity and the smaller
the clonotypic expansion. Firstly, the D50 index was checked among stimulated and unstim-
ulated samples; no statistically significant difference was observed between these two groups
(Figure 11). Next, the D50 diversity was investigated among repertoires belonging to dif-
ferent diagnoses (Figure 12) within the stimulated repertoires. Although the healthy controls
showed a higher index, there was no statistically significant difference in D50 diversity
among the different groups.
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Figure 11. D50 diversity Index among stimulated and unstimulated samples. The X-

axis represents the different groups compared (0: Unstimulated, 1: Stimulated). The Y-axis

represents the corresponding D50 index. P-value was calculated by the Wilcoxon rank sum

test (a difference in mean rank values between two groups)
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Figure 12. D50 diversity Index among different Diagnoses within stimulated reper-

toires. The X-axis represents the different groups compared. The Y-axis represents the cor-

responding D50 index. P-values were calculated by the Wilcoxon rank sum test (a difference

in mean rank values between two groups).
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1.5.4.2 Chao1l Index

Chao 1 index was the second index used for investigating the diversity among repertoires.
Chaol is an estimator of species richness, meaning that it provides information on the abun-
dance of unique clones that exist within a repertoire, and it is dependent on the rare clono-
types that have occurred once or twice (Chaudhary & Wesemann, 2018; Kotagiri et al.,
2022). First, the chaol diversity was calculated and represented for stimulated and unstimu-
lated samples, comparing the groups. No statistical significance was noted between the two

(Figure 13).
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Figure 13. Chao 1 diversity Index among stimulated and unstimulated samples. The X-
axis represents the different groups compared (0: Unstimulated, 1: Stimulated). The Y-axis
represents the corresponding Chaol index. P-value was calculated by the Wilcoxon rank

sum test (a difference in mean rank values between two groups)

Chao 1 was then calculated for stimulated samples only across different diagnoses to com-
pare diversity (Figure 14). Significant differences were observed within patient subgroups

of Healthy versus Antibody-deficient patients (p-value 0.005) in the stimulated repertoires.
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Figure 14. Chao 1 diversity Index among different stimulated samples within different
Diagnoses. The X-axis represents the different groups compared. The Y-axis represents the
corresponding Chaol index. Here, only the stimulated samples are represented. P-values

were calculated by the Wilcoxon rank sum test (a difference in mean rank values between

two groups).

1.5.5 Gene segment usage

TCR V beta gene segment usage was investigated among patient subgroups and healthy
controls to uncover if there were any disease-related patterns in how TCRs are generated

concerning the v gene segments. TRBV-20-1 and TRBV-5-1 showed the most frequent us-

age in all subgroups.

However, seeing a statistically significant difference between TRBV-15 (p-value 0.037)
(Figure 15) usage between the studied groups and similar patterns within each population,

parallel analysis of each diagnosis versus healthy controls was also examined.
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Figure 15. TRBV gene usage among patient subgroups and healthy controls. P-values
were calculated by the Kruskal-Wallis test, which indicates that at least one sample stochas-
tically dominates one other sample. The X-axis represents different TRBV gene segments,
and the Y-axis represents the respective frequency of usage. P-values were calculated by the
Kruskal-Wallis test, which indicates that at least one sample stochastically dominates one

other sample.

Comparing healthy controls to CVID patients, significant differences were observed in the
frequency of usage of TRBV 15 with more frequent usage within the CVID subgroup (P-
value 0.017). Conversely, TRBV27 (P-value 0.0028) and TRBV6-4 (P-value 0.02) were
more frequently used in healthy controls compared to CVID (Figure 16).

50



TRBV gene usage CVID Vs Healthy

1 1 1 1 058 1 1 0017 1 1 1 02 1 0.830.0028 1 1 0.067 039 1 1 1 002 1 07 1

0.151 &

0.10

Frequency of gene usage

.

.
° .
. .
. . * ‘s ° .
s . M
=5 : b i "'! b ,“‘
° . .
# &, ‘pa- M ﬁ | +,.
°
0.00 . o & +
¥y @2y e d vy R8T YR T 9 T Y QNNY L YRENTRP P
S o r r d & T I5 T T g o 3 v|¥Y s dH L T T T L LY S0 oo ¢ g g g g oA
—————— z lal 2 & S 9 Q@ lala & 2283 22 2 2 2 2 2 > >3 > > > > > > >
> > > = > > o > > > > o D D D D @D D DD D@D @ Do DD o @ @ &
eepeepepElEEE e eEE g EEEEEEEEEEE R EEEEEEEREE -
F F F F F F F F K =
G

ene Segment

Diagnosis Bl cviD ER Healthy

Figure 16. TRBYV gene usage among CVID patients and healthy controls.

P-values

were calculated by the Wilcoxon rank sum test (a difference in mean rank values between
two groups). The X-axis represents different TRBV gene segments, and the Y-axis repre-

sents the respective frequency of usage. P-values were calculated by the Wilc
sum test (a difference in mean rank values between two groups)

oxon rank

Next, the frequency of gene usage was investigated among antibody-deficient patients and

healthy controls. Similarly to the previous comparison, TRBV6-4 exhibited h

igher usage

levels in healthy controls than in the patient group (p-value 0.01). However, TRBV5-1 and
TRBVS5-5 were more commonly utilized in the repertoires of antibody-deficient patients

(p-values 0.045 and 0.017, respectively) (Figure 17).
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Figure 17. TRBYV gene usage among antibody-deficient patients and healthy controls.
P-values were calculated by the Wilcoxon rank sum test (a difference in mean rank values
between two groups). The X-axis represents different TRBV gene segments, and the Y-axis
represents the respective frequency of usage. P-values were calculated by the Wilcoxon rank

sum test (a difference in mean rank values between two groups)

Lastly, a comparison was carried out between XLA patients and healthy controls. In contrast
to the two prior findings, no statistically significant differences were noted within the re-

spective repertoires regarding TRBV gene usage (Figure 18).
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Figure 18. TRBYV gene usage among XLA patients and healthy controls. P-values were
calculated by the Wilcoxon rank sum test (a difference in mean rank values between two
groups). The X-axis represents different TRBV gene segments, and the Y-axis represents
the respective frequency of usage. P-values were calculated by the Wilcoxon rank sum test

(a difference in mean rank values between two groups)

1.5.6 Clonotype tracking

Clonal expansion within the repertoires was investigated between stimulated and unstimu-
lated samples of each patient and healthy controls to observe whether antigen stimulation
led to any detectable expansions among the top ten prevalent clonotypes. Clonotype tracking
was conducted for all samples, although only selected ones are presented here, with the re-

mainder available in supplementary figures.

1.5.6.1 Clonotype tracking in healthy controls

Considerable expansion was observed within the 10 most prevalent clonotypes in repertoires
of control K10 and K8 stimulated samples (Figure 19 A, B). In donor K10, within the 10
most prevalent clonotypes, 7 clonotypes showed noticeable expansion, and donor K8
showed a similar trend, with 8 clonotypes demonstrating notable expansion. These expanded
clonotypes, such as CASSFQPNTGELFF in K10 (Figure 19 A), are hypothesized to belong
to SARS-CoV-2 specific T-cells.
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Figure 19. Clonotype tracking in k10 (A) and k8 (B) healthy controls within the top 10
most prevalent clonotypes. The X-axis represents the stimulated (S-Ag) and unstimulated
sample (Neg-Ctrl) belonging to each individual. The Y-axis shows the proportion of each
clonotype within the repertoire. Clonotype aa sequences are color-coded in the legends of

the figures. A: Healthy control K10, B: Healthy control K8.

1.5.6.2 Clonotype tracking in XLA

Each XLA patient (PID 20 and 21) had a parallel stimulated sample. Initially, clonotype
tracking was done on each sample with the respective unstimulated sample within each rep-
ertoire's 10 most prevalent clonotypes. Next, the common clonotypes between the two were
compared and represented in Figure 20. In the case of sample number 20 (Figure 20 A),
expansion could be observed in CASSPPGMNTGELFF and CASSSWNNEQFF clonotypes
within the 5 shared clonotypes between all three samples. Regarding sample number 21, all
6 common sequences within the 10 most prevalent clonotypes showed expansion in both
stimulated samples compared to the unstimulated sample. These clonotypes are hypothe-

sized to be of SARS-CoV-2 specific T-cells.
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Figure 20. Clonotype tracking in XLA patient 21 and XLA patient 20. The X-axis rep-
resents the stimulated (S-Ag) and unstimulated samples (Neg-Ctrl) belonging to each indi-
vidual. The Y-axis shows the proportion of each clonotype within the repertoire. Clonotype

aa sequences are color-coded in the legends of the figures. A: Patient 20, B: Patient 21.

1.5.6.3 Clonotype tracking in CVID

Clonotype tracking for CVID patients was done in a similar pattern by first examining the
top 10 clonotypes in parallel samples, identifying the common CDR3 amino acid sequences,
and tracking those common clonotypes between the two stimulated parallels and the respec-
tive unstimulated sample as represented in Figure 21. In the case of sample 23 (Figure 21
A), all 7 common clonotypes were expanded in both stimulated parallels compared to the
unstimulated sample. This expansion is mainly recognized in CASSPIGAGPHNSPLHF,
CASSPLLGVFPYEQYF, and CSAPDRGGQPQHF CDR3 amino acid sequences. With re-
gards to sample 32, out of the 7 common clonotypes between the parallels, 4 expanded
clonotypes could be pinpointed: CASSFKGLAGSSSSYNEQFF, CASSLGIDTQYF,
CASSSFWDGRGSAGELFF, and CASSTTGQMGAEQYF (Figure 21 B).
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Figure 21. Clonotype tracking in CVID patients 23 and 32. The X-axis represents the

stimulated (S-Ag) and unstimulated samples (Neg-Ctrl) belonging to each individual. The

Y-axis shows the proportion of each clonotype within the repertoire. Clonotype aa sequences

are color-coded in the legends of the figures. A: Patient 23, B: Patient 32.

A similar pattern of expansion was recognized within other repertoires belonging to CVID

patients; nevertheless, the pattern was disrupted in the case of patient 28. Despite the prior

examples, although common sequences could be identified within 4 stimulated and unstim-

ulated samples, no solid expansion was observed within the common sequences (Figure 22).

The inconsistency could be explained by the patient's autoimmune condition of Crohn's dis-

ease and their use of immunosuppressive medication.
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Figure 22. Clonotype tracking in CVID patients 28. The X-axis represents the stimulated
(S-Ag) and unstimulated samples (Neg-Ctrl) belonging to the individual. The Y-axis shows
the proportion of each clonotype within the repertoires. Clonotype aa sequences are color-

coded in the legends of the figures.

1.5.6.4 Clonotype tracking in antibody deficiency

Clonotype tracking was also investigated for the antibody-deficient subgroup. Patient 5
shared 9 common clonotypes among the top 10 most prevalent clonotypes between the stim-
ulated parallels and the unstimulated control, out of which expansion could be observed
within 6 of these clonotypes in the stimulated parallels, specifically the CAS-
SYRPTSGSGEQFF clonotype (Figure 23 A). Within the repertoire of patient 27, out of the
10 most detected clonotypes, 4 clonotypes were captured within both stimulated samples

and the unstimulated belonging to this patient. Out of the 4 common clonotypes, clonotype
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CASLSPGVLTLHF and CASSYVPGNEQFF showed clear expansion in stimulated sam-
ples compared to the unstimulated control. The expanded clonotypes are hypothesized to be

SARS-CoV-2 specific.
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Figure 23. Clonotype tracking in antibody deficient patients 27 and 5. The X-axis rep-
resents the stimulated (S-Ag) and unstimulated samples (Neg-Ctrl) belonging to each indi-
vidual. The Y-axis shows the proportion of each clonotype within the repertoire. Clonotype

aa sequences are color-coded in the legends of the figures. A: Patient 5, B: Patient 27
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1.6 DISCUSSION

Common variable immunodeficiency (CVID) patients are characterized by low levels of se-
rum immunoglobulins of at least two types with possible abnormalities of both B lympho-
cytes and T lymphocytes, with a number of studies pointing to T-cell abnormalities (Conley
et al., 1999; Giovannetti et al., 2007). Thus, it is essential to study vaccine responses in this
population, as data regarding how these patients respond to vaccination is highly variable
due to the complexity and variability of the disease. Studying the T-cell receptor repertoire
post-vaccination would help understand the cellular response dynamics in these patients.

However, their TCR repertoire is highly under-studied.

In this master’s thesis, the TCR repertoire of patients with primary immunodeficiencies
(CVID, XLA, selective IgG deficiencies) 6 months post the second dose of vaccination with
Pfizer-BioNTech Comirnaty-BNT162b2 vaccine against COVID-19 was studied, with more
focus on CVID patients.

The experiment included samples from 33 diseased individuals, 13 of which belonged to the
CVID cohort, 2 to XLA, 18 to patients exhibiting selective antibody deficiencies, and 5
healthy individuals as controls. To study their TCR repertoire dynamics post-vaccination,

the spike antigen-stimulated and unstimulated samples were obtained.

Furthermore, the TCR-f chain libraries were prepared using Rapid Amplification of cDNA
Ends (5’ RACE) with unique molecular identifiers (UMI) based on the modified method dis-

cussed by Turchaninova et al., 2016.

Despite the under-representation of some of the libraries due to suboptimal sequencing qual-
ity (mean phred score falling below 25 before 200bp) and under-sequencing (regarding the
theoretical number of T-cells that were processed, the number of reads was relatively low),
we obtained 9,627,320 total sequencing reads, out of which 7,207,398 (74.86%) were suc-
cessfully aligned reads with 3,275,792 reads covering the CDR3 region (45.45% of the suc-
cessfully aligned reads). These reads resulted in a total of 2,206,714 clones and 571,039
clonotypes. Despite this limitation, significant results were obtained reflecting on the reper-

toire characteristics of these individuals.

5’RACE with an introduction of UMIs was chosen in this work to minimize PCR amplifi-

cation biases and errors associated with other methods, such as multiplex PCR. Moreover,
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the choice of RNA rather than genomic DNA as the starting material allows for more sensi-
tive detection of TCR sequences owing to higher copy numbers of RNA templates (Nguyen
etal., 2011; Shugay et al., 2014; Woodsworth et al., 2013). Reportedly, DNA-based methods
have shown a lowered signal-to-noise ratio due to DNA from irrelevant V and J segments
that are not part of the rearranged sequences and lower amplification efficacy (Genolet et
al., 2023). Furthermore, the DNA contains both TCR-f alleles, yet most T-cells express only

one allele due to allelic exclusion (Genolet et al., 2023).

Few studies have been done on the T-cell receptor repertoire of CVID patients. However,
there have been findings pointing at lowered diversity in the CD8+ T-cell receptor repertoire
of subgroups of this disease, which is explained by the oligoclonal expansion of the late
differentiated CD8+ T-cells. This has often been seen in rare subgroups of CVID with a low
CD4:CDS8 ratio due to CD4 lymphopenia with higher counts of CD8+ T-cells (Viallard et
al., 2013; Wong et al., 2016). In this study, only a tendency for a higher chaol diversity
index was seen in healthy controls compared to CVID, pointing to a higher frequency of
clonotypes with rare counts in healthy controls and possibly a more diverse repertoire. How-
ever, this observation was not statistically significant (Figure 14). This could be explained
by several influencing factors, including the heterogeneity of this disease, normal CD4 and
CDS8 T-cell counts of CVID patients within our cohort with rather ambiguous immunophe-
notypes, and lastly our repertoire consisting of both CD4+ and CD8+ TCR- chain. The
earlier-mentioned sequencing limitation could also influence this. Another potential limita-
tion that may have influenced our observations regarding diversity is the absence of age
integration within the analysis due to our cohort's uneven age distribution. Aging is associ-

ated with lower diversity of the repertoire.

Previous work on the TCR repertoire of ATM-deficient patients characterized by immuno-
logical abnormalities, including antibody deficiencies and lymphopenia, had shown shorter
CDR3 length than healthy controls (M. Fang et al., 2022). In this study, no difference was
observed in the CDR3 amino acid length distribution between the patient groups and healthy
controls (Figure 10). However, exploring potential changes in CDR3 length post-vaccina-
tion could provide valuable insights into the impact of vaccination on this aspect by analyz-

ing samples prior to vaccination.

Furthermore, V gene segment usage was also examined and compared between different

groups. It has been previously suggested that TCR V beta gene usage is dominated by the
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germ-line locus factor of recombination machinery, and bias towards specific V gene seg-
ments might alter clonotypic expansion in response to antigens (Zvyagin et al., 2014). Other
results have also suggested a particular bias toward certain rearrangements, possibly ex-
plained by thymic selection or common antigen exposures (Robins et al., 2010). This is
aligned with our observations of higher frequency of TRBV-15 usage and lower TRBV-27
and TRBV6-4 in CVID patients compared to healthy controls (Figure 16). Similarly, in the
case of antibody-deficient patients, when compared to healthy controls, we observed more
frequent use of TRBVS5-1 and TRBVS-5 in the patients and less frequent use of TRBV6-4
(Figure 17). However, the reason behind this phenomenon is still unknown, and further

clarifications are required to explain this occurrence and bias.

Previous studies have suggested that patients with primary low B-cell counts from CVID or
pharmacologic B-cell deficiencies have heightened effector and memory T-cell responses to
SARS-CoV-2 after mRNA vaccination, especially with memory CD8+ T-Cells (Zonozi et
al., 2023). Thus, clonotypic expansions among the 10 most prevalent clonotypes were ex-
amined between S antigen-stimulated and unstimulated samples to study the TCR dynamics
post-vaccination. We failed to establish a connection between B-cell counts or anti-SARS-
CoV-2 IgG found in the serum of CVID patients and T-cell expansions. However, this find-
ing is aligned with the expansions observed in XLA patients in this work who have absent
mature circulating B-cells in their blood with severe antibody deficiencies but an intact T-

cell compartment (Suri et al., 2016).

Clonal expansions were observed in all stimulated samples of CVID patients regardless of
high or low B-cell counts or IgG levels, except for patient 28 (Figure 22); the inconsistency
could be explained by the patient's autoimmune condition of Crohn's disease and their use
of immunosuppressive medication. However, this confirms our method's applicability to
study expansion, although further verifications are needed to verify the COVID-19 specific-
ity of the expanded clones as we could not find identical aa sequences in public databases.
This could be explained by the vast diversity of TCR repertoire (Robins et al., 2009), with
currently available methods capturing only a limited fraction of this diversity (Genolet et al.,
2023). Nevertheless, we saw a few motif similarities between our identified sequences and
S-specific CDR3 aa sequences available in the VDJdb public database (Goncharov et al.,
2022) (Figure S8).
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In conclusion, the results obtained in this work contribute to filling the massive gap in what’s
known about the TCR repertoire of primary immunodeficient patients, especially patients
with CVID. Despite the limitations encountered, this study shed light on the repertoire char-
acteristics of the PID patients post-vaccination included in the cohort of this study. This work
provides a reasonable basis for future investigations that could lead to the development of
personalized medicine in the form of SARS-CoV-2 T-cell-based vaccines for this vulnerable

group of patients with B-cell impairments.
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SUMMARY

In this study, we employed high-throughput sequencing to profile and characterize the dy-
namics of the TCR repertoire of a group of PID patients with more focus on those with CVID
6 months post-second dose of the Pfizer-BioNTech Comirnaty-BNT162b2 vaccination
against COVID-19. On average, we obtained 30,649 clones and 7,931 clonotypes per sample
in our repertoires, with an approximately equal distribution between the different groups in
our cohort. Our repertoires mostly consisted of rare clonotypes, and the top clonotypes were
scarce. This confirmed high levels of diversity within the repertoires. A relative tendency
for a higher chaol diversity was observed in the healthy controls. Looking at the CDR3
amino acid length, we report no difference between patients and healthy controls within our

cohort.

A comparison of TCR V beta gene segment usage between CVID patients and healthy con-
trols revealed a higher frequency of TRBV-15 usage and lower frequencies of TRBV-27 and
TRBV6-4 in CVID patients relative to healthy controls. A similar comparison between
healthy and antibody-deficient patients showed more frequent use of TRBV5-1 and TRBVS-
5 in the patients and less frequent use of TRBV6-4. This finding could be associated with

possible differences in the thymic selection process or common antigenic exposure.

T-cell response post-vaccination can be induced by the vaccine antigen, and the TCR reper-
toire dynamics can be studied. Tracking the clonal expansions among the top 10 most prev-
alent clonotypes between S antigen-stimulated and unstimulated samples identified possible
SARS-CoV-2 specific TCR CDR3 amino acid sequences. Expansions were observed in all
individuals within our cohort except for one CVID patient undergoing immunosuppressive
treatment. This further approved our method for identifying specific SARS-Cov-2 TCRs;
however, further verifications would be necessary. The identical expanded clonotypes were
not found in public databases. However, CDR3 amino acid similarities were found between
our sequences and those found in the VDJdb public database. This is significant given the

considerable variability and diversity of TCR repertoires.

This work provides novel and important clues regarding the dynamics of the TCR repertoire
of PID patients post-second dose of Pfizer-BioNTech Comirnaty-BNT162b2 vaccination.
This lays the groundwork for a better understanding of the immune response of this vulner-
able group to vaccination and the development of personalized medicine in the form of

SARS-CoV-2 T-cell-based vaccines.
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Appendix

I. Supplementary material

Table S1. List of primers used for 5’RACE to prepare the libraries.

Primer
1st strand cDNA syn-
thesis:

SmartNNNa

hTCRB-rl

1st PCR amplifica-
tion:

Rep M1SS
hTCRB-12

2nd PCR amplifica-
tion:

Fwd OH_MIS

hTCRb_R3+NextRev

Sequence

AAGCAGUGGTAUCAACGCAGAGUNNNNUNNNNUNNN-
NUCTT(rG)4

GTATCTGGAGTCATTGA

AAGCAGTGGTATCAACGCA
TGCTTCTGATGGCTCAAACAC

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGNNNNN
CAGTGGTATCAACGCAGAG

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNNN
N+ACACSTTKTTCAGGTCCTC
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IFN-y measurement and comparison
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Figure S1. Interferon-gamma (IFN-y) measurements and comparison of PID vs

Healthy by ELISA. The X-axis represents the different groups, and the Y-axis is the

concentration of the measured IFN-y in stimulated samples. P-values were obtained by the

ANOVA test comparing the mean of each diagnosis with Healthy.
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Figure S2. Gating strategy for selection of live T-lymphocytes. On the right, the singlet
gates on lymphocytes are shown, with the X-axis representing forward scatter area (FSC-A)
and the Y-axis representing forward scatter-height (FSC-H). On the left, live T lymphocytes
are identified and gated by CD3+ and 7-AAD-.
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Figure S3. Flow cytometry results from the Sth-day post antigen stimulations with no
human serum. The panels on the right represent CD4+ T-cells, while those on the left rep-

resent CD8+ T-cells.
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5th Day, With Serum
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Figure S4. Flow cytometry results from the Sth-day post antigen stimulations with hu-
man serum. The panels on the right represent CD4+ T-cells, while those on the left represent

CD8+ T-cells.
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Repertoire overlap
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Figure SS. Repertoire overlap by Jaccard index. The heat map shows the overlap of sam-
ples by the Jaccard index, showing the cluster of samples by the color-coded diagnosis in
the top row. Data was downsampled to the lowest number of clones. Each box shows the

overlap between two samples.
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Figure S6. Clonotype tracking in CVID patients 12, 7, and 11. The X-axis represents the
stimulated (S-Ag) and unstimulated samples (Neg-Ctrl) belonging to each individual. The
Y-axis shows the proportion of each clonotype within the repertoire. Clonotype aa sequences

are color-coded in the legends of the figures. A: Patient 12, B: Patient 7, C: Patient 11
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Distribution of SARS-CoV-2 specific CDR3 Sequences among stimulated samples
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Figure S7. The annotated SARS-CoV-2 specific CDR3 am

Samples. Annotations were done using the public VDJdb database (Goncharov et al., 2022).

The X-axis represents the identified SARS-CoV-2 specific CDR3 aa among the stimulated

samples and the Y-axis represents the number of samples that contained the TCR.
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Figure S8. Comparison of Expanded Clonotypes with Known SARS-CoV-2 Spike As-
sociated Clonotypes. Comparisons were done using the public VDJdb database (Goncharov
et al., 2022). The patient ID, diagnosis, and expanded clonotype are presented on the left.
The visualization of the amino acid motif similarity with clusters of known SARS-CoV-2
Spike-specific CDR3 sequences and the expanded clonotype is displayed on the right. The
amino acid positions highlighted in red represent similarities between identified Spike-spe-

cific sequences and the input clonotype.
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FastQC: Mean Quality Scores

150
Position (bp)

Figure S9. Mean quality scores of sequences from FastQC. The X-axis represents the
length of the sequencing reads in base pairs, and the Y-axis shows the corresponding phred

SCore.
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