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Abstract

Severe Acute Respiratory Syndrome CoronaVirus type 2 (SARS-CoV-2) is a novel beta-
coronavirus that first emerged in 2019 and causes the coronavirus disease 2019 (COVID-
19). While this respiratory disease usually presents with mild symptoms (fever, cough,
headache, etc.), it can also lead to a severe course of disease characterized by respiratory
failure, septic shock, and multiple organ dysfunction. The high infectivity of the virus
resulted in high hospitalization rates and COVID-19-related mortality worldwide, mak-
ing the pandemic a public health burden. At the same time, vaccines and treatments
became available at an unprecedented rate, leading to a decline in severe COVID-19 and
associated deaths. However, the emergence of variants constantly challenges the thera-
peutic benefits achieved. This calls for a better understanding of the immune response to
the virus, which could also lead to the development of alternative treatments. Although
many studies have contributed to our current knowledge of SARS-CoV-2-mediated im-
munity, the focus has often been on B cell immunity, with limited investigation of T cell
responses. It is well established that cells of the adaptive immune system, particularly
CD8+ T cells, play an essential role in protection against severe COVID-19. However,
detailed analyses of the functionality of epitope-specific CD8+ T cells, including in-depth
analysis of their T cell receptor (TCR) repertoires, are lacking.

In this work, we aimed to investigate SARS-CoV-2 CD8+ T cell immunity in conva-
lescent, mild COVID-19 donors by identifying immunogenic epitopes and their corre-
sponding TCRs, and by functionally analyzing these TCRs. To this end, we designed
a 9-mer peptide pool consisting of epitopes predicted to be specific and immunogenic
for SARS-CoV-2. To facilitate the detection of SARS-CoV-2-specific CD8+ T cells, we
further established an in vitro expansion protocol. Overall, we detected CD8+ T cell
responses to SARS-CoV-2 9-mer epitopes in 77 % of mild COVID-19 donors and in 78 %
of asymptomatic seropositive donors. By deconvolution of the peptide pool, we further
identified 19 immunogenic epitopes presented on eight prominent HLA types. Responses
in the control cohorts, asymptomatic seronegative and pre-pandemic, were much lower
and were driven by a single epitope in pre-pandemic donors. In contrast, we observed
multi-epitope responses in confirmed infected individuals, demonstrating the specificity
of these epitopes and their ability to reliably identify SARS-CoV-2 exposed individuals.
To increase the HLA coverage, we developed an ‘extended’ peptide pool for which we
found responses in 75 % of mild COVID-19 donors, resulting in an overall coverage of
91 %. In addition, we showed that SARS-CoV-2-specific antibody levels declined rapidly
after infection, while SARS-CoV-2-specific CD8+ T cells were still detectable two years
after infection, supporting the generation of long-term CD8+ T cell immunity and sug-
gesting some degree of protection.
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Abstract

To identify SARS-CoV-2-specific TCRs, PBMCs from mild COVID-19 donors were
expanded with SARS-CoV-2 epitopes and restimulated prior to single-cell RNA sequenc-
ing to select recently activated cells. We found that SARS-CoV-2-specific TCR reper-
toires were highly polyclonal across epitopes. To assess TCR functionality, we then
re-expressed 40 SARS-CoV-2-specific TCRs using CRISPR/Cas9-mediated orthotopic
TCR replacement in PBMCs from healthy donors or in the Jurkat triple-parameter cell
line for high-throughput characterization. We evaluated TCR functionality in vitro by
measuring structural avidity, epitope sensitivity, cellular avidity, and cytotoxicity, and
demonstrated that SARS-CoV-2-specific TCRs were indeed specific for their respective
epitope, exhibited strong binding, and were highly functional, ultimately causing effi-
cient and specific lysis of target cells. By analyzing signatures of recent activation in
parental cells together with experimentally determined functionality of TCR-engineered
T cells, we found a core of genes that reliably identified truly antigen-specific T cells from
transcriptomic data. We also found genes potentially associated with TCR functionality,
although these appeared to be experimentally dependent.

In summary, we showed that in mild COVID-19 donors, CD8+ T cell responses were
polyclonal, functional, and long-lasting. Furthermore, we have provided the basis for
in-depth functional characterization of CD8+ T cells, which may be useful for further
development of viral T cell therapy.
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Zusammenfassung

SARS-CoV-2 ist ein neues Beta-Coronavirus, das 2019 erstmals aufgetreten ist und
COVID-19 verursacht. Diese Atemwegserkrankung verläuft in der Regel mit milden
Symptomen (Fieber, Husten, Kopfschmerzen etc.), kann aber auch einen schweren Ver-
lauf mit Atemversagen, septischem Schock und Multiorganversagen nehmen. Die hohe
Infektiosität des Virus führte weltweit zu hohen Hospitalisierungsraten und einer hohen
Sterblichkeit, wodurch die Pandemie zu einer Belastung für die öffentliche Gesundheit
wurde. Gleichzeitig wurden Impfstoffe und Behandlungsmöglichkeiten in nie dagewe-
senem Tempo verfügbar, was zu einem Rückgang der schweren COVID-19-Erkrankungen
und der damit verbundenen Todesfälle führte. Die erzielten therapeutischen Vorteile wer-
den jedoch durch das Auftreten von Varianten ständig in Frage gestellt. Dies erfordert
ein besseres Verständnis der Immunreaktionen auf das Virus, was auch zur Entwicklung
alternativer Behandlungsmöglichkeiten führen könnte. Obwohl viele Studien zu einem
besseren Verständnis der SARS-CoV-2-vermittelten Immunität beigetragen haben, lag
der Schwerpunkt häufig auf der B-Zell-Immunität, während T-Zell-Reaktionen nur be-
grenzt untersucht wurden. Es ist allgemein bekannt, dass Zellen des adaptiven Immun-
systems, insbesonders CD8+ T-Zellen, eine wesentliche Rolle beim Schutz vor schweren
COVID-19-Erkrankungen spielen. Jedoch fehlt es an einer detaillierte Analyse der Funk-
tionsweise epitopspezifischer CD8+ T-Zellen, einschließlich einer eingehenden Analyse
ihrer T-Zell-Rezeptoren (TZR).

Ziel dieser Arbeit was es, die CD8+ T-Zell Immunität gegen SARS-CoV-2 bei le-
icht erkrankten konvaleszenten COVID-19 Spendern durch die Identifizierung immuno-
gener Epitope und ihrer korrespondierenden TZRen zu untersuchen und funktionell zu
analysieren. Zu diesem Zweck haben wir einen 9-meren Peptidpool entwickelt, der aus
Epitopen besteht, die als spezifisch und immunogen für SARS-CoV-2 vorhergesagt wur-
den. Um den Nachweis von SARS-CoV-2-spezifischen CD8+ T-Zellen zu erleichtern,
haben wir ein in vitro-Expansionsprotokoll entwickelt. Insgesamt konnten wir CD8+

T-Zell-Antworten auf 9-mere Epitope von SARS-CoV-2 bei 77 % der leicht erkrankten
COVID-19 Spendern und bei 78 % der asymptomatischen seropositiven Spendern nach-
weisen. Durch Dekonvolutierung des Peptidpools identifizierten wir 19 immunogene
Epitope, die auf acht prominenten HLA-Typen präsentiert wurden. Die Reaktionen in
den Kontrollkohorten, den asymptomatischen seronegativen und den präpandemischen
Spendern, waren deutlich schwächer und wurden bei den präpandemischen Spendern
durch ein einziges Epitop ausgelöst. Im Gegensatz dazu beobachteten wir bei bestätigten
Infizierten Reaktionen auf mehrere Epitopen, was die Spezifität dieser Epitope und
ihre Eignung zur zuverlässigen Identifizierung von SARS-CoV-2 exponierten Personen
belegt. Um die HLA-Abdeckung zu erhöhen, entwickelten wir einen ”erweiterten” Pep-
tidpool, auf den 75 % der leicht erkrankten COVID-19 Spendern reagierten, was zu einer
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Gesamtabdeckung von 91 % führte. Darüber hinaus konnten wir zeigen, dass SARS-
CoV-2-spezifische Antikörperspiegel nach Infektion rasch abnahmen, während SARS-
CoV-2-spezifische CD8+ T-Zellen noch zwei Jahre nach der Infektion nachweisbar waren.
Dies spricht für eine langfristige CD8+ T-Zell-Immunität und lässt einen gewissen Schutz
vermuten lässt.

Um SARS-CoV-2-spezifische TZRen zu identifizieren, wurden mononukleäre Zellen
des peripheren Blutes (PBMCs) von leicht erkrankten COVID-19 Spendern mit SARS-
CoV-2 Epitopen expandiert und vor der Einzelzell-RNA-Sequenzierung restimuliert, um
kürzlich aktivierte Zellen zu selektieren. Wir stellten fest, dass SARS-CoV-2-spezifische
TZR-Repertoires über alle Epitope hochgradig polyklonal waren. Um die Funktion-
alität der TZRen zu evaluieren, haben wir 40 SARS-CoV-2-spezifische TZRen durch
CRISPR/Cas9-vermittelter orthotopen TZR-Substitution in PBMCs von gesunden Spen-
dern oder in der Jurkat-Triple-Parameter-Zelllinie für Hochdurchsatz-Charakterisierungen
reexprimiert. Wir evaluierten die Funktionalität der TZRen durch Messung der struk-
turellen Avidität, Epitopsensitivität, zellulären Avidität und Zytotoxizität und zeigten,
dass SARS-CoV-2-spezifische TZRen tatsächlich spezifisch für ihr jeweiliges Epitop waren,
eine starke Bindung aufwiesen und hoch funktionell waren, was letztendlich zu einer ef-
fizienten und spezifischen Lyse der Zielzellen führte. Durch die Analyse von frischen Ak-
tivierungssignaturen in parentalen Zellen zusammen mit experimentell nachgewiesener
Funktionalität in TZR-manipulierten T-Zellen konnten wir Gene identifizieren, die tatsäch-
lich Antigen-spezifische T-Zellen anhand von Transkriptomdaten zuverlässig identifizieren.
Wir haben auch Gene gefunden, die möglicherweise mit der TZR-Funktionalität in
Verbindung stehen, auch wenn diese experimentell abhängig zu sein scheint.

Zusammenfassend konnten wir zeigen, dass CD8+ T-Zell-Antworten bei milder COVID-
19-Erkrankung polyklonal, funktionell und lang anhaltend sind. Darüber hinaus haben
wir die Grundlage für eine detaillierte funktionelle Charakterisierung von CD8+ T-Zellen
geschaffen, die für die Weiterentwicklung der viralen T-Zelltherapie nützlich sein könnte.
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1 Introduction

1.1 Formation of a functional immune response

The immune system is divided into an innate and an adaptive immune response. The
innate immune response is considered the first line of defense because it can quickly
recognize and eliminate pathogens such as bacteria or parasites. It consists of different
cell types with different functions to eliminate invading pathogens (neutrophils, mono-
cytes, macrophages) and to stimulate further immune responses by releasing cytokines
and inflammatory mediators (macrophages, mast cells, natural-killer cells). Some cells
of the innate immune system (e.g. macrophages, neutrophils) are equipped with spe-
cific receptors that initiate inflammatory processes and defense mechanisms when they
recognize common features of pathogens. Although the innate immune response can rec-
ognize many pathogens simultaneously, broad recognition is also associated with lower
specificity. Because an immune response can be either rapid and unspecific or slow and
specific, an important role of the innate immune response is to recruit and activate the
adaptive immune response.

The adaptive immune system can recognize specific antigens and is divided into a
humoral and a cellular response. The humoral immune response is mediated by B cells,
which produce and secrete specific antibodies against certain surface features of the
pathogen. The secreted antibodies can then bind to the pathogen, a process known as
opsonization. Covering the pathogen with antibodies prevents infection of host cells by
steric hindrance and helps cells of the innate immune system to better recognize and
eliminate pathogens. The cellular immune response is mediated by T cells, which can
recognize and kill infected host cells. This is particularly important in infections with
viruses that replicate in host cells or infections with intracellular bacteria that have
learned to hide from the adaptive immune system.

When a pathogen is unknown to the adaptive immune system, the formation of an
antigen-specific immune response usually takes one to two weeks. After that, a lifelong
immune cell memory is formed for that particular pathogen, and recognition as well as
elimination of a secondary infection is much faster. Thus, effective pathogen elimina-
tion requires both, a rapid and broad response to eliminate the majority of pathogens
and limit their spread, and a slow but very specific response to eventually eliminate all
pathogens and infected cells. The cells of the cellular adaptive immune system and the
mechanism of antigen recognition are explained below.
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1.1.1 The specificity of the adaptive immunity

The cellular adaptive immune system consists of two types of T lymphocytes, the CD4+

helper T cells and the CD8+ cytotoxic T cells, both of which develop in the thymus.
Each T cell has its own T cell receptor (TCR) that recognizes a specific peptide pre-
sented on human leucocyte antigen (HLA) molecules by professional antigen presenting
cells (APCs) such as dendritic cells (DCs), B cells, macrophages, and thymic epithe-
lial cells [1]. The TCR is composed of a TCRα chain (TCRA) and a TCRβ chain
(TCRB) [2]. During thymic maturation, variable regions of the TCRA are assembled
by recombination of variable (V) and joining (J) segments, whereas variable regions of
the TCRB are assembled by recombination of V, diversifying (D) and J segments [3,4].
After transcription, the sequence between the recombined V(D)J regions and the con-
stant region is removed by splicing, resulting in complete TCR complexes with variable
and constant regions [5].

The variable regions of each TCR chain contain three hypervariable loops known as
complementary determining regions (CDRs), CDR1, CDR2, CDR3, which interact with
HLA-loaded peptides (peptide human leucocyte antigen (pHLA)). The CDR1 and CDR2
loops are derived from the V gene, have limited diversity, and are responsible for inter-
acting with the HLA molecule. The CDR3 region is encoded within the V(D)J junction
and is highly polymorphic [5,6], as a result of somatic recombination as well as deletions
and/or additions of random bases at the CDR3 recombination junction during thymic
development [5]. The high diversity of these hypervariable CDR3 loops allows specific
recognition of peptides from potentially any target antigen [7, 8]. Current estimates of
the diversity of the TCR repertoire suggest over 100 million unique TCR sequences in
näıve T cells [4]. Before being released into the periphery, näıve T cells undergo positive
and negative thymic selection. During positive selection, only T cells that bind above
a low-affinity threshold to HLA class I or II molecules are selected. In this way, T cells
that do not recognize HLA molecules are eliminated because they cannot mount an im-
mune response. During negative selection, T cells with high affinity for self-peptides are
induced to undergo apoptosis, thereby avoiding autoimmunity [9].

As mentioned earlier, TCRs are restricted to recognize antigenic peptides presented
on specific HLA molecules, a mechanism first discovered in 1974 and known as HLA
restriction [10]. In humans, the HLA system is divided into two types, HLA class
I and HLA class II. HLA genes are the most polymorphic loci in the human genome,
and their polymorphism influences a variety of biological mechanisms, including immune
recognition, susceptibility to infection, autoimmune diseases, individual odors, or mating
preference [11,12]. Different HLA molecules preferentially present different peptides that
have stochastically different degrees of immunogenicity. Thus, high population diversity
increases the likelihood that a population will recognize and overcome infections, thereby
providing a survival advantage.

HLA class I molecules are present on the cell surface of almost all cell types and
present intracellular peptides to cytotoxic CD8+ T lymphocytes. By binding to HLA
class I molecules, CD8+ T cells thus monitor intracellular proteins and, because of
prior thymic negative selection, respond only to foreign peptides derived from pathogens
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such as viruses or bacteria. HLA class II molecules are typically found on professional
APCs, where they present extracellular peptides to CD4+ T cells [1]. To this end, APCs
probe their environment by ingesting extracellular bacteria or viruses by phagocytosis
or receptor-mediated endocytosis and loading them onto HLA class II molecules [1].
While HLA class I molecules preferentially bind short peptides (eight to eleven amino
acids) [13], HLA class II molecules usually bind longer peptides with an average peptide
length of 15 amino acids [14]. The difference in binding length is due to differences in the
peptide binding groove, with the binding groove of HLA class I molecules being closed
at both ends and that of HLA class II molecules having open ends instead [15,16].

When a T cell and a target cell come into contact, an immunological synapse is formed
where TCR - pHLA antigen recognition, adhesion molecules, and costimulatory/check-
point receptor signaling come together for T cell activation [17]. Once a TCR – pHLA
complex is formed, CD8 and CD4 co-receptors bind to HLA class I and class II molecules,
respectively [18,19]. Thus, co-receptor binding stabilizes the extracellular TCR - pHLA
interaction. In addition, co-receptor binding is important for TCR signaling by acti-
vating intracellular signaling cascades, which is then followed by phosphorylation of the
cytoplasmic domains of CD3 and ζ chains [20, 21]. T cell activation is then achieved
through the activation of TCR signal-triggered transcription factors and prominent sig-
nal transduction pathways (PI3K, RAS, MAPK pathway) [21].

1.1.2 The live cycle of CD8+ T cells during an acute virus infection

Viral infections can be divided into acute and chronic infections. While acute infections
usually resolve within a few weeks, chronic infections can last a lifetime. In chronic viral
infections, once the virus has evaded complete clearance, the immune system adapts
to the constant presence of the virus by down-regulating inflammation to reduce tis-
sue damage. Examples of chronic infections include hepatitis B and C viruses, the
cytomegalovirus (CMV), or the Epstein-Barr virus (EBV) [22]. Acute infections, on
the other hand, are characterized by rapid disease onset and usually a quick resolu-
tion through activation of innate and adaptive immunity [23]. Examples of viruses that
cause acute infections include the influenza virus, coronavirus, Ebola virus, or dengue
virus [24].

For the initial activation or priming of näıve CD8+ T cells, viral antigen is presented
to CD8+ T cells by activated cross-presenting APCs. Cross-presentation is the process
by which APCs, like DCs, take up soluble molecules or cells in the tissue. Before the
ingested parts can be presented to näıve CD8+ T cells, DCs must receive activation
signals in a process called APC licensing. When DCs are not directly infected by a
virus, APC licensing functions via viral components that are part of the infected cells or
via host molecules expressed by the cells in response to the virus [25]. The licensed DCs
then migrate from the site of infection to peripheral lymphoid organs such as the lymph
node or spleen. Näıve CD8+ T cells, on the other hand, constantly circulate between the
lymph nodes and the bloodstream until they encounter their specific antigen presented
to them by APCs in the lymph node. Specific antigen encounter is followed by priming of
CD8+ T cells against exogenous antigens. Here, the response of CD8+ T cells is divided
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into three phases: the initial activation and expansion phase, the death phase, and the
immune memory formation phase [26]. Once a näıve CD8+ T cell encounters its antigen,
it becomes activated and differentiates into an antiviral effector phenotype, eventually
becoming an effector CD8+ T cell. In addition to pHLA - TCR recognition, the help of
CD4+ T cells and environmental stimuli are necessary for the activation of CD8+ T cells
and their differentiation into effector and memory cells [27]. To eliminate infected target
cells, effector T cells acquire the ability to produce proinflammatory cytokines such as
Interferon gamma (IFN-γ), tumor necrosis factor alpha (TNF-α) and interleucin-2 (IL-2)
and upregulate the expression of cytolytic granule proteins [28, 29]. In parallel, effector
CD8+ T cells also undergo extensive proliferation. One to three weeks after the initial
infection, when the infection has resolved, a dramatic decrease in the number of effector
T cells is observed, with the majority of effector T cells (90 % - 95 %) dying by apoptosis.
This is followed by T cell memory formation [29].

1.2 Severe acute respiratory syndrome coronavirus type 2

1.2.1 Phylogenetics and structure of SARS-CoV-2

The first cases of pneumonia of unknown etiology were recorded in December 2019 in
the city of Wuhan, China. The local Huanan Seafood Wholesale Market was quickly
identified as the epidemiologic origin of the outbreak. This novel coronavirus, named
2019-new coronavirus (2019-nCoV) by the World Health Organization (WHO), was first
genome sequenced on January 7, 2020, and the genetic sequences were made available
worldwide just five days later [30]. 2019-nCoV belongs to the Coronaviridae family of
viruses. According to phylogeny, taxonomy and established practice, the Coronaviridae
Study Group renamed 2019-nCoV to Severe Acute Respiratory Syndrome CoronaVirus
type 2 (SARS-CoV-2) due to its close relationship with severe acute respiratory coron-
aviruses [31].

SARS-CoV-2 consists of the positive-sense single-stranded ribonucleic acid (RNA)
genome with at least 10 open reading frames (ORFs) and several structural proteins.
The structural proteins are located in the 3’ one-third of the genome and include the
nucleocapsid (N) that encapsulates the RNA genome, the spike (S) protein that is the
viral entry receptor, and membrane (M) and envelope (E) proteins that are responsible
for the incorporation of viral particles during the assembly step. The first ORF, ORF1ab
is about two-thirds of the genome and encodes 16 non-structural proteins, 15 of which
take part in the viral replication and transcription complex and one (nsp1) that targets
the host cell translation machinery [32,33]. Other ORFs encode accessory proteins, some
of which are thought to play a role in inhibiting innate immune responses [33].

SARS-CoV-2 shares an overall homology with Severe Acute Respiratory Syndrome
CoronaVirus (SARS-CoV) of 82 %. However, the spike receptor of both viruses, which
is responsible for virus entry, shares a sequence identity of only 40 % [34]. This led many
to search for other coronaviruses more closely related to SARS-CoV-2. While the direct
origin of SARS-CoV-2 remains controversial, recent estimates suggest that the horseshoe
bat Rhinolophus is the most likely reservoir species for the ancestral SARS-CoV-2 strain.
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Whether there is a direct progenitor to SARS-CoV-2 has not yet been confirmed. More
wildlife samples are needed to determine the exact origin of the SARS-CoV-2 progenitor
strains [35]. Finding the direct or indirect ancestor strain of SARS-CoV-2 is important
for understanding how the virus evolved to infect humans and may lead to measures
that can be taken to prevent the outbreak of future pandemics.

An infection with SARS-CoV-2 can result in the coronavirus disease 2019 (COVID-
19) [31]. Although SARS-CoV-2 clearly has an unprecedented prevalence, it is not
the first member of the Coronaviridae family to cause infections in humans. From
2002 to 2003, an outbreak of Severe Acute Respiratory Syndrome was documented and
attributed to a novel coronavirus now known as SARS-CoV [36]. Striking features of
SARS-CoV were a relatively low global prevalence and a mortality rate of 13 % [37].
Also for SARS-CoV, horseshoe bats were thought to be the natural reservoir, but direct
evidence is lacking [38]. Another example of a Coronaviridae family member causing a
human pandemic is the Middle East Respiratory Syndrome CoronaVirus (MERS-CoV).
MERS-CoV is transmitted to humans through contact with infected dromedary camels
[39]. First detected in Saudi Arabia in 2012, MERS-CoV has an extremely high mortality
rate of 35 % - 40 %, but fortunately little human-to-human transmission [37, 40]. As a
result, the total fatality number to date is quite low, with only 858 known deaths [41].

1.2.2 Epidemiology of SARS-CoV-2

Initial estimates of the ancestral SARS-CoV-2 mortality rate were 5.6 % but because of
asymptomatic and unrecorded infections, they were likely much lower [37]. Although
unreported infections skew the data, the current case fatality rate in 237 countries is
1.27 % [42]. Unlike SARS-CoV and MERS-CoV, both of which were prevalent for only
a year or two and spread more locally, SARS-CoV-2 spread rapidly around the world,
crippling the global economy for months and is still having a massive impact on normal
life, with infections and deaths reported daily. The SARS-CoV-2 outbreak has resulted
in more than 762 million confirmed COVID-19 cases and more than 6.8 million deaths
by April 2023 [43].

There are many reasons why SARS-CoV-2 became a pandemic, some of which are
explained here. The most important factors leading to the rapid and uncontrolled spread
of the virus are its ability to spread from person to person and its transmission via
airborne droplets, since SARS-CoV-2 is a respiratory virus. However, this alone does
not explain why the spread of SARS-CoV-2 has not been contained with similar success
as the SARS-CoV pandemic of 2002/2003. There are two important factors that made
the containment of SARS-CoV possible. First, only a small proportion of those infected
with SARS-CoV were highly infectious to others, and second, only symptomatic patients
were infectious. This made it possible to identify and isolate infected individuals and
prevent further spread [44]. In addition to severe COVID-19 patients, SARS-CoV-2
can also be transmitted by pre-symptomatic, asymptomatic, and mildly symptomatic
individuals [45]. Another factor contributing to infectivity is the strength of receptor
binding. Like SARS-CoV, SARS-CoV-2 uses the protease angiotensin-converting enzyme
2 (ACE2) as an entry receptor, but binds to ACE2 with a 10 to 20-fold higher affinity [46].
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This suggests that the binding strength of ACE2 may have played an important role in
the greater infectivity of SARS-CoV-2. Initially, it was suggested that the incubation
period between infection and infectivity also impacted disease progression of SARS-CoV-
2, but this was quickly ruled out as a driving factor because the incubation period of
SARS-CoV-2 (mean: 6 days, range: 2 – 16 days) [47] was consistent with the incubation
periods reported for SARS-CoV (mean: 5 days, range: 2 – 14 days) [48] and MERS-CoV
(mean: 5 – 7 days, range: 2 – 14 days) [49]. Compared to most human coronaviruses
(CoVs), including common cold coronaviruses (CCCs), which usually cause mild upper
respiratory tract infections [50], SARS-CoV, MERS-CoV and SARS-CoV-2 cause severe
respiratory disease. This is likely due to infection of the lower respiratory tract and
makes infection with these viruses more dangerous [51–53]. SARS-CoV-2 patients with
upper respiratory tract infection had a much better clinical outcome than patients with
lower respiratory tract infection, who also had the highest incidence of pneumonia [53].

The mutation rate of SARS-CoV-2 is estimated to be about 1 - 2 x 10-6 mutations per
nucleotide per replication cycle. The high infectivity of the ancestral SARS-CoV-2 virus
resulted in a high mutation rate and also a high substitution rate, which measures the
rate of mutation accumulation during virus evolution. In addition, recombination events
further increased diversity, creating hybrid variants with different genetic backgrounds.
While several variants of concern (VOC) were reported in the first months after the
emergence of the ancestral SARS-CoV-2 strain, a first turning point in the pandemic
was observed after eight months with the appearance of several divergent SARS-CoV-
2 lineages with increased infectivity (Alpha, Beta, Gamma). In May 2021, the Delta
lineage was identified as VOC, and its increased virulence rapidly led to an increase
in reported deaths. This was followed by the appearance of the first Omicron lineages
(BA.1, BA.2, BA.3) in November 2021, which quickly reached global dominance due
to higher infectivity, fortunately accompanied by lower disease severity. BA.1 initially
achieved global dominance, was replaced by BA.2, which in turn was replaced by BA.5,
the current dominant lineage. In summary, the new lineages predominantly had muta-
tions in the spike protein that enhanced binding to the host receptor, facilitated viral
entry, and ultimately increased transmissibility. The strains prior to Omicron showed
striking changes in pathology, with increased hospitalizations and higher mortality rates
compared to the ancestral strain. Omicron, on the other hand, had higher infectivity
with lower disease severity [54].

1.3 The immune response against SARS-CoV-2

1.3.1 Pathogenesis of SARS-CoV-2

After infection with SARS-CoV-2, the pathogenesis of COVID-19 can be divided into
three stages. The first stage, the asymptomatic stage, begins with the uptake of SARS-
CoV-2 through the nasal cavity and entry into ciliated epithelial cells [55]. Following S
protein-mediated entry via the cellular entry receptor ACE2, the viral membrane fuses
with the cellular or endosomal membrane and the positive-sense single-stranded RNA
genome is released. Inside the cell, viral RNA is replicated and encapsulating proteins
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are produced for the assembly of virions, which are then secreted from infected cells by
exocytosis [33]. This first stage is characterized by local virus replication but limited in-
nate immune responses. In the second stage, the upper and conducting airway response,
the virus spreads further into the respiratory tract along the conducting airways [55].
Here, a stronger innate immune response is induced by infected cells through the release
of pro-inflammatory cytokines and chemokines that attract innate and adaptive immune
cells to the site of infection [56].

In 80 % of patients infected with SARS-CoV-2, the course of disease is mild and lim-
ited to the upper and conducting airways [57]. In 20 % of patients, the virus continues
to spread to the lower respiratory tract, described as stage 3, hypoxia and progressive
acute pneumonia [55]. Alveolar type II cells are infected, resulting in the release of
large numbers of pro-inflammatory cytokines and chemokines and ultimately the release
of viral particles and death of alveolar type II cells by apoptosis [58]. Excessive im-
mune cell infiltration further exacerbates inflammation and leads to a systemic cytokine
storm. In particular, the imbalance between an excessive innate and a delayed adaptive
immune response negatively affects disease progression [59]. Uncontrolled inflammation
can eventually lead to multi-organ failure [60]. Together with the continued spread of
the virus, persistent inflammation can lead to diffuse alveolar damage and eventually to
pulmonary edema and pneumonia [56,61]. Interestingly, the viral load does not initially
correlate with early pathology, but is the cause of severe COVID-19 [62], characterized
by persistent high viral load and extensive inflammation [63].

1.3.2 Dysregulation of immune responses in COVID-19 patients

Innate immune responses are critical for building the first line of defense against infection
with viruses such as SARS-CoV-2. They limit viral entry, slow translation, replication
and assembly within cells, and help to identify and eliminate infected cells. They also
coordinate and accelerate the development of adaptive immunity. Innate immune cells
(such as macrophages and DCs) sense the presence of a virus with their pattern recogni-
tion receptors (PRRs) by recognizing surface features or structural motifs of pathogens
(pathogen-associated molecular patterns, PAMPs). This is followed by the activation of
inflammatory pathways that promote viral clearance [64]. Hallmarks of severe COVID-19
infections include decreased innate antiviral defenses and excessive production of inflam-
matory cytokines (Figure 1). Specifically, COVID-19 patients have been found to have a
unique and inappropriate inflammatory immune response characterized by low levels of
type I and type III interferons and elevated levels of cytokines and IL-6 [65]. The inter-
feron (IFN) pathway is a key component of the host innate immune antiviral response.
Interestingly, only low levels of IFN proteins were detected in COVID-19 patients de-
spite elevated IFN mRNAs, suggesting post-transcriptional inhibition of IFN protein
production by SARS-CoV-2 [66]. Coronaviruses such as SARS-CoV-2 have developed
evasion strategies to limit host cell control and enhance replication and transmission [67].
SARS-CoV-2 proteins inhibit the host cell through degradation of host mRNA and direct
and indirect inhibition of antiviral mRNA biogenesis such as IFNB1 [66]. ORF3b was
identified as a potent interferon agonist that efficiently suppresses the induction of type
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I interferon [68]. In addition, ORF6, ORF8 and the N protein were found to inhibit type
I interferon (IFN-beta) and NF-κB-responsive promoters [69]. Delayed and suboptimal
activation of the type I interferon pathway is thought to contribute to a delayed and
elevated adaptive immune response [70].

Innate immune responses Adaptive immune responses

Monocyte/Macrophage

Dendritic cell

Neutrophil

T cell

CD4+ T cell

CD8+ T cell

Th1 cell

Th17 cell

B cell Plasma cellType I 
interferon

● decreased innate antiviral defenses --> delayed and elevated adaptive immune response

GM-CSF

GM-CSF IL-6

TIM-3
PD-1

GM-CSF IL-6

IFN-g

ICU 
patient

IL-17

● excessive production of inflammatory cytokines and chemokines
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Figure 1: Dysregulation of immune responses by SARS-CoV-2. Dysregulation of
chemokine and cytokines in the innate immune system (Neutrophils, Monocytes/-
macrophages, and Dendritic cells) and the adaptive immune system (T cells, CD4+

Th1 and Th17 and CD8+ T cells, B cells) after infection with SARS-CoV-2. Adapted
from [32].

Early in the pandemic, the S protein, and in particular its receptor binding domain
(RBD), was found to be immunogenic and the target of most neutralizing antibod-
ies [71, 72]. Following the kinetics of an antibody response after acute viral infection,
SARS-CoV-2 neutralizing antibody titers peaked within the first few weeks after in-
fection but declined quickly over time [73–75]. Delayed neutralizing antibody kinetics
correlate with COVID-19 mortality [76]. As mentioned above, suppression of the IFN
pathway by SARS-CoV-2 delays the T cell response. A moderate delay results in an
asymptomatic or mild disease course. A longer delay is associated with severe COVID-19
and also with a pathological contribution of T cells to the disease. In severe COVID-19
patients, the total number of T cells was significantly reduced and correlated with el-
evated levels of IL-6, IL-10 and TNF-α. Both CD4+ and CD8+ T cells were found to
contribute to the pathogenesis of COVID-19 (Figure 1). CD4+ and CD8+ T cells were
functionally exhausted, as indicated by high expression of the exhaustion markers Tim-3
and PD-1 [77].
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When the CD8+ T cell response is delayed, disease severity and systemic inflamma-
tion are more pronounced [76]. CD8+ T cells from severe COVID-19 patients showed
higher levels of GM-CSF, suggesting their involvement in the pathogenesis of COVID-19
infection and initiation of tissue damage [78]. CD4+ T helper (Th1) cells produce pro-
inflammatory cytokines and mediate immune responses against intracellular pathogens
by promoting the activation of macrophages, B cells, NK cells, and CD8+ T cells. After
SARS-CoV-2 infection, pathogenic Th1 cells were found to produce high levels of GM-
CSF and IL-6. In patients on intensive care units (ICU), this was further complemented
by the expression of IFN-γ, suggesting that aberrant pathogenic Th1 cells play a critical
role in hyperinflammatory responses in SARS-CoV-2 pathogenesis [78]. Probably in-
duced by the cytokine milieu, CD14+ CD16+ inflammatory monocytes were also found
in COVID-19 patients characterized by high expression of GM-CSF and IL-6. Finally,
Zhou et al. suggested that GM-CSF links the ability of pathogenic Th1 cells to initiate
severe lung syndrome with the inflammatory signature of monocytes. By entering the
pulmonary circulation, these cells play an immune-damaging role leading to disruption
of lung function and mortality [78]. CD4+ Th17 T cells have also been shown to con-
tribute to the pathogenesis of COVID-19 by activating cytokine cascades, inducing Th2
responses, inhibiting Th1 differentiation and suppressing regulatory CD4+ T cells (Treg)
cells [79]. In summary, there is evidence that delayed activation of adaptive immune cells
by the innate immune response together with dysregulated adaptive immune responses
are significant components of severe COVID-19.

1.3.3 SARS-CoV-2 immunity shapes viral evolution

The SARS-CoV-2 virus can evade immune recognition through mutation and recom-
bination events. Neutralizing antibodies mostly target the RBD and exert selective
pressure on the S protein. Consequently, this affects the appearance of new variants
that can escape neutralization [80]. An example of selective pressure is the Omicron
variant (B.1.1.529), which has a greater number of mutations than previous variants.
Of the 37 mutations in the S protein, 15 are in the RBD [81]. Indeed Omicron escape
from neutralization was demonstrated in 85 % of 247 neutralizing antibodies tested [82].
Since immunodominant epitopes of SARS-CoV-2 were also found in ORFs other than
the S protein (e.g. ORF1, ORF3, N) with multiple epitope reactivities per donor, im-
mune escape of T cells is unlikely [83–86]. In fact, protection from infection with the
ancestral strain and the Alpha, Beta, and Delta variants was high at 78.6 % at 40 weeks
post infection. Protection from severe disease with these variants also remained high at
40 weeks at 90.2 %. For Omicron, protection from infection was significantly lower with
initial efficacy of 45.3 % against reinfection and 36 % at 40 weeks. Encouragingly, a prior
SARS-CoV-2 infection still provided protection against severe disease after infection with
Omicron at 40 weeks (> 88.9 %) [87].
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1.3.4 T cell cross-reactivity other coronaviruses

To understand whether there is cross-reactivity between SARS-CoV-2 and other coro-
naviruses, important insights can be gained by studying cross-reactivity between other
coronaviruses. In a mouse model, prior infection with MERS-CoV was shown to confer
protection against infection with SARS-CoV. More precisely, airway memory CD4+ T
cells specific for a conserved epitope shared by SARS-CoV and MERS-CoV were shown
to protect against both CoVs in mice [88]. These data suggest a possible protective role
of prior infection with other coronaviruses for infection with SARS-CoV-2 via shared
epitopes, but this may not be the only mechanism of action. The amount of SARS-
CoV-2 cross-reactive T cells found in unexposed individuals varies between studies from
35 % – 81 % [86, 89, 90]. Braun et al. further demonstrated that these cross-reactive T
cells reacted against the human endemic common cold coronaviruses HCoV229E and
HCoVOC43 [90]. In another study, the correlation between the cross-reactivity of CCCs
and the course of COVID-19 was investigated [91]. Here, Saletti et al. found that al-
though hCoV memory T cells can be detected in young adults, they are completely
absent in old adults. Since patients older than 60 years account for more than 95 % of
COVID-19 morbidity and mortality cases, they reasoned that the absence of these cross-
reactive T cells might influence a more severe disease course. Saletti et al. concluded
that a higher proportion of cross-reactive hCoV T cells prior to SARS-CoV-2 infection
might provide protection against severe COVID-19 and death [91]. Specifically, cross-
reactive memory T cells from seasonal CCCs against the SARS-CoV-2 N protein have
been suggested to provide protection against infection [92].

In addition to CCCs, SARS-CoV may also provide protection against SARS-CoV-2.
Since SARS-CoV shares a high sequence homology (82 %) with SARS-CoV-2 [34], pro-
tection via similar epitopes may be even more likely. While SARS-CoV IgG antibodies
were undetectable in most patients six years after infection, long-lasting memory T cells
were still detectable [93]. The longest tracking of memory T cells against SARS-CoV
was 17 years. These T cells were specifically reactive to the N protein of SARS-CoV and
were cross-reactive with the N protein of SARS-CoV-2 [94]. The exact effect of prior
SARS-CoV infection on SARS-CoV-2 infection is still unclear.

In summary, although the extent or mechanism of protection by cross-reactive T cells
is not well understood, current knowledge suggests that cross-reactive T cells derived
from human CoVs provide some protection against SARS-CoV-2 infection or the devel-
opment of severe COVID-19.

1.4 Vaccination against SARS-CoV-2
After the genome sequence of SARS-CoV-2 was made available to the public, companies
began developing vaccines within weeks. Immediate large-scale vaccine production and
parallel clinical trials enabled unprecedented rapid development and delivery of the first
U.S. Food and Drug Administration (FDA)-approved vaccine against SARS-CoV-2 by
the end of that year [95]. Since then, many other SARS-CoV-2 vaccines with different
modes of action (messenger RNA (mRNA) vaccines, adenovirus vector vaccines, recom-
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binant antigen vaccines, and inactivated virus vaccines) have been approved, some of
which are presented below.

1.4.1 mRNA vaccines
With the development of synthetic lipid nanoparticles, mRNA vaccines had a major
breakthrough as fragile mRNAs could be encapsulated and efficiently transported to
their target cell. Once lipid nanoparticles reach their target cells, they are taken up
and synthetic proteins encoded by the mRNA code are produced in the cytoplasm.
mRNA vaccines are transient and do not interact with genomic deoxyribonucleic acid
(DNA), giving them a high safety profile. In addition, mRNA vaccines are biodegradable,
can be easily produced in large quantities, and induce a balanced immune response of
humoral and cellular immunity. All these factors make mRNA vaccines attractive for the
treatment of severe COVID-19 [96,97]. The mRNA vaccines BNT162b2 and mRNA1273
marketed by BioNTech/Pfizer and Moderna were the first approved vaccines against
SARS-CoV-2 [95, 98]. Both are lipid nanoparticle formulated nucleoside-modified RNA
vaccines encoding the SARS-CoV-2 S protein. Safety and efficacy studies of BNT162b2
and mRNA1273 reported 94 % and 95 % protection against COVID-19 of the ancestral
strain and the Omicron variant, respectively [99–101].

1.4.2 Adenovirus vector vaccines
Adenoviruses are non-enveloped DNA viruses with a 30 - 40 kb linear double-stranded
genome [102]. Unlike lentiviruses, transduction with adenoviral vectors poses no risk of
insertional mutagenesis because adenoviruses remain extrachromosomal [103], making
them suitable for gene delivery. Replication incompetent adenoviral vectors are widely
used for gene therapy [104]. Adenoviruses induce both, innate and adaptive immunity
and were therefore considered a promising therapy for vaccination against SARS-CoV-
2 [105]. Two adenoviral vector vaccines containing double-stranded DNA of the S protein
(CHAdOx1, AstraZeneca/Oxford; Ad26COVS1, Janssen) have been approved in the EU
for vaccination against SARS-CoV-2 [106, 107] with a vaccine efficacy of 67 % for both
vaccines [108, 109]. Recently, only combinatorial vaccinations with adenovirus vector
vaccines have been studied, making interpretation of the efficacy of adenovirus vector
vaccines against Omicron difficult [110].

1.4.3 Inactivated virus vaccines
Inactivated viruses are live viruses that have been ‘killed’ by exposure to chemical or
physical agents and are unable to infect target cells or cause disease while retaining im-
munogenicity. Currently, inactivated viruses are approved for six pathogens: influenza,
rabies, poliovirus, hepatitis A, japanese encephalitis virus, and tick-borne encephalitis
virus [111]. Inactivated virus vaccines contain the entire SARS-CoV-2 protein, allowing
the immune system to also mount responses against proteins other than the S protein.
This could be advantageous given the continued emergence of new variants that are
highly mutated in the S protein. VLM2001 is an inactivated SARS-CoV-2 virus vaccine
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and the only one approved in the EU against SARS-CoV-2 [112]. VLM2001 achieved
higher neutralizing antibody titers against SARS-CoV-2 than ChAdOx1-S, but efficacy
studies are lacking [113].

1.4.4 Recombinant antigen vaccine

The use of highly purified recombinant antigens allows for targeted immune responses
against specific proteins. The Novavax COVID-19 vaccine (NVX-CoV2373) is a recombi-
nant nanoparticle vaccine containing full-length S glycoprotein as an S-trimer attached
to polysorbate 80 (PS80) and adjuvated with saponin-based Matrix-M [114]. NVX-
CoV2373 has a vaccine efficacy of 89.7 % in preventing disease and resistance to neutral-
ization of Omicron variants BA.1 and BA.4/BA.5 of 72 % and 59 %, respectively [115].

Early reports of vaccines based on mRNA and adenoviruses suggested that neutraliz-
ing antibodies from vaccines might protect against infection [116–118]. However, hopes
for long-term protection against infection by vaccination were quickly dashed by the
emergence of the B.1.1.529/Omicron strain. While vaccination remained largely effec-
tive against severe disease and death, Omicron showed an escape from vaccine-induced
immunity [119–121]. By comparison, the protective immunity to the four seasonal cold
CoVs (HCoV-NL63, HCoV-229E, HCoV-OC43, and HCoV-HKU1) is also short-lived.
Antibody levels to human CoVs are not maintained and reinfection with the same sea-
sonal coronavirus is likely within twelve months. Considering that these CoVs belong
to two different taxonomic genera and use different entry receptors, it is reasonable to
assume that reinfection is a common feature of CoVs and is also common for SARS-
CoV-2 [122].

1.5 Treatments against severe COVID-19

In the last three years, several therapeutic options for the treatment of severe COVID-19
have emerged. Some of these treatments are already used for other viral diseases (mon-
oclonal antibodies, antiviral chemotherapy), while others are still experimental (conva-
lescent plasma therapy, TCR T cell therapy) (Figure 2). Their mechanisms of action
and clinical utility are discussed below.

1.5.1 Convalescent plasma and antibody therapy

Convalescent plasma refers to the practice of isolating plasma from patients who have
been infected with a virus and have since recovered and developed an antibody response
against the virus. Early in the pandemic, when no other therapeutic options were avail-
able, convalescent plasma therapy was approved by the FDA in August 2020 for the
treatment of severe COVID-19 [123]. In the following months, several studies examined
the efficacy of convalescent plasma therapy and found that it had little to no effect on
clinical improvement, did not reduce the need for invasive mechanical ventilation, and
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did not reduce mortality [124, 125]. Therefore, in December 2021, the WHO recom-
mended against the use of convalescent plasma for the treatment of COVID-19 [126].

For the treatment of other viral infections, such as infections with Respiratory Syn-
cytial Virus (RSV) or Ebola virus, monoclonal antibodes (mAbs) have been success-
fully used [127, 128]. Thus, the pipelines for the development of mAbs were already
in place and could easily be repurposed for the treatment of severe COVID-19 (Fig-
ure 2). Specifically, peripheral blood mononuclear cells (PBMCs) were obtained from
convalescent donors, and SARS-CoV-2-specific memory B cells were isolated by single-
cell sorting with biotinylated RBD and SARS-CoV-2 S antigens. Paired heavy (VH)
and light variable (VL) chains were then identified by RT-PCR, and mAbs were gener-
ated. The binding specificity to the RBD and S protein, and the neutralizing power of
the SARS-CoV-2 spread were tested using a suitable ACE2 expressing cell line. This
guided the selection of the mAbs to be used for therapy [129]. There are now 19 mAbs
approved for the treatment of severe COVID-19, subdivided into antibodies targeting
the RBD (class 1 - 4) or the N-terminal domain depending on their S protein binding
position [130]. Overall, the mAbs had a good safety profile and treatment resulted in
a significant reduction in the risk of hospitalization, development of severe COVID-19
symptoms, or death [131]. While mAbs remained relatively effective against the Alpha
variant, with the emergence of the Beta and Gamma variants, seven mAbs have already
lost efficacy. Strikingly, with the emergence of the Omicron variant, the efficacy of mAbs
was drastically reduced, with 17 of 19 antibodies showing abolished or impaired activ-
ity [132]. The mutational antigen escape with Omicron is only expected to increase with
future variants and will require the discovery of mAbs that do not target the RBD, or
even other alternative therapeutic options.

1.5.2 Antiviral chemotherapy

Antiviral drugs are already in clinical and experimental use for a variety of different
viruses, including Human Immunodeficiency Virus (HIV), CMV, and hepatitis B. Ther-
apeutic agents can block the replication of the virus by inhibiting the viral reverse tran-
scriptase, act on the viral protease, or may be interferon treatments [133]. The following
three small molecule inhibitors, two of which are approved for the treatment of severe
COVID-19, are discussed: remdesivir, nirmatrelvir, and molnupiravir [134–136] (Figure
2).

Remdesivir is a nucleotide analog prodrug that inhibits the viral RNA polymerase
[137]. A three-day course of treatment improved clinical outcomes in patients with se-
vere COVID-19 and resulted in an 87 % lower risk of hospitalization or death [138]. A
retrospective study confirmed that remdesivir treatment was associated with significantly
lower mortality for Delta and Omicron variants [139]. Nirmatrelvir is a main protease
inhibitor that was not approved until early 2022, at which time the Omicron variant
was dominant [135]. Treatment with nirmatrelvir resulted in a significant reduction in
hospitalization rates and deaths following Omicron variant infection [140]. Molnupiravir
is a small molecule antiviral prodrug that has not yet been approved by the EMA [136].
While the authors of the phase 3 study found that early treatment with molnupiravir
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resulted in lower risk of hospitalization or death [141], a more recent study claimed that
molnupiravir resulted in faster recovery but no benefit in COVID-19-associated hospi-
talization or death following infection with Omicron [142]. A study testing the in vitro
antiviral activity of remdesivir, molnupiravir, and nirmatrelvir against Omicron showed
that antiviral activity remained stable for all three drugs [143]. These results were ex-
pected since small molecule drugs are not affected by S protein mutations due to their
mode of action.

1.5.3 Adoptive T cell therapy

Adoptive transfer of virus-specific T cells has been shown to be effective in preventing
and treating serious infections in immunocompromised hosts after hematopoietic stem
cell transplantation (HSCT). In fact, 11 % of deaths after HSCT are due to reactivation
of latent viruses such as CMV, EBV or adenovirus. For this purpose, virus-specific T
cells are isolated from a HLA-matched seropositive donor, expanded in vitro, and infused
into the patient. Alternatively, virus-specific T cells can be isolated ex vivo via peptide
HLA multimers and infused directly into the patient [144]. Similar clinical benefits were
also observed after adoptive transfer of tumor-specific T cells. For this, patient-derived
tumor-infiltrating lymphocytes (TILs) are isolated, expanded ex vivo and reinfused into
the patient. While adoptively transferred tumor-specific T cell products have shown
expansion in vivo and functionality in in vitro assays, clinical outcomes for patients have
been limited [145].

The use of antigen-specific T cells may also be considered a potential treatment option
for patients with active COVID-19 or at risk of developing COVID-19. Bonifacius et
al. have shown that it is possible to generate clinical-grade SARS-CoV-2-specific T cell
products from convalescent donors. After magnetic activated cell sorting (MACS) en-
richment of IFN-γ-secreting cells following SARS-CoV-2 peptide pool stimulation, they
demonstrated that isolated SARS-CoV-2-specific T cells were proliferative, functional,
and able to specifically recognize and kill target cells [146]. Thus, for the treatment of se-
vere COVID-19, allogeneic adoptive transfer of partially matched, SARS-CoV-2-specific
T cells from convalescent donors may be a viable option.

A major risk of allogeneic T cell therapy is immunocytotoxicity due to only a partial
HLA match. This can result in an ineffective and short-lived T cell product if the infused
T cells are eliminated by the host immune system, or in graft-versus-host symptoms if
the infused T cells cause non-specific cytotoxicity. A promising alternative is the en-
gineering of autologous T cells with antigen-specific TCRs. To identify TCRs for viral
TCR-T cell therapy, virus-specific T cells can be isolated from the memory repertoire
of convalescent patients. In 2022, a viral TCR-T cell therapy was developed for the
treatment of CMV reactivation after HSCT. Specifically, several CMV epitopes were
used to identify CMV-specific TCRs from CMV+ healthy donors. After the infusion
of TCR-engineered T cells, the persistence of CMV-specific T cells was demonstrated
for several months and a complete response as measured by plasma CMV DNA, was
observed in most or all patients [147]. Although the number of patients in this study
was small, the effects were remarkable.
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1.5 Treatments against severe COVID-19

With the continuous emergence of new variants, T cell therapy may be a promising
approach for the treatment of severe COVID-19, since evading a diverse T cell response
is more difficult compared to antibody immunity (Figure 2). Since T cells from SARS-
CoV-2 convalescent patients often recognize immunodominant epitopes located in regions
other than the S protein [84, 89, 94], other ORFs should also be considered for epitope
selection of SARS-CoV-2-specific TCRs. After epitope selection, epitope-specific TCRs
from convalescent donors need to be identified and in vitro functionally characterized to
select the best TCR candidates for T cell therapy. Given the same HLA background,
we envision that identified TCRs could also be used to generate an off-the-shelf library
of TCRs to target multiple antigens and/or epitopes of the same antigen simultaneously
to avoid escape.
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Figure 2: COVID-19 treatment options. Schematic depiction of different treatment op-
tions for a severe COVID-19 patient. Plasma and PBMCs can be isolated from a
SARS-CoV-2 convalescent donor for either ‘convalescent plasma therapy’, ‘antibody
therapy’, or ‘T cell therapy’. For antibody or T cell therapy, SARS-CoV-2-specific
B cells and T cells are first isolated and sequenced. After sequence assembly and
re-expression, the best performing antibody or TCR needs to be identified. Another
treatment option is ‘antiviral chemotherapy’ with antiviral drugs.
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1.6 TCR engineering

TCR T cell therapy describes the integration of transgenic TCRs into the patient’s T
cells. For clinical applications, lentiviral and retroviral vectors are still the transduction
method of choice due to their high efficiency and stable gene transfer. Other advantages
include the large size of the genetic constructs and the integration of the target gene
into the genome, which ensures stable expression. However, the use of viruses for gene
transfer has several limitations. In has proven challenging to generate large quantities
of viral vectors for manufacturing. In addition, safety testing to ensure the absence of
residual virus is extensive and costly [148]. Finally, the presence of the endogenous TCR
can lead to TCR chain mispairing between the endogenous and transgenic TCR chains
with unpredictable toxicities [149].

Genome engineering of cells with non-viral approaches was taken to a new level by
Jennifer Doudna and Emmanuelle Charpentier, who received the 2020 Nobel Prize in
Chemistry “for the development of a method for genome editing” [150]. With Clustered
Regularly Interspaced Short Palindromic Repeats (CRISPR)/CRISPR-associated pro-
tein (Cas)9, many therapeutic options opened up, including for T cell therapy [151].
In 2015, efficient genome editing of primary human CD4+ T cells by knock out (KO)
of CXCR4, a coreceptor for HIV entry, using the CRISPR/Cas9 system was demon-
strated [152]. Following these developments, the Busch laboratory developed a protocol
to perform CRISPR/Cas9-mediated orthotopic T cell receptor replacement (OTR) in
primary T cells for simultaneous editing of TCRA and TCRB. By homology directed
repair (HDR), the endogenous TCRA is replaced with the transgenic TCR, containing
both the α and β chain. The concomitant KO of TCRB ensures complete abrogation
of the endogenous TCR and, consequently, that no mispairing occurs between the en-
dogenous TCRB and the transgenic TCR chains. Thus, the transgenic TCR underlies
endogenous TCR regulation with near-physiological T cell function [149].

For efficient knock-in of the transgenic TCR, the HDR template has the following
domain order (Figure 3): outside the TCR structure, the flanking regions at both ends
of the HDR template need to overlap with the targeted genomic region to form the
left homology arm (LHA) and the right homology arm (RHA). The LHA is followed
by the self-cleaving peptide P2A, and a component that constitutes the variable part
of the endogenous TCRB (variable – V, diversifying – D, joining - J). The variable
part of the transgenic TCRA (VJ) is separated from the TCRB by the self-cleaving
T2A element, followed by a stop codon and a poly-A tail (bGHpA). To improve TCR
surface expression, the human constant domains of both TCR chains were replaced by
murine constant regions containing additional cysteine bridges [153]. For CRISPR/Cas9
OTR, Cas9 proteins are loaded with a sgRNA targeting the genomic locus, resulting
in Cas9-RNA complexes or ribonucleoproteins (RNPs). After in silico assembly and
synthesis, the assembled Cas9 RNPs are electroporated together with a HDR template
into target cells [149, 154, 155] (see 3.2.5). Compared to conventional TCR engineering
by viral integration, CRISPR/Cas9-mediated OTR results in lower variability due to
controlled gene insertion. By preventing TCR chain mispairing between the endogenous
and transgenic TCR, recognition of the correct target is ensured while off-target effects
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are reduced [149]. In addition, integration of the transgenic TCR by targeted TCR
editing leads to homogeneous expression and thus better prediction of T cell function in
vivo [156]. Although the efficiency of OTR still needs to be improved, the above factors
support the use of OTR for the generation of TCR-engineered T cells for T cell therapy.

LHA P2A VDJβ mTRBC T2A VJα mTRAC stop bGHpA RHA
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Figure 3: CRISPR-Cas9 OTR. Schematic depiction of CRISPR/Cas9 mediated OTR with
knock in (KI) of the transgenic TCR containing TCRA and TCRB chains into the
endogenous TCRA locus via HDR and hTRAC RNPs as well as KO of the endogenous
TCRB locus with hTRBC RNPs.

In 2020, a first-in-human Phase I clinical trial demonstrated the safety and feasibility
of CRISPR-engineered T cells for the treatment of patients with refractory cancer. The
engineered T cells persisted for up to nine months with minimal toxicity, setting the stage
for CRISPR gene editing for cancer immunotherapy [157]. Through the clinical appli-
cation of CRISPR-Cas9-mediated OTR for the treatment of solid tumors, the feasibility
and clinical-grade manufacturing were shown for orthotopic TCR replacement [158].
However, it is important to note that CRISPR-Cas9 KO can result in chromosome loss.
Detailed analysis of CRISPR KO revealed a loss in 9 % and 10 % of chromosome 14 and
chromosome 7, where TCRA and TCRB are located, respectively. Gain of chromosomes
was also detected, but at lower levels. While there is certainly negative selection against
truncated and aneuploid cells, chromosome loss was still detected at low levels after
eleven days of culture. CRISPR/Cas9 KO could therefore lead to an increased risk of
tumorigenesis [159]. Therefore, other gene editing options should also be considered for
the further development of gene KO T cell therapy. How chromosomal alterations are
affected after HDR is not known.

1.7 Functional TCR characterization
To select the best TCR for therapy, it is critical to relate the functionality measured
in vitro to the actual in vivo performance of a TCR-engineered T cell product. For
the study of human TCRs, this means extrapolation of in vitro TCR functionality, as
informative mouse models are still limited. The functionality of a TCR can be deter-
mined at several levels, ranging from monomeric binding to a pHLA complex (affinity)
to binding of multiple TCR – pHLA molecules in the presence of co-receptors (avidity)
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to the measurement of T cell peptide sensitivity (TCR functional avidity). The killing
of target cells in vitro is further evidence of TCR functionality (Figure 4).

1.7.1 TCR affinity and structural avidity

TCR affinity is defined as the binding strength of a TCR to a single pHLA molecule and
it determines T cell antigen sensitivity. TCR affinity can be measured by the equilibrium
dissociation constant (KD), which is determined by the TCR – pHLA association (kon)
and dissociation rate (koff) [160]. The most established method for measuring TCR affin-
ity is surface plasmon resonance (SPR). In this method, one of the two proteins (TCR
or pHLA) is immobilized on a biosensor surface. Binding of the soluble component (kon)
can be detected by changes in light intensity reflection. Dissociation of the components
from their target (koff) can then be followed by a gradual decrease in intensity. Since the
intensity shift is proportional to the mass of bound material, SPR measurements can
be related to single molecule interactions [161] (Figure 4, left). Measurement of TCR
affinity by SPR requires that pHLA and TCR molecules are provided as highly purified
proteins. Since the expression of correctly folded TCRs is technically challenging, SPR
is not suitable for high-throughput testing of many TCRs.

The Busch laboratory has developed an alternative assay to measure koff rates of
monomeric TCR:pHLA interactions in the presence of the CD8 co-receptor (defined as
structural avidity) based on reversible multimer staining with StrepTamers [162]. This
koff rate assay allows the accurate measurement of monomeric pHLA dissociations from
cell surface expressed TCRs. To measure koff rates, StrepTamers are first generated by
multimerizing fluorochrome-conjugated (e.g. Atto488) pHLA molecules to fluorochrome-
conjugated (e.g. APC) StrepTactin backbones. This is achieved by a Strep-tag on the
pHLA molecule that binds to StrepTactin. T cells can then be stained with the resulting
StrepTamers. The StrepTamer complex is subsequently disrupted by the addition of D-
biotin, which binds to StrepTactin with higher affinity than the Strep-tag. Dissociation of
StrepTactin from the pHLA molecules can be measured by a decrease in the fluorophore
signal. This results in monomeric pHLA molecules that remain bound to the TCR.
Dissociation of pHLA molecules (koff rate) can subsequently be measured by a decrease
in the pHLA fluorophore signal (Figure 4, center). K off rates showed a strong correlation
with the protective capacity of adoptively transferred T cells in vivo and may thus be a
good predictor of actual TCR functionality [163].

1.7.2 TCR functional avidity

The functional avidity of a TCR describes the measurement of T cell peptide sensitivity,
i.e. the degree of T cell activation at different peptide concentrations, as well as the
measurement of cytotoxicity. By determining the half maximal effective concentration
(EC50), the functional avidity of different TCRs can be compared. The gold standard
approach for peptide pulsing is to use autologous APCs from the same donor/patient.
This approach is also used when the patient’s HLA type is unknown. An established
alternative to autologous APCs for antigen presentation is the use of tumor cell lines

18



1.7 Functional TCR characterization

with the correct HLA class I restriction, assuming the HLA type is known (Figure 4,
right). If the correct HLA type is not present on the tumor cell line of interest, APCs can
also be modified to express the matching HLA molecule. Antigen delivery can then be
accomplished by either peptide pulsing or full-length mRNA transfection. It is important
to note that EC50 values depend on the choice of APC and the mechanism of antigen
loading [164].

A common method for detecting target cell killing of adherent cells is by measuring the
change in cellular impedance as the cells are killed and detach from the surface of the well.
Cellular impedance is measured using special 96-well plates with gold microelectrodes
at the bottom of the wells. The gold microelectrodes act as conductors and can conduct
the electrical current. By applying a small electrical current, the electrical flow from
one microelectrode to the next is measured. Adherent cells act as insulators and alter
the current flow. Consequently, if the addition of effector CD8+ T cells results in killing
of adherent cells, the detachment of dying cells can be measured by an increase in
current. Furthermore, when cells undergo apoptosis, cellular proteins are degraded and
nuclear DNA is fragmented. Therefore, another way to measure target cell death is by
engineering target cells for the expression of a fluorescent protein. A decrease in the
fluorescent signal can then be correlated with target cell killing.

TCR 
functional 
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TCR pHLA CD8

flow chamber

prism

SPR

light 
source

T cell

cancer cell

TCR structural 
avidity

StrepTactin
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+

StrepTag D-biotin

StrepTactin

Figure 4: Functional TCR characterization. Schematic depiction of TCR affinity and TCR
structural and functional avidity. SPR = surface plasmon resonance, TCR = T cell
receptor, pHLA = peptide-human leucocyte antigen.
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2 Aim of this thesis
Most patients infected with SARS-CoV-2 have a mild course of COVID-19. Similar to
other acute viral infections, it has been found that after about two weeks the adoptive
immune system has developed a functional immune response to eliminate all SARS-CoV-
2-infected cells. In fact, humoral and cellular immune responses against SARS-CoV-2
are readily detectable after infection with the virus. The precise mechanisms describing
CD8+ T cell immunity, in particular the study of SARS-CoV-2-specific TCRs and the
assessment of the quality of such a response, remain to be determined.

The aim of this work was to investigate CD8+ T cell immunity against SARS-CoV-2
in convalescent COVID-19 patients with a mild course of disease. More specifically, our
objectives were to:

• identify immunogenic SARS-CoV-2 epitopes

• isolate TCRs recognizing identified immunodominant SARS-CoV-2 epitopes

• decipher the quality of SARS-CoV-2-specific TCR repertoires through their re-
expression and functional characterization

To study SARS-CoV-2-specific T cell responses, we first selected SARS-CoV-2 epitopes
from HLA class I binding prediction tools as well as from literature, and established
an antigen-specific expansion assay to facilitate the detection of low-frequency T cell
populations. By monitoring responses to these epitopes over time, we were able to
assess the persistence of T cell responses relative to antibody levels. Following this, we
also evaluated the immunogenicity of individual epitopes.

To subsequently identify TCR sequences recognizing these epitopes, we performed
single-cell RNA sequencing of SARS-CoV-2 peptide-responsive CD8+ T cells. As a next
step, we assembled TCR sequences in silico, PCR-amplified them as HDR constructs,
and re-expressed them under the endogenous promoter in healthy donor PBMCs using a
method known as orthotopic TCR replacement. This allowed us to functionally charac-
terize these TCRs for affinity and avidity. For high-throughput characterization of TCR
functionality, we further integrated SARS-CoV-2 TCRs into the Jurkat triple-parameter-
reporter cell line and additionally analyzed the cellular avidity of TCRs. Interestingly, we
found correlations between TCR functionality after re-expression and the transcriptomic
profile of the parental cells from which the TCR was isolated.

Finally, we developed killing assays to evaluate the cytotoxic capacity of SARS-CoV-
2-specific TCRs. To this end, we generated peptide-presenting HLA-matched target cells
by infecting target cells with SARS-CoV-2 GFP virus, by transducing target cells with
a SARS-CoV-2 ORF or by pulsing target cells with peptide. Subsequently, we tested
the lysing efficiency of TCR-engineered CD8+ T cells for the different target cell lines.
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2 Aim of this thesis

In summary, with this work we aimed to gain in-depth knowledge of CD8+ T cell
immunity against SARS-CoV-2 in mild convalescent COVID-19 patients and to perform
detailed characterizations of SARS-CoV-2-specific TCRs to provide a framework for the
selection of TCRs for therapy.
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3 Material and methods

3.1 Material
3.1.1 Antibodies

Table 1: List of antibodies

Human Antigen Fluorophore Clone Supplier*

CD19 ECD J3-119 Beckman Coulter
CD3 APC UCHT1 Life Technologies
CD3 APC-Cyanine7 UCHT1 BioLegend
CD3 BV421 SK7 BD Biosciences
CD3 Pacific Blue OKT3 BD Biosciences
CD3 PE UCHT1 Beckman Coulter
CD3 PE-Cyanine7 UCHT1 Beckman Coulter
CD45 ECD J33 Beckman Coulter
CD45 eF450 2D1 eBioscience
CD45 PB PB986 DAKO/Agilent,

Santa Clara,USA
CD45 PE-Cyanine7 2D1 eBioscience
CD45 PO HI30 Exbio, Prague,

Czech Republic
CD8 FITC B9.11 Beckman Coulter
CD8 PE 3B5 eBioscience
CD8α APC RPA-T8 BioLegend
CD8α APC-eFluor 780 OKT8 eBioscience
CD8α eFlour 450 OKT8 eBioscience
CD8α PE OKT8 eBioscience
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CD8α PE-Cyanine7 OKT8 eBioscience
HLA-A2 FITC BB7.2 BD Biosciences
HLA-A3 APC REA950 Miltenyi
HLA-B7 PE BB7.1 BioLegend
HLA-B8 APC-Vio770 REA145 Miltenyi
HLA-ABC Pacific Blue W6/32 BioLegend
hTCR FITC FITC IP26 BioLegend
IFN-γ FITC 25723.11 BD Biosciences
IFN-γ catch FITC 25723.11 Miltenyi
IL-2 APC 5.344.111 BD Biosciences
TNFα PE-Cyanine7 MAb11 eBioscience
murine TRBC APC H57-597 BioLegend
murine TRBC APCFire750 H57-597 BioLegend
StrepTavidin APC eBioscience

* BD Biosciences, Franklin Lakes, USA; Beckman Coulter, Brea, USA; BioLegend, San
Diego, USA; eBioscience now Thermo Fisher Scientific, Ulm, Germany; Life Technologies
now Thermo Fisher Scientific, Ulm, Germany; Miltenyi, Bergisch Gladbach, Germany

3.1.2 Biological samples
Table 2: List of biological samples

Biological
sample

Origin Institute

PBMCs
Asymptomatic seropositive
and seronegative donors

Klinikum Rechts der Isar, Munich,
Germany

PBMCs
Convalescent mild
COVID-19 donors

Helios Clinic West, Munich, Germany;
German Heart Center Munich, Germany;
University Medicine Mannheim, Germany
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PBMCs Healthy volunteers
Institut for Medical Microbiology,
Immunology, and Hygiene, Technical
University Munich, Germany

PBMCs Prepandemic donors
Institute for Transfusion Medicine,
Dresden, Germany

3.1.3 Cell lines and bacteria
Table 3: List of cell lines and bacteria

Organism Purpose Manufacturer

A549-ACE2-H2B-RFP, competent A549 cells Target cells
Kind gift from
Pichlmair lab

competent HLA-A*03:01 A549 cells Target cells in-house
competent HLA-A*03:01 A549-Nsp2-GFP cells Target cells in-house
competent HLA-A*03:01 A549-Gaussia-GFP
cells

Target cells in-house

Jurkat-TPR Effector cells in-house
K562-HLA-A*01:01 Target cells in-house
K562-HLA-A*02:01 Target cells in-house
K562-HLA-A*03:01 Target cells in-house
K562-HLA-A*11:01 Target cells in-house
K562-HLA-B*01:01 Target cells in-house
K562-HLA-B*35:01 Target cells in-house
RD114 Retroviral

packaging
in-house

E. coli Stbl3
Plasmid
amplification

Thermo Fisher Scientific
Waltham, USA
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3.1.4 Chemicals and reagents
Table 4: List of chemicals and reagents

Compound Supplier

1-Ethyl-3-methylimidazolium
Dicyanamid, 98 %

Thermo Fisher Scientific, Ulm, Germany

2-Propanol Roth, Karlsruhe, Germany
6x loading dye Thermo Fisher Scientific, Ulm, Germany
aCD3/aCD28 Expamer Juno Therapeutics/BMS, Munich,

Germany
β-Mercaptoethanol Roth, Karlsruhe, Germany
Agarose Roth, Karlsruhe, Germany
Agencourt CleanSeq magnetic beads Beckman Coulter, Brea, USA
Alt-R® Cas9 Electroporation Enhancer IDT DNA, Coralville, USA
Alt-R™ HDR Enhancer v2 IDT DNA, Coralville, USA
Alt-R® S.p. HiFi Cas9 Nuclease V3 IDT DNA, Coralville, USA
Ampicillin Roth, Karlsruhe, Germany
Biocoll Separating Solution Merck Millipore, Darmstadt, Germany
Bovine Serum Albumin Sigma, Taufkirchen, Germany
CaCl2 Merck, Darmstadt, Germany
CRISPR/Cas9 tracrRNA IDT DNA, Coralville, USA
DBCO-PEG4-Atto488/Biotin Jena Bioscience, Jena, Germany
D-Biotin Merck, Darmstadt, Germany
DMEM Thermo Fisher Scientific, Ulm, Germany
DMSO Merck, Darmstadt, Germany
dNTPs Roche, Penzberg, Germany
DTT Merck, Darmstadt, Germany
Dulbeccos Phosphate Buffered Saline Merck, Darmstadt, Germany
Ethanol Roth, Karlsruhe, Germany
Ethidium Monoazide Molecular Probes, Leiden, Netherlands
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Fetal Calf Serum GE Healthcare, Chalfont St. Giles, UK
Gene ruler 1 kb DNA ladder Thermo Fisher Scientific, Ulm, Germany
Gentamicin Thermo Fisher Scientific, Ulm, Germany
Golgi-Plug BD Biosciences, Franklin Lakes, USA
HCl Roth, Karlsruhe, Germany
HEPES Roth, Karlsruhe, Germany
Human serum in-house production, xxx
Recombinant human Interleukin-2 Peprotech, Hamburg, Germany
Recombinant human Interleukin-7 Peprotech, Hamburg, Germany
Recombinant human Interleukin-15 Peprotech, Hamburg, Germany
Ionomycin Merck, Darmstadt, Germany
LB agar & medium in-house
L-Glutamine Sigma, Taufkirchen, Germany
MgCl2 Merck, Darmstadt, Germany
Natriumhydroxid, 98 %, reinst, pellets Thermo Fisher Scientific, Ulm, Germany
Penicillin/Streptomycin Thermo Fisher Scientific, Ulm, Germany
Phorbol myristate acetate Merck, Darmstadt, Germany
Phytohaemagglutinin Thermo Fisher Scientific, Ulm, Germany
Propidium Iodide Merck, Darmstadt, Germany
Retronectin Takara Bio, Shiga, Japan
Rotisafe Gel Stain Roth, Karlsruhe, Germany
RPMI 1640 Gibco Thermo Fisher Scientific, Ulm, Germany
Sodium Hypochlorite 5 % active chlorine Thermo Fisher
Tris pH 8.5 in-house
Tris-HCl Roth, Karlsruhe, Germany
Triton-X 100 Roth, Karlsruhe, Germany
Trypan blue Roth, Karlsruhe, Germany
Trypsin-EDTA (0.25 %) Thermo Fisher Scientific, Ulm, Germany
Tween® 20 Sigma, Taufkirchen, Germany
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3.1.5 Consumables

Table 5: List of consumables

Item Supplier

0.22µm, 0.45µm sterile filter Kisker, Steinfurt, Germany
1.0 mL Sub-Q Spritzen Kuhnle, Karlsruhe, Germany
1.0 mL, 1.5 mL 2.0 mL reagent tubes Kuhnle, Karlsruhe, Germany
1.0 mL, 2.0 mL Cryo-vial Th. Geyer, Renningen, Germany
1.5 mL LoBind-DNA reaction tube Eppendorf, Hamburg, Germany
15 mL, 50 mL Falcon CELLSTAR® Greiner Bio-One, Heidelberg, Germany
500 mL filtration system stericup (0.22µm) Kisker, Steinfurt, Germany
5 mL Polypropylene round-bottom tube Greiner Corning, Durham, USA
5 mL Polystyrene round-bottom tube Greiner Corning, Durham, USA
96-well V-plate Kuhnle, Karlsruhe, Germany
C-Slide cell counting chamber slide NanoEnTek, Seoul, South Korea
Culture flask 25 cm2, 75 cm2, 150 cm2 Th. Geyer, Renningen, Germany
24-Well Plates, non-treated, Costar® VWR, Radnor, USA
Cover plate Greiner Bio-One, Heidelberg, Germany
E-Plate 96, E-Plate VIEW 96 OLS, Bremen, Germany
Parafilm Merck, Darmstadt, Germany
PCR reaction tubes Brand, Werthelm, Germany
Pipette filter tips (10µL, 20µL, 200µL,
1 mL)

STARLAB, Hamburg, Germany

Serological pipettes (5 mL, 10 mL, 25 mL) Greiner Bio-One, Heidelberg, Germany
Syringe (1 mL, 3 mL, 5 mL, 50 mL) Braun, Melsungen, Germany
TipOne RPT Filter Pipette Tip (1µL,
10µL, 20µL, 200µL, 1 mL)

STARLAB, Hamburg, Germany

Tissue culture treated plates (6-, 12-, 24-,
48-, 96-Well)

Omnilab, Munich, Germany
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3.1.6 Enzymes
Table 6: List of enzymes

Enzyme Supplier

FastDigest EcoRI Thermo Fisher Scientific, Waltham, USA
FastDigest NotI Thermo Fisher Scientific, Waltham, USA
Herculase II Stratagene, London, UK
T4 DNA ligase Fermentas, St. Leon-Rot, Germany
Taq Polymerase Thermo Fisher Scientific, Waltham, USA
Trypsin 0.25 % SAFE Biosciences, Hampshire, UK

3.1.7 Equipment
Table 7: List of equipment

Equipment Model Supplier*

Automated Cell
Counter

EVE™ PLUS NanoEnTek, Seoul, South Korea

Balance ACS/ ACJ 320-4M Kern & Sohn, Balingen, GER
EG 2200-2NM Kern & Sohn, Balingen, GER

Bioanalyzer 2100 Bioanalyzer Agilent, Santa Clara, USA
Centrifuges Biofuge fresco Heraeus, Hanau, GER

Biofuge Stratos Heraeus, Hanau, GER
Multifuge 3 S-R Heraeus, Hanau, GER
Sorvall RC6+ Thermo scientific, Ulm, GER
Varifuge 3.0RS Heraeus, Hanau, GER

Electrophoresis
chamber

PerfectBlue™ Gel
System MiniL

Peqlab, Erlangen, GER

Electrophoresis power
supply

EPS 600 Pharmacia Biotech, Uppsala, Sweden

FPLC Äktapurifier™
Superdex 200 10/300
GL

GE Healthcare, Chalfont St. Giles, UK
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Flow Cytometry
analyzer

Cytoflex Beckman Coulter, Brea, USA

Cytoflex S Beckman Coulter, Brea, USA
MoFlo Astrios EQ Beckman Coulter, Brea, USA
BD FACSAria™ III
Cell Sorter

BD Biosciences, Franklin Lakes, USA

Gel imaging system MolecularImager®

Gel Doc™ XR+
BioRad, München, GER

Heat block Thermomixer
compact

Eppendorf, Hamburg, GER

Ice maker ZBE 30-10 Ziegra Eismaschinen, Isernhagen, GER
Incubator HERAcell 240 Heraeus, Hanau, GER
Laminar flow hood HERAsafe Heraeus, Hanau, GER
Live-cell analyzer Incucyte® S3

Live-Cell Analysis
System

Satorius, Göttingen, GER

Magnet stand DynaMag™-2 Thermo scientific, Ulm, GER
Microscope Axiovert S100 Carl Zeiss, Jena, GER
Nanodrop device ND-1000 Kisker, Steinfurt, GER
Sequencing device NovaSeq 6000 Illumina, San Diego, USA
PCR Cycler T3000 Thermocycler Biometra, Göttingen, GER
pH-Meter MultiCal pH 526 WTW, Weilheim, GER
RTCA analyzer xCELLigence®

RTCA MP
Agilent, Santa Clara, USA

xCELLigence®

RTCA eSight
Agilent, Santa Clara, USA

Thermocycler SimpliAmp
Thermocycler

Applied Biosystems, Darmstadt, GER

Transfection device 4D-Nucleofector™

Core Unit
Lonza, Basel, Switzerland

4D-Nucleofector™

X-Unit
Lonza, Basel, Switzerland
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4D-Nucleofector™

Add-on
Lonza, Basel, Switzerland

Water bath Type 1002 GFL, Burgwedel, GER
Cell Avidity Analyzer Zmovi® Cell Avidity

Analyzer
Lumicks, Amsterdam, Netherlands

Supplier*: GER Germany

3.1.8 Media and buffer
Table 8: List of media and buffer

Media and buffer Composition

Antibiotics supplement (add 5 %) 20 mL Gentamicin
200 mL Penicillin/Streptomycin

SC+ (supplement complete with
antibiotics)

1 mM β-Mercaptoethanol
1 mg/mL Gentamicin
23.83 g/L HEPES
4.0 g/L L-Glutamine
2,000 U/mL Penicillin-Streptomycin

SC- (supplement complete without
antibiotics)

1 mM β-Mercaptoethanol
1 mg/mL Gentamicin
23.83 g/L HEPES
4.0 g/L L-Glutamine

Complete RPMI (cRPMI) 500 RPMI 1640
25 mL SC+

50 mL FCS
Human serum RPMI (HS-RPMI) 35.71 mL RPMI 1640

1.79 mL SC+

2.5 mL Human serum
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RPMI SC- 500 mL RPMI 1640
25 mL SC-

50 mL FCS
Serum-free RPMI 500 mL RPMI 1640

25 mL SC+

Complete DMEM (cDMEM) 500 mL DMEM 1640
25 mL SC+

50 mL FCS
FACS buffer 1x PBS

0.5 % (w/v) BSA, pH 7.45
FACS-EDTA buffer 1x PBS

0.5 % (w/v) BSA, pH 7.45
2 mM EDTA

Freezing medium (FM) 90 % (v/v) FCS
10 % (v/v) DMSO

Transfection buffer 100 mL H2O
0.27 M NaCl
9.9 mM KCl
3.5 mM Na2HPO4

4.2 mM HEPES
LB-Ampicillin 1 L LB-medium

100 mg/L Ampicillin
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3.1.9 Molecular kits and standards
Table 9: List of molecular kits and standards

Kit/Standards Supplier

Agencourt AMPure XP Beckman Coulter, Brea, USA
BD Cytofix/Cytoperm BD Biosciences, Franklin Lakes, USA
BigDye® Terminator v3.1 Cycle Sequencing
RR-100

Applied Biosystems

Cell Trace™ Cell Proliferation Kit Thermo Fisher Scientific, Ulm, Germany
Human IFN-γ Single-Color ELISPOT Immunospot, Bonn, Germany
GeneRuler 1 kb DNA ladder Thermo Fisher Scientific, Ulm, Germany
Herculase II Fusion Enzyme with dNTPs
Combo

Agilent, Santa Clara, USA

High sensitivity DNA Kit Agilent, Santa Clara, USA
P3 Primary Cell Nucleofector™ Kit Lonza, Basel, Switzerland
SE Cell Line Nucleofector™ Kit Lonza, Basel, Switzerland
Plasmid DNA MaxiPrep Kit Thermo Fisher Scientific, Ulm, Germany
SV Miniprep DNA Purification System Promega, Mannheim, Germany
Qubit™ dsDNA HS-Assay Kit Thermo Fisher Scientific, Ulm, Germany
ReliaPrep DNA Cleanup and
Concentration Kit

Promega, Mannheim, Germany

3.1.10 Oligonucleotides
Table 10: List of oligonucleotides

Name Sequence Supplier*

Alt-R®

CRISPR/Cas9
crRNA TRAC
antisense

AGAGTCTCTCAGCTGGTACA IDT
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Alt-R®

CRISPR/Cas9
crRNA TRBC sense

GGAGAATGACGAGTGGACCC IDT

Alt-R®

CRISPR/Cas9
tracrRNA

IDT

HDR genomic fw
primer

CTGCCTTTACTCTGCCAGAG Merck

HDR genomic rv
primer

CATCATTGACCAGAGCTCTG Merck

Vector ORF3a.FOR CGACTACTAGCGTGCCTTTGGAGGGCAGAGGAA
GTCTGCTAACATGC

Sigma

Vector ORF3a.REV AAACAAATCCATGGTGGCGGGCGGCCGCGGAT Sigma
ORF3a.FOR GTCGACGGATCCGCGGCCGCCCGCCACCATGGA

TTTGTTTATGAGAATCT
Sigma

ORF3a.REV AGCAGACTTCCTCTGCCCTCCAAAGGCACGCTA
GTAGTCG

Sigma

Vector Nsp2.FOR CCTTCACACTCAAAGGCGGTGAGGGCAGAGGA
AGT

Sigma

Vector Nsp2.REV AGTGTATGCCATGGTGGCGGGCGGCCGCGGAT Sigma
Nsp2.FOR GTCGACGGATCCGCGGCCGCCCGCCACCATGGC

ATACACT
Sigma

Nsp2.REV AGCAGACTTCCTCTGCCCTCACCGCCTTTGAGTG
TGAAGG

Sigma

Vector Gaussia.FOR TCAAGGGGGCCGGTGGTGACGAGGGCAGAGGAA
GTCTGCTAAC

Sigma

Vector Gaussia.REV AACTTTGACTCCCATGGTGGGCGGCCGCGGATCC Sigma
Gaussia.FOR GTCGACGGATCCGCGGCCGCCCGCCACCATGGGA

GTCAAAGTTCTGTTTGC
Sigma

Gaussia.REV AGCAGACTTCCTCTGCCCTCGTCACCACCGGCCC Sigma

Supplier*: IDT DNA, Coralville, USA; Merck, Darmstadt, Germany; Sigma, Taufkirchen,
Germany
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3.1.11 Peptides
Table 11: List of peptides

Peptide Sequence** HLA type IEDB Supplier*

ORF1 AMD AMDEFIERY HLA-A*01:01 - P&E
ORF1 DTD DTDFVNEFY HLA-A*01:01 1311144 P&E
ORF1 GTD GTDLEGNFY HLA-A*01:01 1311156 P&E
ORF1 LTN LTNIFGTVY HLA-A*01:01 - P&E
ORF3a FTS FTSDYYQLY HLA-A*01:01 1309115 P&E
S CVA CVADYSVLY** HLA-A*01:01 7247 P&E
S LTD LTDEMIAQY HLA-A*01:01 1310623 P&E
S TSN TSNQVAVLY HLA-A*01:01 1087414 P&E
S WTA WTAGAAAYY HLA-A*01:01 1327824 P&E
N AQA AQFAPSASA HLA-A*02:01 3956 P&E
N ILL ILLNKHIDA** HLA-A*02:01 27182 P&E
N LLL LLLDRLNQL** HLA-A*02:01 37473 P&E
N LQL LQLPQGTTL** HLA-A*02:01 38881 P&E
ORF1 KLW KLWAQCVQL** HLA-A*02:01 32240 P&E
ORF3a LLY LLYDANYFL HLA-A*02:01 1311180 P&E
S ALN ALNTLVKQL** HLA-A*02:01 2801 P&E
S ELL ELLHAPATV HLA-A*02:01 1331642 P&E
S FQF FQFCNDPFL HLA-A*02:01 1392157 P&E
S HLM HLMSFPQSA HLA-A*02:01 1318059 P&E
S KIA KIADYNYKL HLA-A*02:01 1319519 P&E
S KVG KVGGNYNYL HLA-A*02:01 - P&E
S SII SIIAYTMSL HLA-A*02:01 1309137 P&E
S TLD TLDSKTQSL HLA-A*02:01 1075075 P&E
S VLN VLNDILSRL** HLA-A*02:01 69657 P&E
S VVF VVFLHVTYV** HLA-A*02:01 71663 P&E
S YLQ YLQPRTFLL HLA-A*02:01 1309147 P&E
N KTF KTFPPTEPKK** HLA-A*03:01 33668 P&E
ORF1 ASM ASMPTTIAK HLA-A*03:01 1310291 P&E
ORF1 KLF KLFDRYFKY HLA-A*03:01 1312859 P&E
ORF1 KTI KTIQPRVEK HLA-A*03:01 1311176 P&E
ORF1 VTN VTNNTFTLK HLA-A*03:01 1311232 P&E
S GVY GVYFASTEK HLA-A*03:01 1312627 P&E
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S KCY KCYGVSPTK HLA-A*03:01 1311170 P&E
S QIY QIYKTPPIK HLA-A*03:01 1313344 P&E
S RLF RLFRKSNLK HLA-A*03:01 1075031 P&E
S VTY VTYVPAQEK HLA-A*03:01 1310928 P&E
M ATS ATSRTLSYYK HLA-A*11:01 5150 P&E
M LSY LSYFIASFR HLA-A*11:01 1321267 P&E
N ATE ATEGALNTPK** HLA-A*11:01 4936 P&E
N KTF KTFPPTEPKK HLA-A*11:01 33668 P&E
N KTF KTFPPTEPK HLA-A*11:01 33667 P&E
ORF1 ASM ASMPTTIAK HLA-A*11:01 1310291 P&E
ORF1 KLF KLFDRYFKY HLA-A*11:01 1312859 P&E
ORF1 STF STFNVPMEK HLA-A*11:01 1311591 P&E
ORF1 TTI TTIKPVTYK HLA-A*11:01 1313808 P&E
ORF1 VTN VTNNTFTLK HLA-A*11:01 1311232 P&E
S NSA NSASFSTFK HLA-A*11:01 1313244 P&E
S RLF RLFRKSNLK HLA-A*11:01 1075031 P&E
S TLK TLKSFTVEK HLA-A*11:01 1313756 P&E
M SYF SYFIASFRL HLA-A*24:02 1313718 P&E
N DYK DYKHWPQIAQF HLA-A*24:02 1310340 P&E
N LSP LSPRWYFYY** HLA-A*24:02 39576 P&E
ORF1 NYM NYMPYFFTL HLA-A*24:02 1310703 P&E
ORF1 VYI VYIGDPAQL** HLA-A*24:02 72048 P&E
ORF1 WSW WSMATYYLF HLA-A*24:02 1313970 P&E
ORF1 YFM YFMRFRRAF HLA-A*24:02 1334348 P&E
ORF3a VYF VYFLQSINF HLA-A*24:02 1310934 P&E
S GYQ GYQPYRVVVL** HLA-A*24:02 23436 P&E
S KWP KWPWYIWLGF HLA-A*24:02 1311572 P&E
S NYN NYNYLYRLF HLA-A*24:02 1313269 P&E
S PYR PYRVVVLSF** HLA-A*24:02 50166 P&E
S QYI QYIKWPWYI HLA-A*24:02 1310756 P&E
S VYS VYSTGSNVF HLA-A*24:02 1313944 P&E
S YFP YFPLQSYGF HLA-A*24:02 1075121 P&E
S YYH YYHKNNKSW HLA-A*24:02 1328953 P&E
N KPR KPRQKRTAT HLA-B*07:02 1311570 P&E
N SPR SPRWYFYYL** HLA-B*07:02 60242 P&E
ORF1 KPN KPNELSRVL HLA-B*07:02 1319902 P&E
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ORF1 KPV KPVETSNSF HLA-B*07:02 - P&E
ORF1 RPD RPDTRYVL HLA-B*07:02 1311209 P&E
ORF1 VPM VPMEKLKTL HLA-B*07:02 1310914 P&E
S FPQ FPQSAPHGV HLA-B*07:02 1316853 P&E
S MIA MIAQYTSAL HLA-B*07:02 1313153 P&E
S SPR SPRRARSVA HLA-B*07:02 1311590 P&E
ORF1 DLK DLKGKYVQI HLA-B*08:01 1310332 P&E
ORF1 FVK FVKHKHAFL HLA-B*08:01 1310425 P&E
ORF1 SLS SLSHRFYRL HLA-B*08:01 - P&E
ORF1 YLK YLKLRSDVL HLA-B*08:01 - P&E
S EPV EPVLKGVKL HLA-B*08:01 1310371 P&E
S FNA FNATRFASV HLA-B*08:01 - P&E
S INI INITRFQTL HLA-B*08:01 1318821 P&E
S LIT LITGRLQSL HLA-B*08:01 36724 P&E
N AQF AQFAPSASA** HLA-B*15:01 3956 P&E
ORF1 LVQ LVQMAPISAM HLA-B*15:01 1311576 P&E
ORF1 FAV FAVDAAKAY HLA-B*35:01 1331939 P&E
ORF1 HSI HSIGFDYVY HLA-B*35:01 - P&E
ORF1 LVA LVAEWFLAY HLA-B*35:01 1321432 P&E
ORF1 NVL NVLEGSVAY HLA-B*35:01 - P&E
ORF1 VPF VPFWITIAY HLA-B*35:01 1326965 P&E
S LPF LPFNDGVYF HLA-B*35:01 1321049 P&E
S QPT QPTESIVRF HLA-B*35:01 1323461 P&E
S FAM FAMQMAYRF HLA-B*3501 1316310 P&E
S IPF IPFAMQMAY HLA-B*3501 1318829 P&E
S LGA LGAENSVAY HLA-B*3501 1320443 P&E
ORF1 GEA GEAANFCAL HLA-B*40:01 1311563 P&E
ORF1 GEV GEVITFDNL HLA-B*40:01 1311565 P&E
M SEL SELVIGAVIL HLA-B*40:10 1075044 P&E
N MEL MEVTPSGTWL** HLA-B*40:10 190494 P&E
S YEQ YEQYIKWPW HLA-B*44:03 1311601 P&E
N MEW MEVTPSGTW** HLA-B*44:10 190494 P&E
ORF1 SEF SEFSSLPSY** HLA-B*44:10 57432 P&E
M NRF NRFLYIIKL HLA-C*07:02 1310684 P&E
N QRN QRNAPRITF HLA-C*07:02 1309136 P&E
S EYV EYVSQPFLM HLA-C*07:02 1316287 P&E
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S FRK FRKSNLKPF HLA-C*07:02 - P&E
S VRF VRFPNITNL HLA-C*07:02 70718 P&E

Sequence**: 100 % homology with SARS-CoV-1;
Supplier*: P&E, Peptides and Elephants, Potsdam, Germany;
Bold-printed peptides were part of the initial 9-mer peptide pool.

3.1.12 Sequencing antibodies
Table 12: List of sequencing antibodies

Antibody Clone Supplier

Total Seq-C antibody 0251 Biolegend, San Diego, USA
Total Seq-C antibody 0252 Biolegend, San Diego, USA
Total Seq-C antibody 0253 Biolegend, San Diego, USA
Total Seq-C antibody 0254 Biolegend, San Diego, USA
Total Seq-C antibody 0255 Biolegend, San Diego, USA
Total Seq-C antibody 0256 Biolegend, San Diego, USA

3.1.13 SARS-CoV-2-specific TCR sequences
Table 13: List of SARS-CoV-2-specific TCR sequences

TCR Epitope TRAV TRAJ TRA 1 cdr3 TRBV TRBJ TRB 1 cdr3

13 ORF1 VTN TRAV13-1 TRAJ47 CAAFGNKLVF TRBV16 TRBJ1-5 CASSHSNSNQPQHF
28 ORF1 VTN TRAV12-1 TRAJ31 CVVRNNNARLMF TRBV9 TRBJ2-1 CASSVDGSSYNEQFF
32 ORF1 VTN TRAV12-2 TRAJ9 CAPLGGRRGFKTIF TRBV7-8 TRBJ2-1 CASSGGTSGSHNEQFF
43 ORF1 VTN TRAV12-2 TRAJ17 CAVSGGRAAGNKLTF TRBV7-9 TRBJ2-6 CASSAGSGANVLTF
3398 ORF3a FTS TRAV20 TRAJ35 CAVQAEGFGNVLHC TRBV2 TRBJ2-2 CASSEPTSGELFF

3399 ORF3a FTS
TRAV36
/DV7

TRAJ42 CAVETYGGSQGNLIF TRBV13 TRBJ1-1 CASSAQGAGTEAFF

3456 ORF3a FTS
TRAV38-2
/DV8

TRAJ38 CAYIYAGNNRKLIW TRBV7-6 TRBJ2-1 CASSSDGGGFNEQFF

5 ORF1 DTD TRAV19 TRAJ47 CALSENGNKLVF TRBV18 TRBJ1-1 CASSPGGGMNTEAFF
9 ORF1 DTD TRAV19 TRAJ15 CALNQAGTALIF TRBV18 TRBJ1-1 CASSRGGSMNTEAFF
21 ORF1 HSI TRAV38-1 TRAJ13 CAPGGYQKVTF TRBV27 TRBJ2-1 CASRAGMEQFF
38 ORF1 GTD TRAV21 TRAJ6 CAVLSGGSYIPTF TRBV6-6 TRBJ1-4 CASRDRGRIDEKLFF
58 ORF1 KLF TRAV21 TRAJ44 CASESSKLTF TRBV5-6 TRBJ2-5 CASGPGGGTQYF
62 ORF1 HSI TRAV13-1 TRAJ32 CAASYGGATNKLIF TRBV4-1 TRBJ2-3 CASSQVGGLFTDTQYF
65 ORF1 DTD TRAV19 TRAJ47 CALSADGNKLVF TRBV18 TRBJ1-2 CASSPGSGVTGYTF
66 ORF1 GTD TRAV19 TRAJ37 CALPYSGNTGKLIF TRBV7-7 TRBJ2-3 CASSLGLADPRGRTDTQYF
76 ORF1 DTD TRAV19 TRAJ20 CALSEGDYKLSF TRBV19 TRBJ2-3 CASSGGTDTQYF
85 ORF1 HSI TRAV13-2 TRAJ12 CAENRDSSYKLIF TRBV2 TRBJ2-2 CASSEAAGAVNTGELFF
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455 ORF1 DTD TRAV19 TRAJ29 CALTVPSGNTPLVF TRBV10-3 TRBJ2-5 CAISTVRGMAYQETQYF
499 ORF1 ASM TRAV12-1 TRAJ20 CVVNLNYKLSF TRBV6-1 TRBJ2-1 CASSESGGENEQFF
523 ORF1 DTD TRAV38-1 TRAJ48 CAFMNLISNFGNEKLTF TRBV12-3 TRBJ2-3 CASSSQGTHPSDTDTQYF
560 ORF1 KLF TRAV6 TRAJ33 CALNGMDSNYQLIW TRBV28 TRBJ2-3 CASSPEAGALDTQYF
569 ORF1 STF TRAV21 TRAJ9 CAGYTGGFKTIF TRBV5-6 TRBJ2-7 CASTRWWAVREQYF
758 ORF1 DTD TRAV19 TRAJ39 CALSENAGNMLTF TRBV18 TRBJ1-1 CASSQGGGTEAFF
868 ORF1 DTD TRAV19 TRAJ54 CALSEGSQKLVF TRBV18 TRBJ2-1 CASSLAGGAGEQFF
1085 S LTD TRAV1-2 TRAJ34 CAVGTDKLIF TRBV6-1 TRBJ1-2 CASSEQRGRDGYTF
1228 S LTD TRAV35 TRAJ22 CAGRLSGSARQLTF TRBV4-1 TRBJ1-1 CASSQGGDDTEAFF
1862 ORF1 STF TRAV21 TRAJ32 CAVYGGATNKLIF TRBV5-4 TRBJ1-3 CASSLRSDLGNTIYF
1863 S LTD TRAV21 TRAJ58 CAVRFSKGTSGSRLTF TRBV5-5 TRBJ2-3 CASSLLEPITDTQYF
1864 S LTD TRAV12-2 TRAJ52 CAVTNAGGTSYGKLTF TRBV27 TRBJ2-3 CASSLSVHLDTQYF
1871 ORF1 STF TRAV30 TRAJ22 CGTEAPHQSARQLTF TRBV15 TRBJ1-6 CATRQSSYNSPLHF
1877 ORF1 FVK TRAV10 TRAJ42 CVVSGGGSQGNLIF TRBV6-6 TRBJ2-1 CASSYWVRVAGGTYNEQFF
1896 ORF1 VPF TRAV41 TRAJ35 CATIGFGNVLHC TRBV2 TRBJ1-2 CASKARDAYGYTF
1917 ORF1 VPF TRAV13-1 TRAJ45 CAASLKSGGGADGLTF TRBV20-1 TRBJ2-7 CSARPIVFTYEQYF
1951 ORF1 STF TRAV17 TRAJ11 CATASSGYSTLTF TRBV2 TRBJ2-5 CASKDSGTQETQYF
1968 S LTD TRAV1-1 TRAJ21 CAVGNFNKFYF TRBV6-6 TRBJ2-7 CAASVGDSSSYEQYF
1996 ORF1 VPF TRAV13-1 TRAJ47 CAARPMEYGNKLVF TRBV11-2 TRBJ2-7 CASSALPLDRPPIEQYF
2056 ORF1 FVK TRAV10 TRAJ42 CVVSGGGSQGNLIF TRBV6-6 TRBJ2-5 CASTPVGGRETQYF

Bold-printed TCRs were part of the first scRNAseq experiment.

3.1.14 Vectors and viruses
Table 14: List of vectors and viruses

Backbone Insert Antibiotica
resistance

Viral
system

Supplier

pWPI SARS-CoV-2-Nsp2 Puromycin Lentivirus Kind gift from
Pichlmair lab

pWPI humanized Gaussia
luciferase (hGluc,
Gaussia)

Puromycin Lentivirus Kind gift from
Pichlmair lab

mp72 RNF43 A269fs-
T2A-GFP

Retrovirus
Twist Bioscience, South
San Francisco, USA

mp72 Nsp2-T2A-GFP Retrovirus in-house
mp72 Gaussia-T2A-GFP Retrovirus in-house
pMXs HLA-A*03:01 Puromycin Retrovirus in-house
Virus Supplier

SARS-CoV-2 GFP
in-house production
(AG Pichlmair)
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3.1.15 Software
Table 15: List of software

Software Version Supplier

Affinity Designer 1.10.5 Serif, Nottingham, UK
BioRender 2023 BioRender, Toronto, Canada
Cell Ranger 3.0.2/5.0.0 10X genomics, California, USA
CytExpert Software 2.4 Beckman Coulter, Brea, USA
FlowJo 10.8.1 Treestar, Ashland, USA
Graph Pad Prism 9.3.0 Graph Pad Software, La Jolla, USA
Hla-genotyper 0.4
T cell epitope prediction tools Immune epitope data base (IEDB)
Incucyte® S3 Software Sartorius AG
matplotlib 3.1.3
Microsoft Office Microsoft, Redmond, USA
NETCTL 1.2
NETHLA 4.0
NetHLApan 4.1
Netstab 1.0
Oceon 1.4.1 Lumicks, Amsterdam, Netherlands
PickPocket 1.1
RTCA xCelligence 2.0 ACEA Bioscience, San Diego, USA
Scanpy 1.4.3
Scirpy 0.3
scSplit 1.0
seaborn 0.10.0
SnapGene 6.0 GSL Biotech LLC, San Diego, USA
Souporcell 2.0
uType software Invitrogen/Thermo Fisher

40



3.2 Methodology

3.2 Methodology
3.2.1 SARS-CoV-2 clinical samples

3.2.1.1 Study cohorts of SARS-CoV-2 patients

For the mild COVID-19 patient cohort, healthcare employees were included in the study when
they experienced mild symptoms (cold, cough, and mild fever) and had a positive polymerase
chain reaction (PCR) test on SARS-CoV-2 spike protein. Blood was collected at the Helios
Clinic West Munich, German Heart Center Munich, and the University Medicine Mannheim.
Participants donated 50 mL of blood at time points 4, 8, 12, and 24 weeks post COVID-19
infection. Critical data of participants: (female (f)/male (m)/unknown (u), 32/19/2; age ±
SD, 40.5 ± 10.6 years). Asymptomatic participants were tested at the Klinikum Rechts der
Isar, Munich for SARS-CoV-2-specific antibodies. Participants with a positive antigen test were
included in the asymptomatic seropositive cohort (f/m/u, 18/10; age ± SD, 38.4 ± 13.5 years)
and participants with a negative antigen test in the asymptomatic seronegative cohort (f/m/u,
23/14; age ± SD, 38.8 ± 13.6 years). Participants donated 10 mL of blood at two-time points
between August and November 2020. Prepandemic samples of frozen PBMCs from healthy
donors were collected between 2018 and 2019 at the Institute for Transfusion Medicine, Dresden
(f/m/u, 12/10; age ± SD, 42.96 ± 12.9 years). All participants provided informed written
consent. Approval for the study design and sample collection was obtained within the framework
of the study ‘Establishment and validation of epitope-specific SARS-CoV-2 blood-based testing
methods’ (EPI-SARS) by the ethics committee of the Technical University of Munich (reference
number 182/20) and the Institutional Ethics Committee of the University Medicine Mannheim
(reference number 2020-556N).

3.2.1.2 Serology

The analysis of anti-SARS-CoV-2 IgG antibodies was performed by the Diagnostic Department
at the Institute for Medical Microbiology, Immunology, and Hygiene at the Technical University
of Munich (TUM), Munich, Germany. Anti-SARS-CoV-2 IgG antibodies from mild COVID-
19 and asymptomatic seropositive serum samples were measured at all time points. Antibody
titers were determined using the iFlash SARS-CoV-2 (2019-nCoV) IgG antibody test (Shenzhen
YHLO Biotech Co., Shenzhen, China) and the iFlash Immunoassay analyzer following the man-
ufacturer’s protocol. Briefly, serum samples were incubated with sample treatment solution and
SARS-CoV-2 antigen-coated paramagnetic microparticles. After unbound material was washed
from the solid phase, samples were incubated with acridinium-labeled anti-human IgG conjugate.
Samples were washed, and the pre-Trigger and Trigger solutions were added to the reaction mix.
As readout, the chemiluminescent reaction was measured with the iFlash optical system. The
positive signal cutoff was calculated with SARS-CoV-2 IgG calibrators.

3.2.1.3 HLA genotyping

HLA genotyping was performed by collaborators at the Department of Clinical Chemistry, Uni-
versity Medicine Mannheim, Medical Faculty Mannheim of the University of Heidelberg, and
by collaborators at the Laboratory of Immunogenetics and Molecular Diagnostics, Department
of Transfusion Medicine, Cellular Therapeutics and Hemostaseology, LMU University Hospital,
Munich.

For PCR amplification of complete HLA class I coding regions (HLA-A, -B and -C), 3µL
DNA product (10 - 50 ng/mL) were mixed with 3µL forward and reverse primer mix (each
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1.5 pmol/mL) and 5µL LongAmp Tag 2x Master Mix. Amplification primers were located in
the 5’- and 3’-untranslated regions of the HLA genes. PCR reaction was run on a SimpliAmp
Thermocycler (94 ◦C for 7 min; 15 cycles: 94 ◦C for 1 min, 66 ◦C for 5 min; 30 cycles: 94 ◦C
for 10 s, 65 ◦C for 50 s, 72 ◦C for 5 min; hold at 20 ◦C). Successful amplification was verified by
loading 5µL of PCR product on a 1 % agarose gel (130 V, 30 min).

For sanger sequencing, 5µL 1:20 diluted amplification product were mixed with 5µL Reaction
Mix (composed of 0.5µL BigDye® Terminator v3.1 Cycle Sequencing RR-100, 1.9µL Q-solution
and 2.6µL water) and 5µL of homemade sequencing primers (exon 1-7; 2.5 pmol/mL). PCR
reaction was run on a 3130xl Genetic Analyzer (Applied Biosystems, Darmstadt, GER). Cycle
sequencing assays were performed with a 100-fold approach by a Biomek NXP pipetting roboter
(Beckman Coulter). PCR was run in a SimpliAmp Thermocycler (94 ◦C for 2 min, 30 cycles
94 ◦C for 10 s, 60 ◦C for 2 min, hold at 20 ◦C) and PCR products were purified using Agencourt
CleanSeq magnetic beads in a Biomek NXP protocol following the manufacturer’s instructions.
After importing sequence raw data in the uType software, the sequences were analyzed for HLA
type creation by aligning to the recent IMGT HLA allele database.

For asymptomatic seropositive and seronegative donors, the HLA type was determined via
surface antibody staining.

3.2.1.4 Epitope prediction
The prediction tool NetMHC4.0 was used to predict the HLA class I binding strength to pep-
tides of 8 - 11 amino acids in length of all ORFs from the Wuhan-Hu-1 reference sequence
(NC 045512). The selection focused on the most prominent HLA types in the Caucasian popula-
tion (HLA-A*01:01, HLA-A*02:01, HLA-A*03:01, HLA-A*11:01, HLA-A*24:02, HLA-B*07:02,
HLA-B*08:01, HLA-B*35:01). All peptides with predicted binding strength < 50 nM were ana-
lyzed for immunogenicity, TAP transport, proteasomal cleavage, and processing using Netstab (V
1.0), NETCTL (V 1.2), PickPocket (V 1.1), and NetMHCpan (V 4.1). Peptides with the highest
immunogenicity score were subsequently investigated for sequence homology to SARS-CoV-1,
MERS, and common cold coronaviruses HCoV-OC43 (NC 006213), HCoV-HKU1 (NC 006577),
HCoV-NL63 (NC 005831) and HCoV-229E (NC 002645). Peptides unique to SARS-CoV-2 and
with the highest overall prediction score were ordered for synthesis for the in-house peptide
pool. IEDB published SARS-CoV-2 epitopes and immunogenic epitopes homolog to SARS-
CoV-1 (NC 004718) were added to the peptide pool.

3.2.2 Cell culture
3.2.2.1 Cell culture of primary T cells and cell lines
Suspension cell lines used in this thesis were the erythroleukemia cell line K562, used for antigen
presentation, and the T cell leukemia cell line Jurkat triple parameter reporter (J-TPR), used
for TCR characterization. Both suspension cell lines were cultivated in Roswell Park Memorial
Institute medium (RPMI) complemented with 5 % SC+ and 10 % fetal calf serum (FCS) (com-
plete RPMI, cRPMI) at a density of 0.1 – 2 x 106 cells/mL. Cells were split every 2 - 4 days when
a density of 1 - 2 x 106 cells/mL was reached (1:10 or 1:20).

Adherent cell lines used in this thesis were RD114, used for the production of retroviral par-
ticles, and the lung epithelial carcinoma cell line A549, used for functional assays. For the
production of retroviral particles, RD114 cells were previously transfected with the pMP71 ex-
pression vector (containing the HLA heavy chain construct, gag/pol and amphotropic envelope).
Both adherent cell lines were cultivated in Dulbecco’s Modified Eagle medium (DMEM) comple-
mented with 5 % SC+ and 10 % FCS (complete DMEM, cDMEM). Cells were split when they
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reached a confluency of 70 % - 90 %. For this, cells were first washed once with phosphate-buffered
saline (PBS) without Ca2+/Mg2+ to remove traces of serum. Following, trypsin was added to
the cells, and the flask was placed in the incubator for 5 min to enable the detachment of the
cells from the surface. Cells were washed off the plate with warm cDMEM to inactivate trypsin,
and pelleted through centrifugation (1500 rpm, 5 min). Cells were washed once more with fresh
cDMEM and centrifuged. After this, cells were counted and reseeded at an appropriate density
in T75 flasks (0.5 - 2 x 106 cells for RD114 cells and 0.1 - 0.5 x 106 cells for A549 cells).

All cells were cultivated at 37 ◦C, 5 % CO2 in humidified incubators unless indicated otherwise.
For freezing of cells, freezing medium (90 % FCS, 10 % dimethyl sulfoxide (DMSO)) was added to
the cell pellets, and the cell suspensions were placed in cryovial tubes in Mr. Frosty containers to
ensure optimal cooling speed of 1 ◦C/min to -80 ◦C. Cells were left at -80 ◦C or moved to -172 ◦C
liquid nitrogen tanks for long-term storage. Cells were thawed by placing cryovial tubes into a
37 ◦C water bath until a small piece of ice remained. The cell suspension was then added to
10 mL of warm medium, washed once, and placed in the incubator at an appropriate density.

3.2.2.2 Isolation of PBMCs from whole blood
Biocoll gradient was performed according to the manufacturer’s protocol (Merck Millipore).
Briefly, whole blood was diluted 1:2 to 1:3 with PBS. Blood-PBS mixture was then carefully
layered on 15 mL Biocoll solution and centrifuged for 15 min at 1000 x g at room temperature
(RT) with break turned off. The PBMC layer was isolated into a 50 mL tube. The tube was
then filled up with PBS, and PBMCs were washed twice by centrifugation. Cells were counted
and put into culture for subsequent assays or frozen (see 3.2.2.1).

3.2.2.3 Activation of PBMCs and J-TPR cells for CRISPR
Freshly isolated PBMCs were seeded at a density of 1 x 106 cells/mL in cRPMI supplemented with
300 U/mL IL-2, 5 ng/mL interleucin-7 (IL-7), 5 ng/mL interleucin-15 (IL-15) and 1.5µL/1 x 106

cells CD3/CD28 expamer [165]. PBMCs were stimulated in the incubator (37 ◦C, 5 % CO2) for
two days. For exponential growth conditions, Jurkat TPR cells were split two to three days
before the CRISPR experiment to a concentration of 0.1 x 106/mL.

3.2.2.4 Antigen-specific T cell expansion and stimulation
Donor PBMCs were expanded with autologous peptide-pulsed PBMCs. For this, 20 % of PBMCs
were pulsed with 10 µg/ml peptide at a concentration of 1 x 106 cells/mL for 2 h at RT in RPMI
supplemented with 5 % SC+ and 5 % human serum (HS) (HS-RPMI) under constant rotation
on a shaker. Following pulsing, PBMCs were washed with fresh HS-RPMI three times and
cocultured with the remaining 80 % of PBMCs at a final concentration of 1 x 106 cells/mL with
addition of 50 U/mL IL-2. Fresh IL-2 (50 U/mL) was added every three to four days to the
culture. Cells were expanded for twelve to 14 days before functional assays were performed.
Following expansion, cells were restimulated with peptides to identify recently activated antigen-
specific T cell populations in flow cytometry-based assays for cell sorting. For this, PBMCs were
stimulated at a concentration of 1 x 106 cells/mL with 1µg/mL peptide for 4 h at 37 ◦C, 5 % CO2
in a humidified incubator.

3.2.2.5 Feeder cell expansion of TCR transgenic CD8 T cells
SARS-CoV-2-specific TCR-engineered CD8+ T cells (see 3.2.5) were sorted for transgenic TCR
expression on day five post CRISPR editing via mTRBC expression by flow cytometry (see
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3.2.3.1). In brief, cells were sorted in 1 mL FCS in 15 mL Falcon tubes. After sorting, the tubes
were filled up with HS-medium, inverted thoroughly, and centrifuged (1500 rpm, 5 min). The
supernatant was removed, and the cells were put in culture in 200µL HS-medium supplemented
with 1µg/mL phytohaemagglutinin (PHA) and 180 IU/mL IL-2 at a final concentration of 1 x 106

cells/mL. If less than 200,000 cells were sorted, the volume was filled up with irradiated feeder
cells to reach 200,000 cells. For this, feeder cells from an allogeneic donor were irradiated with
35 Gy and adjusted to a concentration of 6 x 106 cells/mL to only add a small amount of extra
volume. After seven days, 100µL of medium were removed and 100µL of fresh HS-RPMI +
1µg/mL PHA + 180 IU/mL IL-2 were added. Cells were expanded by transferring the entire
volume to the next bigger plate every two to three days with the addition of fresh medium sup-
plemented with 1µg/mL PHA and 180 IU/mL IL-2 (final concentration) as soon as the medium
turned yellow, indicative of celluluar metabolism. As soon as the cells were transferred to a
6-well plate, only IL-2 was added to let the cells rest from PHA stimulation for one week before
functional assays were performed.

3.2.3 Flow cytometry and cell sorting
3.2.3.1 Surface marker and intracellular cytokine staining
For surface staining, an appropriate volume of cells was taken out of the culture and centrifuged
for 3 min, 1500 rpm, 4 ◦C in a 96-well V-plate. Cell pellets were resuspended in 200µL cold
FACS buffer, and one additional washing step was performed. After this, surface staining was
performed for 20 min on ice, protected from light with respective antibody mixes. Up to 2 x 106

cells were stained in 50µL. For live/dead discrimination, propidium iodide (PI) was added (1:100)
to the cells and incubated for one additional minute. Cells were washed 2 x in FACS buffer,
filtered through a 1µm nylon mesh, and acquired at the Cytoflex or Cytoflex S flow cytometry
analyzer. For intracellular cytokine staining, after an initial washing step in FACS buffer, cells
were stained with EMA for live/dead discrimination (1:1000) for 15 min on ice in bright light.
Following surface staining, cells were permeabilized with Cytofix/Cytoperm for 20 min on ice,
protected from light. Cells were washed twice in 1 x Perm/Wash buffer and then stained with
antibodies for intracellular markers for 30 – 45 min on ice, protected from light. After two more
washing steps, cells were filtered through a 1µm nylon mesh and acquired at the Cytoflex or
Cytoflex S flow cytometry analyzer.

3.2.3.2 Fluorescent activated cell sorting
For fluorescent activated cell sorting (FACS), cells were stained for surface markers as described
above (see 3.2.3.1) and resuspended at a maximum concentration of 20 x 106 cells/mL. Imme-
diately before the sort, PI (1:100) was added to the cells, and cells were filtered to ensure the
viability of all sorted cells and single-cell suspension, respectively. Cells were sorted at MoFlo
Astrios EQ or BD FACSAria™ III Cell Sorter.

For sorting of antigen-specific CD8+ T cells via the capturing of secreted IFN-γ on the cell
surface, IFN-γ catch assays were performed following antigen-specific T cell expansion accord-
ing to manufacturer’s protocol (Miltenyi). All volumes refer to 1 x 106 cells/mL. PBMCs were
stimulated as described in 3.2.2.4. Following stimulation, cells were washed with 1 mL cold
FACS-EDTA buffer (PBS, 0.5 % (w/v) BSA, pH 7.45 + 2 mM EDTA) and centrifuged for 5 min,
1500 rpm, 4 ◦C. Cells were resuspended in 90µL cold HS-RPMI and 10µL IFN-γ catch reagent
and incubated for 5 min on ice. As the expected number of IFN-γ secreting cells was < 5 %,
1 mL of warm HS-RPMI was added after the incubation. For IFN-γ capturing, cells were in-
cubated for 45 min at 37 ◦C, 5 % CO2 in a humidified incubator by inverting the tube every
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5 min. The cells were then put on ice, washed with cold FACS-EDTA buffer (by filling up the
tube), and centrifuged for 5 min, 1500 rpm, 4 ◦C. For surface staining, cells were resuspended in
90µL antibody mix in FACS-EDTA buffer and 10µL anti-IFN-γ FITC-conjugated detection an-
tibody for 10 min on ice, protected from light. Following incubation, cells were washed with 2 mL
cold FACS-EDTA buffer and centrifuged. IFN-γ expressing cells were acquired at a Cytoflex or
Cytoflex S flow cytometry analyzer or sorted at the MoFlo Astrios EQ or BD FACSAria™ cell
sorters.

3.2.3.3 Generation of pHLA Class I monomers and functionalized FLEXamers

All pHLA multimers were produced in-house as previously described [162,166]. Briefly, recombi-
nantly expressed and purified Strep-tagged human HLA-A*01:01, HLA-A*02:01, HLA-A*03:01,
HLA-A*11:01, HLA-B*08:01, and HLA-B*35:01 heavy chains and β2 microglobulin were dena-
tured in urea before refolding into heterotrimeric pHLA complexes in the presence of respective
excess peptide. Correctly folded pHLA monomers were purified by size exclusion chromatogra-
phy on the fast protein liquid chromatography (FPLC) ÄKTApure, concentrated and stored at
-80 ◦C or in liquid nitrogen [162,167].

pHLA functionalization was performed via a tubulin tyrosine ligase (TTL) catalyzed ligation.
The TTL reaction was performed in 25µL - 100µL reaction volume consisting of 20µM FLEX-
amer, 5µM TTL, and 1 mM 3-azido-L-tyrosine in TTL-reaction buffer (20 mM MES, 100 mM
KCl, 10 mM MgCl2, 2.5 mM ATP, and 5 mM reduced glutathione) at 25 ◦C for 3 h. Following
buffer exchange to 20 mM Tris HCl and 50 mM NaCl (pH 8) by size-exclusion, azido-FLEXamers
were stored at 4 ◦C or directly used for click functionalization. Azido-FLEXamers were click-
functionalized by incubation of 20µM azido-FLEXamer with either 400µM DBCO-PEG4-Biotin
or 400µM DBCO-PEG4-Atto488 for 18 h at 16 ◦C. After buffer exchange to 20 mM Tris, 50 mM
NaCl (pH 8), functionalized FLEXamers were stored at -80 ◦C [166].

3.2.3.4 pHLA multimer staining

For non-reversible multimer staining, 0.4µg biotinylated pHLA were multimerized on 0.1µg
BV421-conjugated StrepTavidin backbone in 50µL for 30 min on ice, protected from light.
Following multimerization, up to 5 x 106 cells were incubated with 50µL BV421-conjugated
StrepTavidin for 45 min on ice, protected from light. Surface antibody staining was started
after 25 min of StrepTavidin incubation. After incubation, cells were washed 3 x in FACS buffer,
filtered through a 1µm nylon mesh, and acquired at the Cytoflex or Cytoflex S flow cytometry
analyzer.

3.2.3.5 Measurement of TCR:pHLA dissociation rates (koff-rate assays)

For reversible StrepTamer staining, 1µg Atto488-conjugated pHLA molecules were multimerized
on 1µL StrepTactin APC-conjugated backbone for 30 min on ice, protected from light. Maxi-
mum cell numbers for multimerization and surface staining were the same as for non-reversible
multimer staining. After StrepTamer and antibody staining, up to 5 x 106 cells were resuspended
in 200µL FACS buffer. 2 mM D-biotin solution was freshly prepared and stored on ice until
use, protected from light. Immediately before measurement, cells were filtered into polypropy-
lene FACS tubes, and PI was added (1:100). Following PI incubation, 800µL of FACS buffer
were added, and cells were acquired at Cytoflex or Cytoflex S flow cytometry analyzer. After
30 sec, 1000µL of 2 mM biotin solution were added. Koff rates were measured for 15 min at an
acquisition speed of 133µL/min.
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3.2.4 Molecular biology techniques
3.2.4.1 Bacterial transformation and miniprep
For bacterial transformation, competent E. coli Stbl3 cells were taken out of a -80 ◦C freezer
and thawed on ice. Once thawed, 1µL of 10 µg/µL diluted plasmid DNA was added, and the
plasmid-cell suspension was mixed by gentle pipetting and incubated for 30 min on ice. Following
incubation, cells were heat shocked at 42 ◦C for 30 sec (1 min for volume > 50µL), placed on ice
for 2 min and plated on Amp LB agar plates. After overnight incubation at 37 ◦C, plates were
stored at 4 ◦C. For Miniprep, clones were picked in 3 mL LB-Ampicllin medium and incubated
shaking for 18 h at 37 ◦C. Miniprep was performed according to the manufacturer’s protocol
(Promega) and eluted in 30µL - 50µL H2O.

3.2.4.2 Gibson assembly of SARS-CoV-2 and control ORFs
For the generation of endogenously processed and presented peptides, the pWPI SARS-CoV-2-
Nsp2 plasmid, and the pWPI Gaussia plasmid were kindly gifted by the Pichlmair laboratory
(3.1.14). By Gibson Assembly, the SARS-CoV-2 protein Nsp2 and the control protein Gaus-
sia were cloned into the mp72 backbone. Transcriptional coupling of SARS-CoV-2 Nsp2 with
green fluorescent protein (GFP) via a T2A linker ensured polycistronic expression and post-
transcriptional separation of the two proteins. Despite the ectopic expression of the target pro-
tein, this system provides the expression of the entire ORF as well as natural peptide cleavage
and epitope presentation on HLA class I complexes.

Backbone digestion by restriction enzymes
The mp72 RNF43 A269fs plasmid (2µg) was cut with FastDigest restriction enzymes NotI (2µL)
and EcoRI (2µL) at 37 ◦C for 15 min in the presence of Fast digest buffer (10x, 10µL) in a total
reaction volume of 50µL after which the enzymes were thermally inactivated at 80 ◦C for 5 min.
The resulting mp72 backbone and the RNF43 A269fs insert were separated on a 1 % agarose gel
(45 min, 120 V), and the band containing the mp72 backbone (4564 bp) was cut for subsequent gel
purification with the ReliaPrep DNA Cleanup and Concentration Kit. The backbone fragment
concentration was measured by nanodrop.

Amplification of ORFs by PCR
The inserts used for Gibson Assembly were amplified by PCR from different plasmids with
customized Gibson primers (table 16, P1 and P2). PCRs were run depending on the length of
the amplified region (elongation time = t el) and the annealing temperature (Tm) of the primers.
Since the overlapping regions of eGFP were different for the final plasmids, eGFP DNA was PCR
amplified in separate reactions (table 16, PCR #2, PCR #4).

Table 16: Setup of Gibson fragment amplification

Cloning
PCR

#
Original plasmid

amplified

region
P1 P2

amplicon

length [bp]
T amp Tm t el

Nsp2-GFP 1 pWPI SARS CoV-2-Nsp2 nsp2 ORF Nsp2.FOR Nsp2.REV 2012 71 66 60
Nsp2-GFP 2 mp72 RNF43 A269fs eGFP Vector Nsp2.FOR Vector Nsp2.REV 829 70 65 30
Gaussia-GFP 3 pWPI Gaussia hGluc Gaussia.FOR Gaussia.REV 650 71 66 30
Gaussia-GFP 4 mp72 RNF43 A269fs eGFP Vector Gaussia.FOR Vector Gaussia.REV 829 70 65 30

P1 = Primer 1, P2 = Primer 2, Tm = melting temperature, T amp = annealing temperature, t el = elongation time
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For the PCR reaction (table 17), the DNA template (30 ng) was mixed together with 1.25µL
primer 1 (P1, 10µM), 1.25µL primer 2 (P2, 10µM), 0.5µL dNTPs (25 mM each dNTP), 10µL
5x Herculase II rct buffer, 0.5µL Herculase II fusion DNA polymerase and ddH20 to a final
reaction volume of 50µL.

Table 17: PCR cycling conditions of Gibson assembly
Step Temperature Duration # of cycles

Denaturation 95 ◦C 2 min 1

Denaturation 95 ◦C 20 s
30Annealing Primer Tm -5 ◦C 1) 20 s

Elongation 72 ◦C 30 sec for < 1 kb, 30 sec per kb for > 1 kb 2)

Final Elongation 72 ◦C 3 min 1

Final hold 4 ◦C ∞

1) Primer Tm for the different PCRs can be found in table 16.
2) Elongation time (t el) for the respective PCR can be found in table 16.

Gibson assembly
For Gibson cloning, 100 ng of backbone were added to 3:1 excess of inserts (table 18). Gibson
assembly was performed at 50 ◦ for 15 min with 0.02 – 0.5 pmols of fragments, and 10µL of Gibson
assembly master mix (2 x). The reaction was filled up to 20µL with ddH2O. Competent Stbl3
cells were transformed with 2µL of Gibson assembly product, respectively (see 3.2.4.1).

Table 18: Molecular ratio calculation of Gibson assembly

Final plasmid
DNA
fragments

Size
[bp]

Required DNA
mass [3:1]

Mp72 SARS-CoV-2-Nsp2 T2A GFP
PCR 1 2012 132,3 ng
PCR 2 829 54,49 ng
backbone 4564 100 ng

Mp72 Gaussia T2A GFP
PCR 3 650 42,73 ng
PCR 4 829 54,49 ng
backbone 4564 100 ng
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3.2.5 Genome engineering via CRISPR/Cas9
3.2.5.1 DNA template design
TCRs were assembled in silico according to the following structure: 5’ homology arm, P2A
linker, TCR beta chain with murine constant region, T2A linker, TCR alpha chain with murine
constant region, bovine growth hormone polyadenylation signal (bGHpA), 3’ homology arm.
For enhanced surface expression, constant regions of both transgenic TCR chains contained an
additional cysteine bridge [153]. Synthesized TCR constructs were provided by Twist Biosciences
in a reexpression vector with ampicillin resistance.

3.2.5.2 Generation of dsDNA HDR template
Lyophilized plasmids containing transgenic TCR constructs for CRISPR/Cas9-mediated inte-
gration via HDR (2µg) were reconstituted with 80µL ddH2O. The concentration was measured
by Nanodrop, and plasmids were diluted to 10 ng/µL for bacterial transformation (see 3.2.4.1).
The HDR template-containing plasmids were mixed together with the PCR master mix (table
19) and amplified by PCR (table 20).

Table 19: HDR PCR master mix

Reagent Final concentration
Amount
(for 100 µL reaction)

PCR grade water n/a 65µL
5x Herculase II Reaction Buffer 1x 20µL
hTRAC HDR genomic forward primer (10 mM) 0.4 mM 4.0µL
hTRAC HDR genomic reverse primer (10 mM) 0.4 mM 4.0µL
dNTPs (10 mM) 0.5 mM 5.0µL
Herculase II Fusion DNA Polymerase 1.0 % 1.0µL
DNA (prediluted to 60 ng/µL) 600 ng/mL 1.0µL

Total n/a 100 µL

Table 20: PCR cycling conditions of HDR PCR
Steps Temperature Time Cycle

Initial Denaturation 95 ◦C 3 min 1
Denaturation 95 ◦C 30 s

34 cyclesAnnealing 62 ◦C 30 s
Extension 72 ◦C 3 min
Final extension 72 ◦C 3 min 1
Hold 4 ◦C unlimited

To confirm the purity of the amplified product, 2µL of the PCR product were mixed with 6 x
loading dye and ddH2O to a final volume of 10µL and run on a 1 % agarose gel (130 V, 45 min).
Gene ruler 1 kb DNA ladder was run for size reference for HDR DNA template (∼ 2800 bp).
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HDR constructs were purified with the Agencourt AMPure XP PCR purification system. In
brief, beads were allowed to reach RT for 30 min and mixed thoroughly for 1 min by vortexing.
PCR samples were transferred to a 1.5 mL LoBind-DNA reaction tube and Ampure XP beads
were added in a 1:1 ratio. The reaction was mixed by pipetting and incubated for 5 min at RT.
The tube was then placed on a magnetic stand for 3 – 5 min until the solution became clear.
The supernatant was carefully removed by pipetting, after which tubes were removed from the
magnetic stand. The beads were resuspended with 200µL 70 % EtOH and tubes were placed
back onto the magnetic stand for 3 - 5 min. The supernatant was removed, and one more washing
step was repeated. The beads were dried for 3 min and resuspended in 22µL 10 mM Tris buffer
pH 8.5 to elute DNA from beads. The tubes were placed on the magnetic stand and incubated for
5 min. The supernatant was collected and the concentration of the HDR templates was measured
by Nanodrop. Purified HDR templates were stored at -20 ◦C.

3.2.5.3 RNP production

In preparation for the production of Cas9 RNPs, hTRAC CRISPR RNA (crRNA), hTRBC
crRNA and the trans-activating crRNA (tracrRNA) were diluted to 80µM, while the electropo-
ration enhancer was diluted to 400µM with nuclease-free duplex buffer.

To generate assembled guide RNAs (gRNAs) (40µM), equal amounts of crRNA hTRAC
(stock: 80µM) or crRNA hTRBC (stock: 80µM) were annealed with tracrRNA (stock: 80µM)
at 95 ◦C for 5 min and let allowed to cool down to RT. gRNAs were stored on ice if not used
immediately. 20µM electroporation enhancer (stock: 400µM) was added to TRAC or TRBC
gRNAs, respectively. Cas9 (stock: 61µM) was diluted to 6µM or 20µM with PBS for electro-
poration of 1 x 106 cells or > 5 x 106 cells and stored on ice if not used immediately. Final RNPs
were generated by adding equal volumes of Cas9 to gRNAs and incubation for 15 min at RT.

3.2.5.4 CRISPR/Cas9-mediated TCR KI

Activated cells (see 3.2.2.3) (up to 50 mL) were centrifuged, resuspended in 1 mM D-biotin so-
lution (25 mL, 50 mL falcon tube) and incubated for 20 min at RT. Cells were then washed by
filling up the tube with PBS and centrifuged (1500 rpm, 8 min). Two more washing steps were
performed, one with 30 mL PBS and one with 30 mL cRPMI. Cells were then counted, split into
different conditions and placed in the incubator at 37 ◦C, 5 % CO2 until electroporation.

For electroporation, hTRAC RNPs, hTRBC RNPs (3µL for 1 x 106, 1µL for > 5 x 106 cells)
and HDR template (1µg/1 x 106 cells) were incubated together for at least 30 sec at RT. In the
meantime, cells were centrifuged and resuspended in appropriate volumes of P3 buffer (PBMCs)
or SE buffer (J-TPR cells) (20µL per 1 x 106) and added to assembled RNPs. Cells were then
transferred either into 96-well nucleofection (1 x 106 cells) plates or nucleocuvette™ vessels (>
5 x 106 cells) and electroporated with the program EH-100. PBMCs were transferred into pre-
warmed plates or flasks containing RPMI-SC- with addition of 180 IU/mL IL-2 at a concentration
of 1 x 106 cells/mL. J-TPR cells (1 x 106 cells) were transferred into U-bottom plates with 0.5µM
HDR enhancer in a final volume of 175µL cRPMI for 18 h overnight. After transfer into medium,
cells were placed in the incubator (37 ◦C, 5 % CO2). For PBMCs, antibiotics supplement (5 %)
was added into culture 12 - 16 h post electroporation. For J-TPR cells, HDR enhancer was re-
moved the following day by centrifugation, and cells were resuspended in fresh cRPMI.
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3.2.6 Genome engineering via retroviral transduction

3.2.6.1 Transfection of RD114 cells via calcium precipitation

Depending on the time of seeding and cell batch proliferation, 0.8 - 1.2 x 106 RD114 cells were
seeded per well in a 6-well plate to reach 30 – 50 % confluency on the next day. Transfection buffer
was prepared earlier and stored in small aliquots at -20 ◦C. 3.31 M CaCl2 solution was prepared
immediately before transfection and filtered through 0.22µm PVDF filters. All reaction steps
described in the following refer to one well of a 6-well plate. The plasmid DNA-CaCl2 solution
was prepared by first adding 18µg of plasmid DNA to ddH2O (final volume: 150µL), followed
by 15µL of CaCl2 solution. 150µL of transfection buffer were added to a polystyrene round-
bottom tube. The plasmid DNA-CaCl2 solution was then slowly added to the transfection buffer
under vortexing. Following, the plasmid-transfection solution was incubated for 30 min at RT,
vortexed once in between, and eventually added dropwise to RD114 cells. After 6 h, the medium
was exchanged with 3 mL cRPMI. The retrovirus-containing supernatant was harvested after
48 h and filtered through 0.45µm PVDF filters.

Table 21: Cell line generation via calcium precipitation
Plasmid Target cell line

pMXs HLA-A*01:01 A549-ACE2-H2B-RFP
pMXs HLA-A*03:01 A549-ACE2-H2B-RFP
Mp72 SARS-CoV-2-Nsp2 T2A GFP A549-ACE2-H2B-RFP-HLA-A*03:01
Mp72 Gaussia T2A GFP A549-ACE2-H2B-RFP-HLA-A*03:01

3.2.6.2 Transduction of cell lines with retroviral particles

The retronectin stock solution (1µg/µL) was diluted 1:100 in PBS to reach a concentration
of 0.01µg/µL. Costar® non-treated 24-well plates were incubated with 400µL/well retronectin
overnight in the fridge or for 2 h at RT. After incubation, retronectin solution was removed, and
wells were washed with 1 mL of PBS. Retrovirus was added to the plates and centrifuged for 1 h
at 2,000 g, 32 ◦C. 1 x 105 target cells were added to retrovirus-containing wells and centrifuged
for 30 min at 2,000 g, 32 ◦C after which the plates were placed in the incubator (37 ◦C, 5 % CO2).
After 24 h, the cells were washed once with 1 mL of PBS, detached by trypsinization (see 3.2.2)
with 0.2 mL of trypsin, and transferred to a cell culture flask. After three days, GFP expression
was checked by flow cytometry (see 3.2.3.1) and GFP+ cells were sorted by FACS (see 3.2.3.2).

3.2.6.3 Selection for target gene expressing cells

For the A549-ACE2-H2B-RFP-HLA-A*03:01 (competent HLA-A*03:01 A549 cells) and cell line,
the antibiotic selection was performed with 3µg/mL puromycin for at least one week with the
addition of fresh puromycin after every cell passage. For SARS-CoV-2-Nsp2 T2A GFP and
Gaussia T2A GFP transduced cell lines, the selection was performed by sorting via GFP+ ex-
pression (see 3.2.3.2).
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3.2.7 Functional assays

3.2.7.1 Antigen-specific activation of T cells and Jurkat cells

HLA-matched K562 cells were pulsed with a factor 10 peptide titration series from 10-4 M to
10-12 M of the respective peptide. For activation assays with PBMCs, K562 cells were peptide-
pulsed for 4 h at 37 ◦C, 5 % CO2 at a concentration of 3 x 106/mL. Following incubation, K562
cells were washed three times, and 50,000 K562 cells were coincubated at an effector to target
ratio (E:T) of 1:1 with 50,000 mTRBC+ TCR-transgenic CD8+ T cells for 4 h. The readout of
T cell activation was intracellular cytokine staining of IFN-γ, IL-2, and TNF-α. In the case of
J-TPR cells, K562 cells were irradiated with 80 Gy before peptide-pulsing overnight at 37 ◦C, 5 %
CO2. On the next day, K562 cells were washed three times and coincubated at an E:T of 1:1 as
described above with effector cells for 18 h. Readout of J-TPR TCR activation was achieved by
coupling of T cell activation transcription factor (NFAT, NF-kB, and AP-1) response elements
to fluorescent reporter molecules (GFP, CFP, mCherry, respectively) [168].

3.2.7.2 Cellular avidity measurements

The here-described protocol for cellular avidity measurements is according to the protocol pro-
vided by Lumicks (Oceon 1.4.1) and own protocol improvements. This protocol only summarizes
individual steps and does not explain the details of chip handling. A dry 37 ◦C incubator was
used for microfluid chip storage and incubation times. HLA-matched K562 cells were used as
target cells and SARS-CoV-2-specific TCR-engineered J-TPR cells as effector cells. For optimal
performance, all cell lines were split to 0.1 x 106 cells/mL three days before the experiment. Chips
were activated with 400µL of 1 M NaOH for 10 min at RT. For this, NaOH was pulled in the chip
until only 10µL NaOH were left in the reservoir. Chip activation was followed by two washing
steps with 400µL ddH2O during which air was introduced. A third washing step was performed
with 400µL ddH20 until 10µL ddH20 were left in the reservoir. For chip coating, a 5 mg/mL
concanavalin A (ConA) working solution was prepared in PBS. Chips were subsequently coated
with 100µL ConA solution at 37 ◦C for 1 h or overnight. After chip coating, ConA was removed
by flushing 200µL warm PBS through the chamber twice with 10µL of PBS remaining in the
reservoir. PBS was exchanged to serum-free medium by flushing through 100µL warm medium
with 10µL of medium remaining in the reservoir. After this, chips were ready for seeding and
left in the 37 ◦C dry incubator with the lid screwed on to prevent evaporation.

Target cells were adjusted to a concentration of 60 x 106 cells/mL in serum-free medium, and
15µL were used per chip for seeding. The remaining cell solution in the reservoir after seeding
was removed, and the reservoir was washed three times with serum-free medium. Chips were
incubated for 30 min in a 37 ◦C dry incubator, after which medium exchange was performed
with 200µL warm cRPMI. Chips were then incubated for 60 min. For on-chip peptide pulsing,
100µL of 10-4 M peptide dilution were flushed into the chip with 10µL of solution remaining in
the reservoir and incubated for 30 min in a 37 ◦C dry incubator. After 30 min, 200µL of cRPMI
were flushed through twice with 10µL remaining in the reservoir. Effector cells were stained
with cell trace far red (CTFR) dye according to the manufacturer’s instructions. CTFR dye
was reconstituted in 20µL DMSO, and required amounts were diluted 1/1000 with warm PBS.
Exemplary, 1 x 106 effector cells were washed once with PBS in a 15 mL tube and resuspended
with 1 mL diluted CTFR dye. Cells were incubated for 15 min (37 ◦C, 5 % CO2) and resuspended
once in between. Staining was then stopped by filling up the tube with warm cRPMI and
centrifugation. Cells were resuspended at a concentration of 1 x 106 cells/mL and placed in the
incubator (37 ◦C, 5 % CO2) until measurement. On each chip, up to four measurements were
performed. For this, 15µL of effector cells were added to the reservoir and flushed onto the
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target cells. The effector to target cell incubation was set to 5 min, after which a force ramp was
applied from 0 pN to 1000 pN. Effector cells were then washed out, and target cells were ready
for the next measurement. Data were analyzed with the Ocean software (V 1.4.1) and Prism (V
9.3.0).

3.2.7.3 Incucyte killing assay

A549 target cells were previously transduced with the viral entry protein ACE2 and with
Histone2B-red fluorescent protein (RFP) for live cell imaging (A549-ACE2-H2B-RFP, competent
A549 cells) by collaborators at the Pichlmair laboratory, Institute of Virology, TUM. Incucyte
killing assays with viable SARS-CoV-2 virus were performed in collaboration with the Pichlmair
laboratory under BSL-3 conditions.

Briefly, competent HLA-matched A549 target cells were detached by trypsinization, and
0.5 x 103 cells were seeded in cRPMI in 100µL per well in a 96-well plate. 24 h post seed-
ing, SARS-CoV-2-GFP virus (MOI 5) was added to the target cells in 100µL cRPMI and the
plate was placed in the Incucyte S3 instrument (37 ◦C, 5 % CO2). Real-time images of non-
infected (RFP channel) and infected cells (GFP channel) were captured every 3 h for 72 h. 24 h
post infection, 100µL of medium were removed and SARS-CoV-2 TCR-engineered CD8+ T cells
were added to the plate in an E:T titration from 0.1 to 10. T cells were added in 100µL of
fresh cRPMI with the addition of 100 IU/mL IL-2 (final concentration: 50 IU/mL). As controls,
we used SARS-CoV-2 TCR-engineered CD8+ T cells added on top of target cells without virus
addition. Plates were placed back in the Incucyte S3 instrument, and the acquisition was con-
tinued for an additional 48 h. At the endpoint (72 h), the supernatant and T cells were removed
by washing the wells carefully once with PBS. Fresh medium was added, and final pictures were
acquired. Analysis was performed with the Incucyte® S3 software.

3.2.7.4 xCELLigence killing assay

HLA-matched competent A549 cells were detached by trypsinization, pulsed with 10-5 M of the
respective peptide for 2 h at RT at a concentration of 3 x 106 cells/mL. Cells were then washed
three times and 8 x 103 to 1 x 104 cells were seeded in 100µL cRPMI. After detachment by
trypsinization, competent HLA-A*03 A549-Nsp2-GFP or competent HLA-A*03 A549-Gaussia-
GFP cells were seeded directly on the E-Plate 96 or E-Plate VIEW 96. Plates were placed in
an xCELLigence RTCA MP or xCELLigence RTCA eSight instrument (37 ◦C, 5 % CO2), and
impedance measurement and image acquisition were performed every 15 min, 1 h, respectively, for
72 h. 24 h post target cell addition, 100µL of medium were removed and SARS-CoV-2-specific
TCR-engineered CD8+ T cells were added to the plate in an E:T titration from 0.1 to 10 in
100µL cRPMI + 100 IU/mL IL-2 (final concentration: 50 IU/mL IL-2). The plates were placed
back in the xCELLigence instrument and impedance measurement (and image acquisition) was
continued for an additional 48 h. As negative controls, we used SARS-CoV-2 TCR-engineered
CD8+ T cells added to competent A549 cells. As a positive control, 2 % Triton X was added to
target cells. Analysis was performed with the RTCA xCELLigence (V 2.0).
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3.2.8 Single-cell RNA sequencing and data analysis

3.2.8.1 Sample barcoding and preparation for 10x genomics

After a twelve to 14-day expansion of antigen-reactive cells and fresh restimulation with 1 µg/mL
peptide for 2 h (see 3.2.2.4), followed by IFN-γ catch assay (see 3.2.3.2), samples were stained with
hashtag antibodies for barcoding and subsequent pooling. Specifically, 2 x 106 cells were stained
with 0.5µg (1µL) of each TotalSeq-C hashtag antibody in 50µL FACS buffer and incubated
for 30 min on ice. Subsequently, cells were washed 2 x with FACS buffer and stained for surface
marker expression (see 3.2.3.1). Cells were sorted sequentially in the same well with the MoFlo
Astrios EQ instruments. For the first single cell RNA sequencing experiment, 2„500 CD8+ IFN-
γ+ cells and 10,000 CD8+ IFN-γ- cells were sorted for each donor. For the second single cell
RNA sequencing experiment, only IFN-γ+ cells were sorted. After sorting, cells were centrifuged,
and the supernatant was removed carefully. Cells were resuspended in 37.2µL mastermix and
37.8µL ddH2O and 70µL of cell suspension were transferred to Chromium Next GEM Chip K.

3.2.8.2 10x genomics for single-cell RNA sequencing

Sample processing for 10x genomics was performed according to the manufacturer’s protocol
(Chromium next GEM Single Cell VDJ V1.1, Ref D). The quality control was performed with the
high sensitivity DNA Kit on the Bioanalyzer 2100 instrument, and the quantification of libraries
was performed with the Qubit dsDNA hs assay kit. All pipetting steps were performed with RPT
filter tips in DNA LoBind tubes. For sequencing, libraries were pooled according to minimal
required read counts (20,000 reads/cell for gene expression libraries, 5,000 reads/cell for TCR
libraries). The HiSeq2500 instrument (28 + 91 bp) or the NovaSeq 6000 instrument (2 x 150 bp)
were used for Illumina paired end sequencing for the first and second experiment, respectively.
Annotations against the human genome (GRCh38, GRCh38-2020-A) and the corresponding VDJ
reference (vdj GRCh38 alts ensembl-3.1.0, vdj GRCh38 alts ensembl-5.0.0) were performed with
Cell Ranger (V 3.0.2, 10x genomics) and Cell Ranger (V 5.0.0, genomics) for the first and the
second experiment, respectively.

3.2.8.3 Data pre-processing of single-cell RNA sequencing

Data pre-processing was performed according to Lueken & Theis, 2019 [169] and analysis with
SCANPY [170]. Individual steps will be explained briefly in the following. Cells were excluded
when the gene count was < 200 when genes were counted in less than three cells, and when
mitochondrial genes were > 20 %. In addition, a cut-off was applied for the maximum number of
counts (Exp 1: 50,000, Exp 2: 40,000) and the maximum number of genes (Exp 1: 7,000, Exp 2:
6,000). As the following steps, counts per cell were normalized and logarithmic values were com-
puted. The variance was then scaled to the unit variance and zero mean. The number of counts,
percentage of mitochondrial genes, and cell cycle score were regressed out, and highly variable
genes were identified and filtered. Batch correction of individual donors was done with the batch-
balanced k nearest neighbor (bbknn). Donor reallocation was done using scSplit [171] and HLA-
genotyper/gene score for Y chromosome genes (https://www.uniprot.org/docs/humchry.txt)
for the first experiment, and souporcell [172] together with barcoded antibodies for the second
experiment. To allocate donors to clusters derived from scSplit demultiplexing, an HLA score
was introduced considering all predictions and original genotypes.
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3.2.8.4 Clonotype definition from single-cell RNA sequencing data
Clonotype analysis was performed using scirpy [173]. Cells with identical α and β chain CDR3
nucleotide sequences were defined as belonging to the same clonotype. TCRs were excluded
when more than one TCR α or TCR β chain sequences were present.

3.2.8.5 Definition of gene signatures
The functionality signature was defined based on top genes correlating to experimentally deter-
mined EC50 values of re-expressed SARS-CoV-2-specific TCRs (r squared > 0.5, slope > 0.1).
For the reactivity score, genes were first ranked per group using a t-test. Enriched genes were
then selected based on TCRs that had a measurable EC50 value after re-expression (-log10(p-
value) > 250). For the CD8 activation score, the published gene-ontology CD8 activation score
GO: 0036037 was used.

3.2.9 Quantification and statistical analysis
Initial data analysis was performed using FlowJo (V 10.8.1), Oceon (V 1.4.1), Incucyte® S3
Software, RTCA xCELLigence (V 2.0). Statistical and correlation analyses were performed with
GraphPad Prism (V 9.3.0) and stat.linregress method from the scipy (V 1.4.1) module. Data
were displayed using GraphPad Prism (V 9.3.0), FlowJo (V 10.8.1), seaborn (V 0.10.0), and
matplotlib (V 3.1.3) packages in Python. Significance was defined as *p-value < 0.05, **p-value
< 0.01,***p-value < 0.001, ****p-value < 0.0001.
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4.1 Identification of SARS-CoV-2-specific T cells
4.1.1 Detection of SARS-CoV-2-specific T cells ex vivo
To study T cell responses against SARS-CoV-2, PBMCs from convalescent COVID-19 patients
with a mild course of disease (mild COVID-19 patients) were used. To identify SARS-CoV-2-
specific T cells ex vivo, PBMCs were stimulated with either the PepTivator S peptide pool or
the in-house 9-mer peptide pool. The PepTivator S peptide pool consists of peptides of 15 amino
acids in length (15-mers) covering predicted immunodominant domains of the SARS-CoV-2 spike
(S) glycoprotein. Due to their length, peptides from the PepTivator S pool are predominantly
presented on HLA class II complexes and are therefore expected to stimulate mainly CD4+

T cells. Peptides from the in-house 9-mer peptide pool were selected based on their binding
strength to HLA class I complexes and therefore expected to stimulate CD8+ T cells. Other
selection criteria included immunogenicity, TAP trafficking, proteasomal cleavage, and peptide
processing (see 3.2.1.4). A total of 41 peptides were selected, twelve of which were homologous
to SARS-CoV. The selected peptides were part of the open reading frames S, ORF1ab, N, M
and E and were predicted to bind to nine highly prevalent HLA class I molecules (Table 11).

For ex vivo detection of SARS-CoV-2-specific T cells, we set the detection limit at 0.01 %
IFN-γ+ expressing T cells. After ex vivo stimulation, we detected IFN-γ+ expressing CD4+ /
CD8- T cells to PepTivator S stimulation in 38 % of donors (eight responders, 13 non-responders)
but IFN-γ+ expressing CD8+ T cells only in 19 % of donors (four responders, 17 non-responders)
(Figure 5). This observation aligned with our expectation that the PepTivator S peptide pool
predominantly stimulates CD4+ T cells. After ex vivo stimulation with the in-house 9-mer
peptide pool, the detection of INF-γ+ CD4+ and CD8+ T cells was at the limit of detection
with even lower frequencies than PepTivator S reactive T cells (Figure 5).
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Figure 5: Ex vivo detection of SARS-CoV-2-specific T cells in mild COVID-19 pa-
tients.] (A) Representative flow cytometry plots and (B) quantification of IFN-γ
expression of CD8+ and CD8-/CD4+ T cells following ex vivo PepTivator S and 9-
mer peptide pool stimulation. The figure was reprinted with permission from [84].
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Because the 9-mer peptide pool contained fewer peptides than the PepTivator S peptide pool
(estimated: 121 peptides), fewer activated antigen-specific T cells were expected. In addition,
the frequency of CD8+ T cells in the measured PBMCs was lower than that of CD4+ T cells by
a factor of 1/2 to 1/4. Limited initial sample material also affected the amount of SARS-CoV-
2-specific T cells detected ex vivo. A combination of these factors most likely resulted in a low
frequency of SARS-CoV-2-specific T cell responses after PepTivator S and 9-mer peptide pool
stimulation. Importantly, positive responses were detected in very few individuals, with most
remaining below the ex vivo detection limit. We can conclude that SARS-CoV-2-specific T cell
responses for both peptide pools, PepTivator S and 9-mer, are at the limit of detectability.

4.1.2 Detection of SARS-CoV-2-specific CD8+ T cells after
antigen-specific expansion

The frequency of CD8+ T cells specific for the 9-mer peptide pool was very low ex vivo and also
below the detection limit in most patients, making the analysis of SARS-CoV-2-specific CD8+

T cells infeasible. To increase the sensitivity of detection of SARS-CoV-2-specific CD8+ T cells,
we adopted an in vitro expansion protocol originally developed for the expansion of SARS-CoV-
specific T cells [174]. Specifically, SARS-CoV-2-specific CD8+ T cells were selectively expanded
with peptide-pulsed autologous APCs for twelve days in the presence of low levels of IL-2 (see
3.2.2.4). To assess the efficacy of this protocol, PBMCs from the same patient were stimulated
with peptides and stained for intracellular cytokine expression before and after expansion. While
SARS-CoV-2-specific CD8+ T cells were below the detection limit before expansion, SARS-CoV-
2-specific IFN-γ+ CD8+ T cells could be reliably detected after expansion in all patients tested.
Furthermore, we detected low background levels of unstimulated cells and no significant increase
in the frequency of SARS-CoV-2-specific CD8- T cells, demonstrating the specificity of this
expansion assay (Figure 6).
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Figure 6: Expansion of SARS-CoV-2-specific CD8+ T cells. For expansion of SARS-
CoV-2-specific CD8+ T cells, 20 % of PBMCs were pulsed with 10µg/mL 9-mer
peptide mix for 2 h at RT and then added to the remaining 80 % of PBMCs in culture
at a concentration of 1 x 106 cells/mL in the presence of 50 U/mL IL-2. On day twelve
of expansion, PBMCs were restimulated with 1µg 9-mer peptide mix, and IFN-γ
production was measured by intracellular cytokine staining. (A) Representative flow
cytometry plots and (B) frequency of IFN-γ+ expressing CD8+ and CD8- T cells at
day 0 and day 12 after expansion. (B) Day 0 and day 12-time points of each donor are
connected by a black line. Paired-nonparametric Wilcoxon test was used to calculate
the significance (**p-value < 0.01; ns, not significant). The figure was reprinted with
permission from [84].
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After establishing the in vitro expansion protocol with a selected number of donors (n = 10), we
extended the analysis to PBMCs from all 44 patients in the mild COVID-19 patient cohort. We
observed frequencies of SARS-CoV-2-specific CD8+ T cells ranging from 0.1 % to more than 20 %
of total CD8+ T cells (Figure 7A). Regardless of the strength of the response after expansion, all
donors with a frequency greater than 0.1 % IFN-γ+ CD8+ T cells after background subtraction
were considered responders. In addition to mild COVID-19 patients, SARS-CoV-2-specific CD8+

T cells from the asymptomatic seropositive and asymptomatic seronegative donor cohorts were
also evaluated. Donors from both cohorts did not show typical symptoms SARS-CoV-2 infection,
and previous exposure to the virus was detected by antigen testing. To investigate the potential
cross-reactivity of 9-mer peptides, we also tested SARS-CoV-2-specific CD8+ T cell responses in
pre-pandemic donors.

Most patients in the mild COVID-19 and asymptomatic seropositive cohorts had detectable
CD8+ T cell responses after expansion. We found that the frequency of responders was very sim-
ilar between symptomatic and asymptomatic seropositive donors (77 % and 78 %, respectively).
Interestingly, the range of responses was also similar between the two cohorts, despite differences
in the course of disease. The fact that the asymptomatic donor material was expanded fresh,
whereas mild COVID-19 PBMCs were expanded frozen, did not result in differences in peptide
response. Because the 9-mer peptide pool specifically expands CD8+ T cells, CD8- T cells for the
mild COVID-19 and asymptomatic seropositive cohorts showed mostly no detectable responses,
even though they had a similar trend to CD8+ T cells, but lower by a factor of 10 on the log
scale. As expected, the asymptomatic seronegative and pre-pandemic donor cohorts showed
lower CD8+ T cell reactivity to the 9-mer peptide pool expansion with detectable responses in
only 25 % and 32 % of the donors, respectively (Figure 7B). In addition, it was striking that
the responses of pre-pandemic donors were much lower than those of asymptomatic seronegative
donors, suggesting that some asymptomatic seronegative donors may have been exposed to the
virus but tested antigen-negative. The observation that some pre-pandemic donors reacted to 9-
mer SARS-CoV-2 peptides suggested the possibility of cross-reactivity with other viral epitopes
to which the immune system had been exposed during previous infections.

We can conclude that we detected CD8+ T cell responses to the 9-mer peptide pool after
in vitro expansion in the majority of mild COVID-19 and asymptomatic seropositive donors,
whereas the control groups, asymptomatic seronegative and pre-pandemic donors, showed only
minor responses.
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Figure 7: SARS-CoV-2-specific T cell responses of different patient cohorts after
expansion. (A) Representative flow cytometry plots of IFN-γ+ CD8+ and CD8- T
cells after expansion for no stimulation (no stim) control and 9-mer peptide stimu-
lation for a strong, intermediate and weak responder. Cells were pregated based on
lymphocytes, singlets, living, and CD3+. (B) (Top) IFN-γ+ responses of SARS-CoV-
2 patient cohorts (mild COVID-19 and asymptomatic seropositive) and the control
groups (asymptomatic seronegative and pre-pandemic) after expansion of CD8+ (left)
and CD8- T cells (right). Data are shown in a box and whiskers plot - min to max, all
points shown. The box includes the 25th to the 75th percentile, and the middle line
marks the median value. Statistical analyses were performed via one-way ANOVA
with the Kruskal-Wallis test (*p-value < 0.05, ***p < 0.001, ****p < 0.0001). (Bot-
tom) Pie charts of CD8+ T cell responses of different patient cohorts. Responders
are depicted in respective colors, and non-responders in light grey. The figure was
reprinted with permission from [84].

4.1.3 HLA distribution of patient cohorts
The responsiveness of the different patient cohorts to the 9-mer peptide pool depends on the
HLA types of the donors. To evaluate possible bias in the number of responders due to different
HLA distributions in the different cohorts, we analyzed the HLA coverage per cohort. Overall,
the HLA distribution of the patient cohorts (Figure 8B - E) showed comparable frequencies
to the allele frequencies in the German population (Figure 8A), with HLA-A*02:01 being the
dominant HLA type in all patient cohorts. Donors responding to the 9-mer peptide pool can
therefore be considered as good representatives of responders in Germany. In mild COVID-19
patients and pre-pandemic donors, HLA typing revealed similar distributions for HLA-A*02:01,
HLA-A*11:01, HLA-B*07:02 and HLA-B*35:01 (Figure 8B - C). We observed that the HLA
types A*03:01 and C*07:02 were more prominent in mild COVID-19 patients, whereas the HLA
types A*01:01 and B*08:01 were more prominent in pre-pandemic donors. In asymptomatic
donors, the HLA types could only be determined by flow cytometry staining, and therefore only
the frequencies of HLA-A*02, HLA-A*03, HLA-B*07 and HLA-B*08 were obtained (Figure 8D
- E). The frequencies were roughly comparable to mild COVID-19 patients with slightly lower
frequencies of HLA-B*07 and higher frequencies of HLA-B*08. Since the responsiveness to the
peptide pool of mild COVID-19 and asymptomatic seropositive donors was very similar, we
expected the HLA distribution of the other HLA types to be similar. Due to sample limitations,
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4.1 Identification of SARS-CoV-2-specific T cells

asymptomatic donors could not be analyzed further. Considering a similar HLA distribution
between the patient cohorts, we can therefore conclude that the differences observed between the
patient cohorts in the frequencies of IFN-γ+ CD8+ T cells after 9-mer peptide pool stimulation
were real.
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Figure 8: HLA distribution of patients cohorts. (A) Bar graph of population allele fre-
quencies in Germany [175] - Germany DKMS - German donors (n=3456066), (B)
mild COVID-19 donors, (C) pre-pandemic donors, (D) asymptomatic seropositive
and (E) asymptomatic seronegative donors. Parts of the figure were reprinted with
permission from [84].

4.1.4 Persistence of SARS-CoV-2-specific CD8+ T cell responses

PBMCs from mild COVID-19 and asymptomatic seropositive donors were collected at different
time points after the first PCR positive or antigen-positive test, respectively. This allowed us not
only to measure the simultaneous occurrence of IgG and T cell responses but also to monitor the
persistence of cellular and humoral immune responses over time. At the first follow-up visit, IgG
levels (AU/mL) were above the detection limit of 10 AU/mL in most mild COVID-19 patients
and in all asymptomatic seropositive donors. In comparison, SARS-CoV-2-specific CD8+ T cell
responses (IFN-γ+) could be measured in 34 of 44 (77 %) mild COVID-19 patients and 21 of
27 (78 %) asymptomatic seropositive donors. Importantly, the majority of donors had both,
detectable IgG levels and CD8+ T cell responses, suggesting successful establishment of humoral
and cellular immunity after mild symptomatic and asymptomatic SARS-CoV-2 infection (Figure
9A).

By measuring IgG levels over a period of 259 days in mild COVID-19 donors and 205 days in
asymptomatic seropositive donors, we found that SARS-CoV-2 antibody levels declined rapidly
over time in both cohorts (Figure 9B). Although IgG levels were measured over different time
periods for both cohorts, and although the recruitment of asymptomatic seropositive donors
(days after enrollment) did not match the recruitment of mild COVID-19 patients (days after
PCR test), the same trend was observed. The persistence of peptide-specific CD8+ T cells could
be measured stably for all time points, in contrast to antibody levels, and no trend towards a
decrease in responses was observed in mild COVID-19 patients or asymptomatic seropositive
donors (Figure 9C).
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Figure 9: Cellular versus humoral persistence of SARS-CoV-2-specific responses.
SARS-CoV-2-specific CD8+ T cells and IgG levels were measured in mild COVID-
19 (red) and asymptomatic seropositive (blue) donors. (A) Correlation of IgG levels
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PCR-confirmed infection and 102.6 ± 24.5 days after study enrollment, respectively).
IgG levels (B) and INF-γ+ CD8+ T cell responses (C) at all sample collection time
points as days after PCR test or days after enrollment, respectively. Data of the same
donor are connected by a line. The figure was reprinted with permission from [84].

Additional sample material was collected from a selected number of mild COVID-19 patients
who had no re-infection within one year of the initial PCR positive test. Importantly, even
twelve months after infection, CD8+ T cell responses were detected in most donors, whereas
IgG levels were mostly undetectable (Figure 10A). For 37 donors of the mild COVID-19 patient
cohort, an additional time point was collected two years after the initial SARS-CoV-2 PCR-
confirmed infection. After two years, 20 donors had only one SARS-CoV-2 infection, and 17
donors had more than one infection. Of the donors with one infection, 16 donors (80 %) were
responders to the 9-mer peptide pool in 2020, and twelve donors were still responders (60 %) in
2022 (Figure 10B - C). By dividing the 20 donors into responders (green plot in the middle) and
non-responders at the first time point (grey plot on the right), we were able to follow the changes
in responses over time (Figure 10C). Of the 17 responders, five donors with one infection lost
responsiveness to the 9-mer pool. In contrast, only one non-responder with one infection had
a ‘de novo’ response from 2020 to 2022, just above the detection limit (grey plot on the right).
Although five of the original 17 responders lost responsiveness to the peptide pool over two
years (29 %), most donors continued to respond to SARS-CoV-2 9-mer peptides after expansion,
further supporting the claim made in Figure 9 with suggested memory formation and long-term
CD8+ T cell immunity after infection with SARS-CoV-2. Of the 17 donors with more than one
infection, eleven donors responded to SARS-CoV-2 peptides in 2020 (64 %) and 14 donors in
2022 (82 %) (Figure 10B, D). The improved CD8+ T cell response for these donors was likely
enhanced by reinfection, suggesting that reinfection is helpful in maintaining high levels of SARS-
CoV-2-specific CD8+ T cells. To track T cell responses over time, we again divided donors into
responders and non-responders (Figure 10D, green and grey plots, respectively). We found that
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out of eleven responders with more than one infection in 2020, only one donor showed waning
CD8+ T cell responses to the peptide pool. Interestingly, four of the six non-responders in 2020
had a ‘de novo’ T cell response after reinfection. This suggests that multiple infections help to
maintain detectable CD8+ T cell responses and even stimulate ‘de novo’ CD8+ T cell responses.
In summary, we found that while SARS-CoV-2-specific antibody levels of mild COVID-19 donors
declined quickly, CD8+ T cell responses were stably detected over time, in many patients even
two years after initial SARS-CoV-2 infection.
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Figure 10: Detection of SARS-CoV-2-specific CD8+ T cells up to two years after
infection. (A) INF-γ+ CD8+ T cell responses and IgG levels twelve months after
infection. Data are illustrated in a box and whiskers plot - min to max, all points
are shown. The box includes the 25th to the 75th percentiles, and the middle line
marks the median. IFN-γ values are oriented at the left and IgG values at the right
y-axis. (B - D) Only donors are shown for which a two-year follow-up time point was
collected. (B) Quantification of responders and non-responders for 2020 and 2022
time points for donors with one and more than one infection. (C-D) Time course
of IFN-γ+ levels of CD8+ T cell responses of donors with one (C) and more than
one infection (D). The first six sample collections and the two-year follow-up time
point are separated by a break in the x-axis. Donors that switched from responder
to non-resonder and vice versa are marked by a clored dot in the respective other
color in 2022. Parts of the figure were reprinted with permission from [84].
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4.1.5 Identification of immunodominant SARS-CoV-2 epitopes

For in-depth characterization of SARS-CoV-2 T cell immunity, the identification of single im-
munodominant epitopes is essential. To identify immunogenic and immunodominant epitopes,
PBMCs from all mild COVID-19 donors were expanded with all 41 peptides of the ‘original’
9-mer peptide pool. Due to limited sample material and to achieve higher throughput in testing
potential immunogenic responses, we divided the peptides into four subpools for restimulation
to first identify reactive subpools (data not shown). In a second experiment, we then expanded
mild COVID-19 donor PBMCs with peptides from the reactive subpool(s) only and restimu-
lated PBMCs with single peptides in separate conditions. In total, we identified 19 immunogenic
epitopes of which eleven epitopes were immunodominant (immunodominance defined as ≥ 50 %
of responders), and five had an immunodominance of ≥ 70 % (A1/ORF3 FTS, A3/ORF1 KLF,
A3/ORF1 VTN, A3/ORF1 ASM, A1/ORF1 DTD) (Figure 11A - B) (Table 22). In addition,
we detected multiple epitope responses per donor, suggesting that an immune response is gen-
erated against multiple viral proteins simultaneously. Furthermore, the absolute magnitude
of the response for the same epitope differed between donors (Figure 11A). For example, for
the A1/ORF3a FTS epitope, the responses of ten HLA-matched donors ranged from 1.08 % to
14.87 % of INF-γ+ CD8+ T cells, with a mean of 4.0 % and a standard deviation (STD) of 4.2.
Another exemplary epitope with a wide range of responses was A2/S KIA with a range from
0.38 % to 1.97 % of INF-γ+ CD8+ T cells in five donors (mean: 0.70, STD: 0.58).

In addition to donor-dependent differences, we also observed that some epitopes induced higher
frequencies of INF-γ+ CD8+ T cells than others, suggesting higher precursor frequency or fit-
ness of the cells during expansion (Figure 11C). Specifically, we detected epitopes with high
(A1/ORF3 FTS: 4.69 %, B8/ORF1 FVK: 1.88 %), intermediate (A2/S VVF: 0.54 %, A1/ORF1 DTD:
0.50 %), and low (A2/S ALN: 0.2 %, A24/N LSP: 0.12 %) mean IFN-γ+ CD8+ T cell responses.
Although no direct correlation was found between the degree of immunodominance and IFN-γ+

frequency of CD8+ T cells, a trend was observed in which epitopes with high immunodominance
also had high mean IFN-γ+ signals. Representative is the A1/ORF3a FTS epitope with an
immunodominance of 100 % of HLA-matched donors and a high mean IFN-γ signal of 4.68 %
(Figure 11B, C).

Responses of pre-pandemic donors to 9-mer peptides were detected only against a few epitopes
(A1/ORF3 FTS, A1/ORF1 DTD, A2/N LLL, B35/ORF1 VPF) and were significantly lower in
magnitude. For all potential ‘cross-reactive’ epitopes, we found reactivity in only one HLA-
matched pre-pandemic donor each. Furthermore, the responses were much lower than in donors
with SARS-CoV-2 infection. For epitopes with high immunodominance, A1/ORF3a FTS and
A1/ORF1 DTD, this corresponded to 100 % vs 17 % and 70 % vs 17 % of mild COVID-19 donors
versus pre-pandemic donors, respectively. For epitope A2/N LLL, which had a low immunogenic-
ity of only 8.6 %, one responding pre-pandemic donor resulted in a higher frequency of 14.2 %.
While the B35/ORF1 VPF epitope had a reported immunogenicity of 50 %, it is important to
note that only two HLA-B*35:01 donors were measured. We suspect that the pre-pandemic
HLA-B*35:01 donor who responded to B35/ORF1 VPF with an immunogenicity of 100 % as
well as the 50 % response rate of the mild COVID-19 donors were most likely the result of data
bias (Figure 11A, D).
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Figure 11: Identification of immunodominant SARS-CoV-2 epitopes of the ‘original’
peptide pool. (A) Heatmap of IFN-γ+ CD8+ T cells of mild COVID-19 and pre-
pandemic donors for all epitopes of the ‘original’ 9-mer peptide pool. Peptides are
organized according to HLA type. (B) Bar graph of immunodominance of epitopes
for HLA-matched individuals. (C) Magnitude of responses per epitope for positive
responses only. An orange line marks the mean. (D) Responses of selected epitopes
of mild COVID-19 and pre-pandemic donors. A black line marks the mean. Parts
of the figure were reprinted with permission from [84].

Table 22: Response frequency of peptides from the ‘original’ peptide pool

Peptide HLA type

Responder/
non-responder
(response
frequency)

Peptide HLA type

Responder/
non-responder
(response
frequency)

ORF1 AMD HLA-A*01:01 0/10 (0 %) ORF1 TTI HLA-A*11:01 0/4 (0 %)
ORF1 DTD HLA-A*01:01 7/3 (70 %) ORF1 VTN HLA-A*11:01 3/1 (75 %)
ORF1 GTD HLA-A*01:01 5/5 (50 %) S RLF HLA-A*03:01 0/12 (0 %)
ORF1 LTN HLA-A*01:01 1/9 (10 %) M SYF HLA-A*24:02 0/8 (0 %)
ORF3 FTS HLA-A*01:01 10/0 (100 %) N LSP HLA-A*24:02 1/7 (13 %)
S LTD HLA-A*01:01 5/5 (50 %) ORF1 NYM HLA-A*24:02 0/8 (0 %)
N ILL HLA-A*02:01 0/23 (0 %) ORF1 WSW HLA-A*24:02 0/8 (0 %)
N LLL HLA-A*02:01 1/22 (4.3 %) ORF1 YFM HLA-A*24:02 0/8 (0 %)
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N LQL HLA-A*02:01 0/23 (0 %) S GYQ HLA-A*24:02 0/8 (0 %)
S ALN HLA-A*02:01 1/22 (4.3 %) S PYR HLA-A*24:02 0/8 (0 %)
S KIA HLA-A*02:01 7/16 (30 %) S VYS HLA-A*24:02 0/8 (0 %)
S KVG HLA-A*02:01 0/23 (0 %) ORF1 KPN HLA-B*07:02 1/13 (7.1 %)
S VLN HLA-A*02:01 0/23 (0 %) ORF1 KPV HLA-B*07:02 0/14 (0 %)
S VVF HLA-A*02:01 2/21 (8.6 %) ORF1 VPM HLA-B*07:02 0/14 (0 %)
ORF1 ASM HLA-A*03:01 1/10 (9.1 %) ORF1 FVK HLA-B*08:01 1/2 (33 %)
ORF1 KLF HLA-A*03:01 5/6 (45 %) ORF1 SLS HLA-B*08:01 0/3 (0 %)
ORF1 VTN HLA-A*03:01 5/6 (45 %) ORF1 YLK HLA-B*08:01 0/3 (0 %)
S RLF HLA-A*03:01 0/12 (0 %) ORF1 FAV HLA-B*35:01 0/2 (0 %)
M LSY HLA-A*11:01 0/4 (0 %) ORF1 HSI HLA-B*35:01 1/1 (50 %)
ORF1 ASM HLA-A*11:01 3/1 (75 %) ORF1 LVA HLA-B*35:01 1/1 (50 %)
ORF1 KLF HLA-A*11:01 3/1 (75 %) ORF1 NVL HLA-B*35:01 0/2 (0 %)
ORF1 STF HLA-A*11:01 2/2 (50 %) ORF1 VPF HLA-B*35:01 1/1 (50 %)

The ‘original’ 41 peptide 9-mer pool contained epitopes against the most common HLA class
I molecules in the Caucasian population. While coverage of 100 % was achieved for the HLA
types HLA-A*01:01, HLA-A*11:01 and HLA-B*35:01, coverage for some of the other HLA types
was considerably lower with 63 %, 40 %, 33 % for HLA-A*03:01, HLA-A*02:01, HLA-B*08:01,
respectively, and much lower for HLA-A*24:01 and HLA-B*07:02 with less than 15 % (Figure
12A). To achieve better response rates for some of these HLA types, but also to include more
HLA types for better coverage of the Caucasian population, we developed an ‘extended’ peptide
pool with 62 additional peptides predicted to bind to the HLA types from the ‘original’ peptide
pool and also to new HLA-types (HLA-B*15:01, HLA-B*40:01 and HLA-B*44:03). 37 of the 62
peptides were part of the spike protein and 25 peptides were part of other ORFs (Table 11). The
S RLF epitope from the ‘original’ peptide pool was included again to be measured at a different
time point as it showed good prediction not only for HLA-A*03:01 but also for HLA-A*11:01. In
the ‘original’ peptide pool it showed no reactivity in HLA-A*03:01 positive donors. The selection
of peptides for the ‘extended’ peptide pool was based on HLA class I epitope prediction tools
similar to the ‘original’ peptide pool (see 3.2.1.4) and on published epitopes from literature. With
the ‘extended’ peptide pool, the response rate of HLA-A*02:01, HLA-A*24:01 and HLA-B*07:02
was improved to 70 %, 75 % and 71 %, respectively. In addition, coverage of 100 % was achieved
for HLA-B*40:01 and new response rates of 71 %, 57 % and 5 % were achieved for HLA-B*15:01,
HLA-B*44:03 and HLA-C*07:02, respectively (Figure 12B).
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Figure 12: HLA type of mild COVID-19 responders to SARS-CoV-2-specific epi-
topes. HLA class I types of responders to (A) ‘original’ and (B) ‘extended’ SARS-
CoV-2-specific 9-mer peptide pool. Responses for each HLA type are the sum of
individual peptide responses. The figure was reprinted with permission from [84].

To identify peptides of the ‘extended’ peptide pool, we proceeded from the subpool peptide
deconvolution strategy used above (see 4.1.5) to direct expansion of mild COVID-19 PBMCs with
HLA-matched peptides, followed by restimulation with single peptides. This had the advantage
of allowing more conditions to be tested at the same time and increasing the speed of peptide
identification. Because sample material was limited and we wanted to preserve some donor
material for future experiments, not all HLA-matched donors of common HLA alleles were tested.
For example, only eight of ten donors (80 %) were tested for HLA-A*01:01, only twelve of 23
donors (52 %) were tested for HLA-A*02:01 and only nine of eleven donors (82 %) were tested
for HLA-A*03:01. This could lead to under- or over-representation of some peptide responses.
However, since the main goal was to increase HLA coverage and identify immunogenic epitopes,
this bottleneck was accepted.

Overall, we detected responses in 33 out of 44 mild COVID-19 patients (75 %) after expan-
sion with peptides from the ‘extended’ peptide pool. Importantly, however, we were able to
expand six donors in whom we had previously detected no responses after expansion, resulting
in an overall responsiveness of mild COVID-19 donors to both peptide pools of 91 % (Figure
13A) (Table 23). Multiple epitope reactivities per donor were also observed for peptides from
the ‘extended’ peptide pool. In addition, we again found differences in magnitude between
donors for the same epitope. For example, responses to the B7/N SPR epitope were detected
in eleven donors and ranged from 0.15 % to 18.8 % of IFN-γ+ CD8+ T cells (mean: 3.85 %
STD: 5.29 %) (Figure 13A). Epitopes from the ‘extended’ pool show very high immunogenicity
with 18 newly identified immunogenic epitopes, eight of which showed an immunodominance
of ≥ 70 % (B7/N SPR, B35/S LPF, B40/M SEL, B44/N MEV, A2/S YLQ, A2/ORF1 KLW,
A11/N ATE, A3/N KTF). In addition, the epitope A11/S RLF showed responses in 50 % of
HLA-matched donors (Figure 13B).

When comparing the IFN-γ frequencies after expansion, also for peptides of the ‘extended’
pool, different mean IFN-γ+ CD8+ T cells frequencies were observed with a trend towards
the co-occurrence of high immunodominance and high frequencies of IFN-γ+ CD8+ T cells.
Representative epitopes were B7/N SPR and B40/M SEL, both with immunodominance of 100 %
and mean IFN-γ signals of 6.70 % and 4.24 %, respectively. In contrast, peptides with low
immunodominance, such as A3/N KTF (22 %) and B44/ORF1 SEF (22 %), had comparatively
low mean IFN-γ frequencies of 0.16 % and 0.25 %, respectively (Figure 13C). Outliers from
this trend could generally be attributed to epitopes to which few donors responded (N QRN,
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immunodominance: 7.7 %, IFN-γ: 5.5 % or A24/ORF1 VYI immunodominance: 25 %, IFN-
γ: 0.6 %). To understand the polyfunctionality of a T cell response, we added the number of
individual peptide responses per donor from the ‘original’ and the ‘extended’ peptide pools. We
found that most donors show immunogenicity against four epitopes at the same time, followed
by two, three and seven epitopes (Figure 13D). Of course, this number depends on the HLA
background of the patient cohort and is likely to increase as more immunodominant epitopes for
the respective HLA types of the patients are added.

In summary, we identified SARS-CoV-2 epitopes with high immunodominance in mild COVID-
19 donors. Furthermore, we observed multiple epitope responses per donor and differences in
magnitude for the same epitope in different donors with a trend towards correlation of immun-
odominance and IFN-γ levels. In addition, we detected little cross-reactivity with pre-pandemic
samples for the 9-mer epitopes from the first peptide pool, confirming the specificity of the
selected epitopes for SARS-CoV-2.
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Figure 13: Identification of immunodominant SARS-CoV-2 epitopes of the ‘ex-
tended’ peptide pool. (A) Heatmap of IFN-γ+ CD8+ T cells of mild COVID-19
and pre-pandemic donors for all epitopes of the ‘extended’ 9-mer peptide pool. Pep-
tides are organized according to HLA type. (B - C) Only peptides with an immune
response against at least one donor are shown. (B) Bar graph of immunodominance
of epitopes for HLA-matched individuals. (C) Magnitude of responses per epitope
only for positive responses. An orange line marks the mean. (D) Quantification
of the number of epitopes each donor responds against. Parts of the figure were
reprinted with permission from [84].
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Table 23: Response frequency of peptides from the ‘extended’ peptide pool

Peptide HLA type
Responder/

non-responder

(response %)

Peptide HLA type
Responder/

non-responder

(response %)

S CVA HLA-A*01:01 2/6 (25 %) S YYH HLA-A*24:02 0/8 (0 %)
S TSN HLA-A*01:01 0/8 (0 %) N KPR HLA-B*07:02 0/11 (0 %)
S WTA HLA-A*01:01 1/7 (13 %) N SPR HLA-B*07:02 11/0 (100 %)
N AQA HLA-A*02:01 0/12 (0 %) ORF1 RPD HLA-B*07:02 0/11 (0 %)
ORF1 KLW HLA-A*02:01 10/2 (83 %) S FPQ HLA-B*07:02 0/11 (0 %)
ORF3 LLY HLA-A*02:01 8/4 (67 %) S MIA HLA-B*07:02 0/11 (0 %)
S ELL HLA-A*02:01 0/12 (0 %) S SPR HLA-B*07:02 0/11 (0 %)
S FQF HLA-A*02:01 0/12 (0 %) ORF1 DLK HLA-B*08:01 0/3 (0 %)
S HLM HLA-A*02:01 0/12 (0 %) S EPV HLA-B*08:01 0/3 (0 %)
S SII HLA-A*02:01 0/12 (0 %) S FNA HLA-B*08:01 0/3 (0 %)
S TLD HLA-A*02:01 0/12 (0 %) S INI HLA-B*08:01 0/3 (0 %)
S YLQ HLA-A*02:01 11/1 (92 %) S LIT HLA-B*08:01 0/3 (0 %)
N KTF HLA-A*03:01 2/7 (22 %) N AQF HLA-B*15:01 5/3 (63 %)
ORF1 KTI HLA-A*03:01 6/3 (67 %) ORF1 LVQ HLA-B*15:01 0/8 (0 %)
S GVY HLA-A*03:01 3/6 (33 %) S LPF HLA-B*35:01 2/0 (100 %)
S KCY HLA-A*03:01 6/3 (67 %) S QPT HLA-B*35:01 1/1 (50 %)
S QIY HLA-A*03:01 0/9 (0 %) S FAM HLA-B*35:01 0/2 (0 %)
S VTY HLA-A*03:01 0/9 (0 %) S IPF HLA-B*35:01 0/2 (0 %)
M ATS HLA-A*11:01 0/4 (0 %) S LGA HLA-B*35:01 0/2 (0 %)
N ATE HLA-A*11:01 3/1 (75 %) ORF1 GEA HLA-B*40:01 0/2 (0 %)
N KTF HLA-A*11:01 3/1 (75 %) ORF1 GEV HLA-B*40:01 0/2 (0 %)
N KTF HLA-A*11:01 0/4 (0 %) M SEL HLA-B*40:10 2/0 (100 %)
S NSA HLA-A*11:01 0/4 (0 %) N MEL HLA-B*40:10 2/0 (100 %)
S RLF HLA-A*11:01 2/2 (50 %) S YEQ HLA-B*44:03 0/9 (0 %)
S TLK HLA-A*11:01 0/4 (0 %) N MEW HLA-B*44:10 6/3 (67 %)
N DYK HLA-A*24:02 0/8 (0 %) ORF1 SEF HLA-B*44:10 2/7 (22 %)
ORF1 VYI HLA-A*24:02 2/6 (25 %) M NRF HLA-C*07:02 0/13 (0 %)
ORF3 VYF HLA-A*24:02 4/4 (50 %) N QRN HLA-C*07:02 1/12 (7.7 %)
S KWP HLA-A*24:02 1/7 (13 %) S EYV HLA-C*07:02 0/13 (0 %)
S NYN HLA-A*24:02 5/3 (63 %) S FRK HLA-C*07:02 0/13 (0 %)
S QYI HLA-A*24:02 5/3 (63 %) S VRF HLA-C*07:02 0/13 (0 %)
S YFP HLA-A*24:02 1/7 (13 %)
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To conclude this chapter, we found that SARS-CoV-2-specific T cell responses were below the
detection limit for most mild COVID-19 donors for the PepTivator S and SARS-CoV-2 9-mer
peptide pools. To better detect low-frequency SARS-CoV-2-specific responses, we developed an
expansion protocol to selectively expand SARS-CoV-2-specific CD8+ T cells without expanding
CD4+ T cells. Subsequently, we were able to detect CD8+ T cell responses to the 9-mer peptide
pool for 77 % and 78 % of mild COVID-19 and asymptomatic seropositive donors. The control
groups, asymptomatic seronegative and pre-pandemic donors had low responses after expansion.
Analysis of donor HLA types revealed that the patient cohorts had similar HLA distributions,
suggesting that the responses to the 9-mer peptide pool were real and not biased by HLA dis-
tribution. We then examined the persistence of SARS-CoV-2-specific responses and found that
although SARS-CoV-2 antibody levels were readily detectable at the first time point, they quickly
dropped below the detection limit. In contrast, CD8+ T cell responses were stably detected over
time and persisted in most individuals for up to two years after initial SARS-CoV-2 infection,
suggesting long-term development of T cell immunity. Reinfection stabilized these responses and
further stimulated ‘de novo’ CD8+ T cell responses. We then deconvoluted the peptide pool and
identified SARS-CoV-2 epitopes with high immunodominance. To achieve better response rates
for some of the HLA types and to include more HLA types, we also developed an ‘extended’ pep-
tide pool in which we again demonstrated highly immunodominant peptides. We also observed
that each donor reacted to multiple epitopes simultaneously and discovered a range in CD8+ T
cell IFN-γ frequencies in different donors for the same epitope. By comparing immunodominance
with IFN-γ frequencies, we identified a trend of correlation between high immunodominance and
IFN-γ levels. Finally, we tested peptides from the ‘original’ pool in pre-pandemic donors and
found overall low responses in a few epitopes, confirming the specificity of selected epitopes for
SARS-CoV-2.
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4.2 Identification and functional characterization of
SARS-CoV-2-specific TCRs

4.2.1 Identification of TCRs specific for SARS-CoV-2 epitopes
A3/ORF1 VTN and A1/ORF3a FTS

Following the identification of immunodominant SARS-CoV-2-specific epitopes in subsection
4.1, we were intrigued to further investigate CD8+ T cell immunity in mild COVID-19 patients
by analyzing TCRs that recognize these SARS-CoV-2-specific epitopes. For the identification
of SARS-CoV-2-specific TCRs by single cell RNA sequencing (scRNAseq) two epitopes with
high immunodominance were selected as a proof of concept, the HLA-A*01:01-restricted epitope
A1/ORF3a FTS (100 %) and the HLA-A*03:01-restricted epitope A3/ORF1 VTN (75 %). For
each epitope, two HLA-matched donors were selected (donors 22 and 34 for A3/ORF1 VTN;
donors 32 and 33 for A1/ORF3a FTS) and expanded for twelve days. As before, for expansion,
20 % of the PBMCs were pulsed with 10µg/mL of the total ‘original’ peptide pool for 2 h at
RT before being added to the remaining 80 % of the PBMCs in culture (see 3.2.2.4). To in-
duce a selective activation phenotype of CD8+ T cells specific for the epitopes A3/ORF1 VTN
and A1/ORF3a FTS, PBMCs from the four donors were freshly restimulated with the respec-
tive epitope of interest prior cell sorting. In this way, TCRs specific for A1/ORF3a FTS and
A3/ORF1 VTN could be identified based on the T cell activation marker IFN-γ after fresh pep-
tide stimulation. The IFN-γ catch assay was used to isolate peptide reactive T cells. This assay
allowed IFN-γ molecules produced after fresh restimulation to be captured on the cell surface
of activated T cells (see 3.2.2.4). Subsequent staining of surface-presenting IFN-γ with anti-
IFN-γ antibodies conjugated to fluorochromes allowed us to sort recently activated cells by flow
cytometry.

In addition to 2,500 IFN-γ+ cells, we sorted 10,000 IFN-γ- cells per sample. With this, we
wanted to distinguish recently activated CD8+ T cells by an activated phenotype from CD8+

T cells that were not recently activated. Previously, we have shown that most donors respond
to more than one SARS-CoV-2 epitope (see 4.1.5). By expanding PBMCs from all four donors
with the entire peptide pool, we also expanded CD8+ T cells specific for other SARS-CoV-2
epitopes. We anticipated that in addition to identifying A3/ORF1 VTN and A1/ORF3a FTS-
specific CD8+ T cells by recent activation, we could also identify TCRs specific for other epitopes
based on clonotype size. Following cell sorting, we pooled cells from all four donors and identified
TCR sequences from the sorted cells by scRNAseq and data analysis (see 3.2.8) (Figure 14A).

To organize individual cells based on transcriptomic similarities and identify clusters of similar-
ity, we used the widely used and popular Leiden algorithm, an iterative algorithm that connects
communities based on similarity and leads to optimal local assignment [176]. Leiden clustering
revealed eight clusters of similarity (cluster 0 - cluster 7) (Figure 14B). The clusters with the
largest clonotype sizes were cluster 0, followed by cluster 1 and cluster 5. Based on the clonotype
size, we expected expanded SARS-CoV-2-specific CD8+ T cell clonotypes in these three clusters.
Since the IFN-γ expression of recently activated cells was used as a selection marker for cell sort-
ing of A1/ORF3a FTS and A3/ORF1 VTN-specific CD8+ T cells, cluster 1, the cluster with the
highest IFN-γ expression, was expected to contain A1/ORF3a FTS and A3/ORF1 VTN-specific
CD8+ T cells. In addition, cluster 1 was characterized by high expression of the cytolytic marker
granzyme B (GZMB), the activation markers XCL1 and CD69, and the proliferation markers IL-
2 and CRTAM (Figure 14B), all genes associated with T cell activation. In this line of thinking,
we assumed that TCRs responding to some of the other SARS-CoV-2 epitopes would be found
in clusters 0 and 5.
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A1/ORF3 FTS epitopes. (A) Schematic of the workflow for TCR isolation. (B)
UMAP clusters of Leiden clustering, clonotype size and gene expression of IFNG,
GZMB, IL-2, XCL1, CRTAM and CD69. Parts of the figure were reprinted or
adapted with permission from [84].

CD8+ T cell repertoires specific for the A3/ORF1 VTN epitope were highly polyclonal. In
particular, for donor 34, the IFNG+ cluster was characterized by larger clonotype sizes compared
to the IFNG- cluster (Figure 15A). Similarly, the clonotypes identified from donors 32 and 33
specific for epitope A1/ORF3a FTS were highly polyclonal with a higher frequency of large
clones for both donors in the IFNG+ cluster compared to the IFNG- cluster (Figure 15B). Larger
clonotype sizes in the IFNG+ cluster were indicative of successful antigen-specific expansion of
A3/ORF1 VTN and A1/ORF3a FTS-specific CD8+ T cells. Expanded clonotypes in the IFNG-

cluster most likely belong to TCRs specific for other SARS-CoV-2 epitopes. Cells belonging to
the IFNG+ cluster were enriched for A3/ORF1 VTN and A1/ORF3a FTS-responsive CD8+ T
cells. In contrast, cells specific for other epitopes were randomly selected into the 10,000 sorted
IFNG- cells and were not specifically enriched. Therefore, we expected cells in the IFNG+

cluster to have larger clonotypes on average. For functional TCR characterizations, clonotypes
were selected from the top ten expanded clonotypes belonging to either the putative SARS-
CoV-2-specific cluster 1 (IFNG+) or the negative clusters 0 and 5 as controls (IFNG-). For the
A3/ORF1 VTN epitope, clonotypes part of the IFNG+ cluster 1 (donor 22: 28, 32, donor 34:
13, 43) and clonotypes part of the IFNG- clusters 0 and 5 (donor 22: 18, 40, donor 34: 82) were
selected (Figure 15C). Similarly, for the A1/ORF3a FTS epitope, clonotypes from the IFNG+

cluster 1 (donor 32: 3456, donor 33: 3398), as well as clonotypes from the IFNG- clusters 0 and
5 (donor 32: 3399, donor 33: 3409), were selected (Figure 15D).
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We can conclude that expansion of mild COVID-19 PBMCs with the SARS-CoV-2 epitopes
A1/ORF3a FTS and A3/ORF1 VTN, followed by fresh restimulation and isolation of recently
activated CD8+ T cells, allowed us to identify polyclonal CD8+ T cell populations with putative
epitope-specific clones in the IFNG+ transcriptional clusters and not in the IFNG- clusters.
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Figure 15: Clonotype classification of TCRs specific for A3/ORF1 VTN and
A1/ORF3a FTS epitopes. (A - B) Clonotype distribution of TCRs specific for
A3/ORF1 VTN (A) and A1/ORF3a FTS (B) epitopes for all four donors, shown for
total clusters (top), IFNG+ clusters (middle) and IFNG- clusters (bottom). Data are
shown as parts of whole. (C - D) Top ten expanded clonotypes for A3/ORF1 VTN
(C) and A1/ORF3a FTS (D) epitopes, shown separately per donor in Leiden clus-
tering. The figure was reprinted with permission from [84].

4.2.2 TCR re-expression via CRISPR/Cas9-mediated OTR in primary T
cells

For the functional characterization of SARS-CoV-2-specific TCRs, CRISPR/Cas9-mediated OTR
was performed to replace the endogenous TCR of healthy donor CD8+ T cells with a trans-
genic SARS-CoV-2-specific TCR integrated into the endogenous TRAC locus (see 3.2.5). The
transgenic TCRs were designed to have murine constant chains to distinguish them from the
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endogenous TCRs of unedited cells. By default, the murine TCR beta constant chain (mTRBC)
was stained with fluorochrome-conjugated antibodies for detection by flow cytometry. Successful
CRISPR/Cas9-mediated OTR could thus be detected by KO of the endogenous TCR (measured
by hTCR-FITC) and KI of the transgenic TCR (measured by mTRBC-APC). All putative
SARS-CoV-2-specific TCRs were successfully re-expressed. As controls, we used cells edited
only for the KO of the endogenous TCR, where only assembled RNPs were added but no HDR
template for KI and unedited (mock) cells. Endogenous TCR KO of the selected TCRs was
achieved with an overall high efficiency of 94.8 % - 99.1 % (mean ± STD) (96.8 % ± 1.38) and
transgenic TCR KI with efficiencies of 8.3 % - 14.9 % (11.8 ± 2.78) for putative A3/ORF1 VTN
and A1/ORF3a FTS-specific TCRs and TCRs from the IFNG- clusters in CD8+ T cells (Figure
16).

In conclusion, we have successfully re-expressed putative SARS-CoV-2-specific TCRs in healthy
donor PBMCs by CRISPR/Cas9-mediated OTR through KO of the endogenous TCR and KI of
the transgenic TCR at the TCR alpha locus.
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Figure 16: Generation of TCR-engineered SARS-CoV-2-specific CD8+ T cells. (A-B)
Representative flow cytometry plots showing the KO of endogenous TCRs (hTCR-)
and the KI of transgenic SARS-CoV-2-specific TCRs (mTRBC+). CRISPR/Cas9-
mediated OTR of TCRs specific for the A3/ORF1 VTN epitope (A) and the
A1/ORF3a FTS epitope (B) are shown for TCRs from the IFNG+ and the IFNG-

clusters, respectively, as well as KO control and mock (B). One of four technical repli-
cates is shown. (C) Quantification of KO and KI efficiencies for all TCR-transgenic
T cells. One to five experimental replicates are shown with the mean as a bar graph
± SD. Cells were pre-gated on lymphocytes, singlets, living, CD8+.
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4.2.3 pHLA multimer staining of TCR-engineered T cells specific for
A3/ORF1 VTN and A1/ORF3a FTS epitopes

Following the successful KI of SARS-CoV-2-specific TCRs into CD8+ T cells via OTR, we as-
sessed the peptide binding specificity of the TCRs to their respective pHLA multimer. pHLA
multimer staining of A3/ORF1 VTN-specific TCRs revealed that TCR 13, TCR 28 and TCR 43
had high binding specificity as shown by diagonal double positive staining for the A3/ORF1 VTN
pHLA multimer and anti-mTRBC antibody. In contrast, only a small proportion of TCR
32 mTRBC+ CD8+ T cells also responded to the A3/ORF1 VTN multimer, suggesting that
TCR 32 may be of lower affinity. A3/ORF1 VTN pHLA multimer staining of TCRs from
the IFNG- cluster (TCR 18, TCR 40, TCR 82) was negative, confirming the specificity of
A3/ORF1 VTN-specific TCRs. In addition, TCRs from the IFNG+ cluster showed no multimer
binding to an irrelevant multimer (HLA-A*03:01 multimer loaded with SARS-CoV-2-specific epi-
tope: A3/ORF1 KLF), suggesting specificity for the relevant multimer. Surprisingly, however,
we found that TCR 40 was reactive to the irrelevant A3/ORF1 KLF epitope. This demonstrated
that we could indeed identify TCRs specific for other SARS-CoV-2 epitopes of the 9-mer pool
from the IFNG- cluster (Figure 17A). TCR 3398 and TCR 3456 both had a strong multimer
staining to A1/ORF3a FTS pHLA, shown by multimer+ mTRBC+ populations. TCRs from the
IFNG- cluster (TCR 3399, TCR 3409) were unreactive to the A1/ORF3a FTS pHLA multimer,
suggesting specific multimer recognition of TCRs from the IFNG+ cluster. TCR 3398 and TCR
3456, as well as TCR 3399, and TCR 3409 did not react to an irrelevant HLA-A*01 multimer
(CMV epitope: pp50(245-253)) (Figure 17B).

Overall, we were able to show that all TCRs from the IFNG+ cluster, but none from the IFNG-

clusters, were specific for their respective pHLA multimers (A3/ORF1 VTN, A1/ORF3a FTS).

IFNG+ Cluster IFNG- Cluster

A3/TCR 13 A3/TCR 28 A3/TCR 32 A3/TCR 43 A3/TCR 18 A3/TCR 82 A3/TCR 40

0 10
3

10
4

10
5

10

0

10
3

10
4

10
5

10
6

10
7

8,03

6
10

7
0 10

3
10

4
10

5
10

0

10
3

10
4

10
5

10
6

10
7

0,83

6
10

7
0 10

3
10

4
10

5
10

0

10
3

10
4

10
5

10
6

10
7

7,13

6
10

7

0

10

10

10

10

10

0 10
3

10
4

10
5

10 10
6 7

3

4

5

6

7
0,14

0 10
3

10
4

10
5

10

0

10
3

10
4

10
5

10
6

10
7

9,34

76
10 0 10

3
10

4
10

5
10

6 7
10

0

10
3

10
4

10
5

10
6

10
7

0,04

0 10
3

10
4

10
5

10
6

10
7

0

10
3

10
4

10
5

10
6

10
7 0,01

4,21

mTRBC (transgenic TCR)

M
ul
tim

er

0 10
3

10
4

10
5

10
6

10
76

0

10
3

10
4

10
5

10
6

10
7

2,93

0 10
3

10
4

10
5

10

0

3

4

5

6

7
3,89

10

10

10

10

10

6
10

7

0,01

0 10
3

10
4

10
5

10

0

10
3

10
4

10
5

10
6

10
7

6 7
10 6 7

100 10
3

10
4

10
5

10

0

10
3

10
4

10
5

10
6

10
7 0,01

IFNG+ Cluster
A1/TCR 3398 A1/TCR 3456 A1/TCR 3399 A1/TCR 3409

IFNG- Cluster

mTRBC (transgenic TCR)

M
ul
tim

er

Relevant multimer
Irrelevant multimer

TC
R
13

TC
R
28

TC
R
43

TC
R
32

TC
R
18

TC
R
40

TC
R
82

0

2

4

6

8

10

%
M
ul
tim

er
+
TC

R
+
of

C
D
8+

TC
R
33
98

TC
R
34
56

TC
R
33
99

TC
R
34
09

0

2

4

6

8

10

%
M
ul
tim

er
+
TC

R
+
of

C
D
8+

A1/ORF3a_FTSA3/ORF1_VTN

A

B C

Figure 17: Multimer staining of TCRs specific for A3/ORF1 VTN and
A1/ORF3a FTS epitopes. Representative flow cytometry plots showing
A3/ORF1 VTN (A) and A1/ORF3a FTS (B) pHLA multimer staining of TCR-
engineered CD8+ T cells. Binding to the corresponding (red) and irrelevant (grey)
pHLA multimer is shown. Cells were pregated on lymphocytes, singlets, living,
CD8+. (C) Quantification of multimer+ frequencies. Three to five experimental
replicates and mean ± SD are shown. The figure was reprinted with permission
from [84]).
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4.2.4 Structural avidity measurement of A3/ORF1 VTN and
A1/ORF3a FTS-specific TCRs

A3/ORF1 VTN and A1/ORF3a FTS pHLA multimer staining of re-expressed TCRs showed
strong staining for most SARS-CoV-2-specific TCRs. Evaluation of the pHLA:TCR complex
by multimer staining is a good method to assess binding specificity. Our next step in defining
specific TCRs was by evaluating the binding strength to the corresponding epitope. This can
be done by TCR-ligand koff rate measurements [163]. Koff rates assess the structural avidity by
measuring the dissociation of monomeric pHLA molecules (koff rate) from surface-expressed TCR
molecules. Importantly, T cell populations with slower koff rates also showed protective capacity
in two murine infection models [163]. We therefore assumed that koff rate measurements could
be helpful in guiding the selection of SARS-CoV-2-specific TCRs. For koff rate measurements,
Strep-tagged pHLA molecules were multimerized on a StrepTacin-APC backbone. The resulting
StrepTamer complex was then disrupted by the addition of D-biotin, which binds to Strep-tag
binding sites on StrepTacin with higher affinity than the pHLA Strep-tag. Imminent dissociation
of StrepTactin-APC was subsequently tracked by a decrease in the APC signal. The dissociation
kinetics of the resulting monomeric pHLA molecules from the TCR depended on the binding
strength of the TCR to the pHLA and were tracked via the fluorochrome Atto488 conjugated
to the pHLA molecules (see 3.2.3.5) [163]. For better comparability between SARS-CoV-2-
specific TCRs, TCRs specific for the same epitope were color-coded with anti-CD45 antibodies
conjugated to different fluorochromes and then subsequently pooled for measurement in the same
reaction. In this way, StrepTactin dissociation started at the same time for each TCR:StrepTamer
complex after the addition of D-biotin.

For A3/ORF1 VTN-specific TCRs, TCR:pHLA koff rates could be determined for three out
of four TCRs with the slowest koff rate for TCR 13 (half-life; 631 s), followed by TCR 43 (253 s)
and TCR 28 (95 s). While the determined half-life of TCR 13 was variable between experi-
ments, it was still higher on average compared to TCR 43 and TCR 28. This trend was also
observed in multimer stainings, where TCR 13 showed stronger pHLA staining than TCR 43
and TCR 28. For TCR 32, no koff rates could be determined because the dissociation was too
fast to be measured (Figure 18A, C). For TCR 32, we could see StrepTamer staining, but to a
lesser extent than for the other A3/ORF1 VTN-specific TCRs as indicated by the lower initial
mean fluorescence intensity (MFI). Nevertheless, we could still observe the loss of the backbone
fluorescence intensity after D-biotin addition, indicating a technically successful StrepTamer
staining (Figure 18A). Overall, a koff rate measurement for TCR 32 was consistent with a very
weak A3/ORF1 VTN multimer staining, indicating low specificity of the TCR (see 4.2.3). For
A1/ORF3a FTS-specific TCRs, koff rates could be determined for both TCRs with a mean half-
life of 148 s for TCR 3456 and 32 s for TCR 3398 (Figure 18B, D). The quality of the StrepTamer
staining for TCR 3398 was not as high as for TCR 3456, as seen by a lower initial MFI (Figure
18B). This together with a slower half-life of TCR 3456, supports a stronger binding of TCR
3456 to the A1/ORF3a FTS epitope. This trend was also observed in A1/ORF3a FTS multimer
stainings, where the multimer+ mTRBC+ staining for TCR 3456 was more robust compared to
TCR 3398 (see 4.2.3).

We can conclude that koff rate measurements of A3/ORF1 VTN as well as A1/ORF3a FTS-
specific TCRs showed significant differences between pHLA half-lives, which furthermore were
in line with multimer staining intensities.
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Figure 18: Koff rate measurements of A3/ORF1 VTN and A1/ORF3a FTS-specific
TCRs. (A-B) Representative pHLA-Atto488 and StrepTactin-APC backbone dis-
sociation over time for TCRs specific for A3/ORF1 VTN (A) and A1/ORF3a FTS
(B) epitopes. (A) For half-life calculation, nonlinear regression with binding kinet-
ics: dissociation - one phase exponential decay was applied (green line). (B) Red
dotted line indicates onset of dissociation by addition of D-biotin. (C-D) Quan-
tification of the pHLA-Atto488 half-life of TCRs specific for A3/ORF1 VTN (C)
and A1/ORF3a FTS (D). Eight to twelve technical replicates are shown. The mean
value is indicated by a black line. Half-life ≤ 10 s was determined to be not de-
tectable (n.d.). FI = fluorescence intensity, *p-value < 0.05, ***p-value < 0.001,
****p-value < 0.0001.

4.2.5 Peptide sensitivity measurement of A3/ORF1 VTN and
A1/ORF3a FTS specific TCRs

To evaluate the specificity of TCRs, one can also measure T cell activation signaling after antigen
stimulation by quantifying intracellular cytokine secretion (functional avidity). Specifically, we
determine the half-maximum effective concentration (-logEC(50), EC50), by testing the sensitivity
of TCR-transgenic CD8+ T cells through titration of the corresponding epitope to saturation.
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This was done by pulsing HLA-matched K562 cells with 10-4 M to 10-12 M of the respective
peptide and subsequent cocultivation at an E:T ratio of 1:1 with TCR-transgenic CD8+ T cells
(see 3.2.7.1). Peptide-specific activation was measured by quantifying CD8+ T cells expressing
the proinflammatory cytokine IFN-γ. For epitope A3/ORF1 VTN, IFN-γ EC50 values of TCR
13 and TCR 28 were highest, followed by TCR 43 and finally TCR 32 with the lowest value.
Interestingly, TCR 13 and TCR 28 had almost the same IFN-γ EC50 value with -7.58 and -7.56,
respectively (Figure 19A (left), B) (Table 24), despite different koff rates. TCR 43 followed with
an IFN-γ EC50 value of -6.41. In contrast, koff rate measurements suggested higher functionality
for TCR 43 than for TCR 28. For the epitope A1/ORF3a FTS, TCR 3398 and TCR 3456 both
had a high IFN-γ EC50 value with -7.53 and -7.82, respectively (Figure 19A (right), B) (Table
24). This data is in line with koff rate measurements which also support the higher specificity of
TCR 3456. However, we did see no correlation of koff rate measurements and IFN-γ EC50 values
for TCRs specific for the A3/ORF1 VTN and A1/ORF3a FTS epitopes (Figure 19C).

Overall, we can conclude that TCRs specific for the A3/ORF1 VTN and A1/ORF3a FTS
epitopes were highly specific and especially A3/ORF1 VTN-specific TCRs showed a wide range
in IFN-γ EC50 values.
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Figure 19: EC50 assays of TCRs specific for the A3/ORF1 VTN and
A1/ORF3a FTS epitopes. (A) Normalized EC50 assays from 10-4 M to
10-12 M. HLA-matched K562 cells were peptide-pulsed for 2 h prio to the addition
of 50,000 TCR-transgenic CD8+ T cells (E:T ratio = 1:1). Readout was by
intracellular IFN-γ antibody staining. The mean of two experimental replicates ±
SD is shown. (B) Summary of IFN-γ EC50 values. (C) Correlation plot of IFN-γ
EC50 and pHLA half-lives. Parts of the figure were reprinted with permission
from [84].

Table 24: IFN-γ EC50 values
Epitope HLA type TCR IFN-γ EC50

ORF1 VTN HLA-A*03:01 13 -7.58
ORF1 VTN HLA-A*03:01 28 -7.55
ORF1 VTN HLA-A*03:01 32 -4.72
ORF1 VTN HLA-A*03:01 43 -6.41
ORF3 FTS HLA-A*01:01 3456 -7.84
ORF3 FTS HLA-A*01:01 3398 -7.48

76



4.2 Identification and functional characterization of SARS-CoV-2-specific TCRs

4.2.6 Implementation of gene scores for the prediction of TCR specificity
Having characterized SARS-CoV-2-specific TCRs at the functional level, we next wanted to
investigate whether experimentally determined TCR specificity could be correlated with parental
cell gene expression phenotypes after recent antigen stimulation measured during scRNAseq. We
envisioned that this could help to understand if TCR specificity is embedded in transcriptional
data and whether this information can be used to predict TCR specificity. To this end, we
correlated experimentally determined IFN-γ EC50 values of SARS-CoV-2 TCRs with various
parameters and gene scores to find the best fit. TCRs that were not specific for the investigated
epitopes were assigned an IFN-γ EC50 value of 0 (Figure 20A).

We first correlated IFN-γ EC50 values to a published gene-ontology CD8+ T cell activation
score (GO:0036037), for which we assumed a good correlation of specific TCRs due to recent
activation of T cells just prior to the scRNAseq experiment. While the correlation resulted in
a good linear regression fit for all TCRs, for specific TCRs, only a r2 of 0.60 was obtained.
Note that the fit for all TCRs is distorted by the set IFN-γ EC50 value of 0. Therefore, results
of correlations with all TCRs should also be considered independent of the IFN-γ EC50 value.
Since the CD8+ T cell activation score did not correlate well with our data for specific TCRs,
we defined gene scores that would better fit our data set. The first score we defined is called the
functionality score because it is based on genes that correlate with the ranking of IFN-γ EC50
values. As expected, since the training data set was used to define this score, we could see a
good correlation for both, all TCRs and specific TCRs only (r2: 0.96). Importantly, non-specific
TCRs all had a functionality score lower than zero, while specific TCRs correlated according to
their IFN-γ EC50 values. We also defined a reactivity score consisting of genes that had the
most significant differential expression between specific and non-specific TCRs, i.e. TCRs with
a measurable IFN-γ EC50 value and TCRs without an IFN-γ EC50 value. While the reactivity
score showed a strong correlation with all TCRs, with non-specific TCRs having a negative
reactivity score and specific TCRs having a score between one and two, only a weak correlation
was found when considering only specific TCRs.

For scRNAseq of SARS-CoV-2-specific TCRs, T cells were isolated based on their INF-γ
expression by a method called INF-γ catch (see 4.2.1). Our subsequent analysis was, therefore
to understand if IFNG gene expression could also be correlate with TCR specificity. Again, a
good correlation of IFN-γ EC50 values with all TCRs was found, but only a weak correlation
of only specific TCRs was observed. As the next possible correlating parameter, we examined
the clonotype size. Since clonal expansion is a hallmark of a functional immune response and T
cells recognizing a specific epitope of the virus undergo extensive proliferation, we hypothesized
that the clonotype size might correlate with TCR specificity. All identified SARS-CoV-2-specific
TCRs were clonally expanded. Correlation of clonotype size with IFN-γ EC50 values showed
surprisingly only a negative correlation for all TCRs as well as for specific TCRs. Considering all
TCRs, no strong correlation was expected as the scRNAseq data set also contained TCRs specific
for other epitopes. For specific TCRs, TCR 32 seemed to be the main driver of the negative
correlation, as the clonotype was highly expanded but had a low IFN-γ EC50 value (Figure
20A). Next, we tried to see if a combination of scores could discriminate specific and non-specific
TCRs even better. By correlating the two most promising scores, the functionality score and the
CD8+ T cell activation score, the TCR clonotype distribution could be observed according to the
scores. Importantly, a combination of these scores resulted in a good two-dimensional separation
of specific (A3/ORF1 VTN: TCR 13, TCR 28, TCR 43) (A1/ORF3a FTS; TCR 3456, TCR
3398), low specific (A3/ORF1 VTN: TCR 32) and non-specific (A3/ORF1 VTN: TCR 18, TCR
40, TCR 82) (A3/ORF1 VTN: TCR 3399, TCR 3409) TCRs for all four donors (Figure 20B).
We can conclude that by designing gene scores that fit to our EC50 values, we were able to
discriminate between specific and non-specific TCRs.
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Figure 20: Definition of gene scores for the assignment of TCR functionality. (A)
Linear regression analysis of experimentally determined IFN-γ EC50 values and gene
expression scores for signatures of CD8+ T cell activation, functionality, reactivity,
IFNG+ percentage, and clonotype size for all TCRs (top) and functional TCRs only
(bottom). Wald test with t-distribution of test statistic was used for two-sided p-
value hypothesis test (null hypothesis; slope is zero) (n.s. not significant, *p-value
< 0.05, ***p-value < 0.001). The grey area represents the 95 % confidence interval.
(B) Correlations of functionality score with CD8+ T cell activation score are shown
separately for TCRs from the same donor. TCRs are colored according to the Leiden
cluster, the size of the dots corresponds to IFN-γ EC50 values. Contour plots show
the kernel density estimation of all donors. The figure was reprinted with permission
from [84].

4.2.7 Identification of TCRs against ten more immunodominant
SARS-CoV-2 epitopes

To identify SARS-CoV-2-specific TCRs against more epitopes and also to test previously defined
gene scores of recent activation, PBMCs from ten donors showing reactivity against a total of
nine SARS-CoV-2 epitopes were expanded for twelve days in the presence of only their respective
SARS-CoV-2 epitope and low levels of IL-2. Donors were then restimulated with their respective
epitope for 4 h, followed by IFN-γ catch staining. If a donor responded to two epitopes, PBMCs
of that donor were expanded in the presence of both epitopes and later split for separate res-
timulation. Prior to cell sorting, donors were additionally stained with hashtag antibodies. This
allowed the pooling of sample material from many different donors in the same sequencing lane.
In contrast to the first scRNAseq experiment, here only IFN-γ+ CD8+ T cells were sorted. This
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allowed cells from multiple donors and conditions to be sorted in the same experiment. After
sorting of IFN-γ+ cells, scRNAseq and TCR identification were performed (Figure 21A).

Leiden cluster analysis revealed eight clusters of similarity. Since no negative control cells were
included in this sort and theoretically only IFN-γ expressing cells were sorted, high expression
of CD8+ T cell activation markers was expected for several clusters. IFN-γ expression was
detectable in multiple Leiden clusters, with the highest expression in clusters 0, 1 and 2. The
pro-inflammatory cytokine IL-2 and the activation marker CD69 showed increased expression in
clusters 1 and 2, whereas the T cell activation markers VSIR and XCL1 were highest expressed
in clusters 0, 1 and 2. LAG3 seemed to be expressed at similar levels in all clusters, and CRTAM
also showed the highest expression in cluster 6.

In summary, although there was some heterogeneity among the T cell activation markers,
SARS-CoV-2-specific T cells appeared to be contained in clusters 0, 1 and 2. In contrast,
clusters 3, 4, and 6 most likely contained irrelevant TCRs (Figure 21B).
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Figure 21: scRNAseq and identification of TCRs specific for nine SARS-CoV-2 epi-
topes. (A) Schematic of the workflow for TCR isolation. Only IFN-γ+ cells were
sorted (between 167 and 8,000 cells depending on the source material) and sequenced
via 10x genomics. (B) UMAP clusters of Leiden clustering and gene expression of
IFNG, IL2, LAG3, VSIR, XCL1, CRTAM, and CD69. The figure was modified and
reprinted with permission from [84].
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By applying the previously defined gene scores of recent activation to the new data set, we
observed that the published CD8+ T cell activation score, as well as the empirically determined
functionality and reactivity scores, were higher in the Leiden clusters that overall showed the
strongest gene expression of T cell activation markers (cluster 1, cluster 2) (Figure 22A). Next,
we plotted the TCRs identified in the second scRNAseq experiment with the functionality and
reactivity gene scores. In addition, we superimposed the functionally characterized TCRs from
the first scRNAseq experiment on the functionality and reactivity score landscape of the second
scRNAseq experiment. This allowed us to infer from the relative positions of the already charac-
terized TCRs what the functionality landscape of the new TCR set might look like. We observed
that TCRs from the new data set were distributed across the functionality landscape overlapping
predominantly with characterized functional TCRs but also with characterized non-functional
TCRs. We can therefore assume that the TCRs from the second scRNAseq experiment contain
many high specificity TCRs and also some low specificity TCRs (Figure 22B).

reactivity

A

U
M
A
P
2

UMAP1

Reactivity score CD8+ T cell activation
scoreFunctionality score

B

fu
nc
tio
na
lit
y

Figure 22: Correlation of signatures of recent activation with new TCRs. (A) Gene
expression of reactivity score, functionality score, and CD8+ T cell score of TCRs
specific for nine SARS-CoV-2 epitopes. Data are shown in UMAP dimensions. (B)
Correlation of functionality score and reactivity score for all TCRs specific for nine
SARS-CoV-2 epitopes (in grey). Overlaid are TCRs from the previous scRNAseq
experiment, highlighted in color according to their EC50 value. The figure was
reprinted with permission from [84].

While some clonotypes were quite large in cell number, the overall TCR repertoire was highly
polyclonal across epitopes and donors. Due to the combination of many samples, only a few
clonotypes were obtained for some TCRs, limiting downstream repertoire analysis (Figure 23A).
Overall, clonotypes were distributed across the functionality and reactivity score landscape ac-
cording to their relative expression of score-defining genes. For some donor - epitope com-
binations, TCRs with putative high, medium and low specificity were identified (donor 24 -
A1/ORF1 DTD, donor 24 - A2/S LTD, donor 14 - A2/S KIA). For other donor/epitope com-
binations, we found mainly TCRs with predicted high specificity (donor 25 - A1/ORF1 DTD,
donor 25 - A1/ORF1 LTD, donor 29 - A11/ORF1 AMS, donor 29 - A11/ORF1 KLF, donor 27 -
B35/ORF1 HSI). For donor 26 - A1/ORF1 GTD, even two discrete clusters could be identified,
one with high specificity and one with low or no predicted specificity. Overall, there was a trend
towards high scores for both, reactivity and functionality score, which also correlated to some
extent with higher IFNG expression (Figure 23B).

In summary, we identified expanded CD8+ T cell clonotypes and TCRs specific for ten ad-
ditional immunodominant epitopes. The identified TCR repertoires were polyclonal and TCRs
clustered according to their predicted specificity in the previously defined gene score landscape.
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Figure 23: Clonotype classification of TCRs specific for nine SARS-CoV-2 epitopes.
(A) Clonotype distribution of TCRs from eight donors specific for nine SARS-CoV-2
epitopes. One donor was previously excluded from further analysis due to insufficient
cell numbers. Data are shown as parts of whole. (B) Correlation of functionality
score and reactivity score for all clonotypes, shown separately for each donor –
epitope combination. TCRs are color-coded according to their IFN-γ expression
as low, intermediate or high as grey, yellow or red, respectively. The figure was
reprinted with permission from [84].

In conclusion, in chapter 4.2 we successfully isolated SARS-CoV-2-specific CD8+ T cells and
identified SARS-CoV-2-specific TCRs from mild COVID-19 patients. Specifically, we expanded
A3/ORF1 VTN and A1/ORF3a FTS-specific CD8+ T cells in vitro, followed by fresh restimula-
tion with the corresponding epitope to induce signatures of recent activation. We then used the
expression of the pro-inflammatory cytokine IFN-γ to isolate recently activated CD8+ T cells
by sorting and subsequently identified TCRs by performing scRNAseq. We identified transcrip-
tion clusters with detectable or absent IFNG expression and speculated to find epitope-specific
TCRs in the IFNG+ cluster. Using CRISPR/Cas9-mediated OTR, we re-expressed TCRs in
healthy donor PBMCs and were able to demonstrate epitope specificity, binding specificity, and
functionality of TCRs from the IFNG+ cluster by performing multimer staining, koff rate mea-
surements, and IFN-γ EC50 assays. For the A3/ORF1 VTN epitope, we additionally observed
differences between highly specific TCRs and a less specific TCR as seen by lower multimer
staining, slower half-life and lower IFN-γ EC50 values. Compared to TCRs identified from the
IFNG+ cluster, TCRs from the IFNG- cluster were non-specific for the A3/ORF1 VTN and
A1/ORF3a FTS epitopes, suggesting potential correlations between transcriptional signatures
and TCR functionality. By correlating experimentally determined IFN-γ EC50 values of spe-
cific and non-specific TCRs with differential gene expression, we subsequently designed gene
signatures that correspond to TCR specificity. Finally, by performing a second TCR isolation
experiment with ten additional epitopes, we applied these gene signatures to the new data set
of TCRs and suggested their specificity according to their relative position in the gene score
landscape compared to previously characterized TCRs.
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4.3 Functional characterization of a second set of
SARS-CoV-2-specific TCRs in J-TPR cells

4.3.1 Use of the J-TPR system for high-throughput TCR characterization
The functional characterization of TCRs in primary CD8+ T cells is quite tedious, since after
CRISPR/Cas9-mediated OTR and confirmation of transgenic TCR KI, T cells are only fit for
experiments for a few weeks. After that, the TCRs have to be reintegrated into a new batch
of PBMCs. The often required purity sorting of TCR-transgenic T cells, together with the
time required for expansion (three to four weeks), can greatly affect the overall functionality
of the T cells. For the high-throughput characterization of SARS-CoV-2-specific TCRs, we
therefore used the J-TPR cell line. J-TPR cells, which are derived from Jurkat E6.1 cells (ATCC:
TIB-152), have been modified so that response elements for the T cell activation transcription
factors NFAT, NF-kB, and AP-1 drive the expression of the fluorescent proteins CFP, eGFP,
and mCherry, respectively [168]. Activation of TCRs can therefore be measured by the emission
spectra of these proteins. Compared to the use of PBMCs for functional screening, J-TPR cells
offer several advantages. The reporter system allows easy readout of TCR activation by flow
cytometry. In addition, the use of a cell line allows for better comparability due to no donor-
to-donor variability and also for unlimited culturing, which is ultimately more time and cost
efficient, making high-throughput assays more feasible.

To first determine whether TCR functionality in J-TPR cells is comparable to peptide sen-
sitivity measurements of primary CD8+ T cells, we reintroduced TCRs from the first scR-
NAseq experiment into J-TPR cells. Similar to the re-expression of TCRs in primary CD8+

T cells, TCR-α and TCR-β chains were in silico assembled into a HDR construct, amplified
by PCR as a HDR template and re-expressed in J-TPR cells using CRISPR/Cas9-mediated
OTR (see 4.2.2). We then performed peptide sensitivity assays with the A3/ORF1 VTN and
A1/ORF3a FTS epitopes. NFAT EC50 values ranged from -4.4 M (TCR 32) to -5.7 M (TCR 13)
for the A3/ORF1 VTN epitope and from -6.07 M (TCR 3398) to -6.12 M (TCR 3456) for the
A1/ORF3a FTS epitope (Figure 24) (Table 26).
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Figure 24: NFAT EC50 values of TCRs specific for A3/ORF1 VTN and
A1/ORF3a FTS epitopes. (A) Normalized IFN-γ EC50 curves from 10-12 M
to 10-4 M and (B) quantification of TCR-engineered J-TPR cells specific for
A3/ORF1 VTN and A1/ORF3a FTS. The mean of two technical replicates ± SD
is shown.

We next compared NFAT EC50 values with IFN-γ EC50 values (Figure 19) and found that the
ranking of EC50 values remained the same for all A3/ORF1 VTN and A1/ORF3a FTS-specific
TCRs. However, we also noticed that the range of IFN-γ EC50 values observed in primary
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CD8+ T cells was narrower for NFAT EC50 values measured in J-TPR cells. In addition, NFAT
EC50 values of A3/ORF1 VTN and A1/ORF3a FTS-specific TCRs were lower than IFN-γ EC50
values (Figure 24B). When attempting to measure koff rates of J-TPR cells (not shown), we
found that J-TPR cells had lower surface TCR expression, resulting in unsuccessful koff rate
measurements. Lower surface TCR expression would also explain the reduced peptide sensitivity
resulting in lower NFAT EC50 values. In conclusion, NFAT EC50 measurements in J-TPR cells
were comparable to IFN-γ EC50 measurements in primary CD8+ T cells, confirming that J-TPR
cells are suitable for high-throughput characterization of TCRs.

4.3.2 Re-expression of SARS-CoV-2 TCRs in J-TPR cells

To validate previously defined gene signatures and to determine the quality of additional pHLA
SARS-CoV-2 epitope repertoires, we intended to re-express and functionally characterize TCRs
with different HLA restrictions identified in the second scRNAseq experiment. After evaluating
TCRs for their functionality and reactivity scores, TCRs were selected for re-expression based
on their relative position as either predicted specific (defined as positive values for both scores)
or predicted non-specific (defined as a negative value for at least one of the scores) (Figure 25)
(Table 25).
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Figure 25: Functionality and reactivity scores for SARS-CoV-2-specific TCRs. Func-
tionality and reactivity scores of TCRs from the first (green) and second (black)
scRNAseq experiment.

In total, 37 TCRs specific for nine SARS-CoV-2 epitopes were selected for re-expression.
To facilitate detection of cells with transgenic TCRs by flow cytometry, TCRs from the sec-
ond scRNAseq experiment were also designed to contain murine constant chains. Following
CRISPR/Cas9-mediated OTR, SARS-CoV-2-specific J-TPR cell lines could therefore be sorted
for expression of the transgenic TCR by staining of the murine constant region (mTRBC) (Figure
26).
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SARS-CoV-2 TCR-engineered J-TPR cell lines were generated for all selected TCRs via
CRISPR/Cas9-mediated OTR (see 3.2.5). Successful KO of endogenous TCR and KI of trans-
genic TCR were assessed by flow cytometry using hTCR and mTRBC staining, similar to primary
CD8+ T cells. KO efficiencies ranged from 99.3 % to 97.3 % and KI efficiencies from 0.1 % to
11.7 % (Figure 27A - B). TCR-engineered J-TPR cells (mTRBC+) were then sorted for purity
and expanded. Sorted J-TPR cells showed long-term expression of the transgenic TCR with
no significant decrease in receptor expression, making them suitable for downstream functional
characterization (Figure 27C).
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Figure 27: Generation of TCR-engineered SARS-CoV-2-specific J-TPR cell lines.
(A) Flow cytometry plots showing endogenous TCR KO (hTCR) and transgenic
TCR KI (mTRBC) representative of a TCR with high, medium and low KI efficiency.
Cells were gated on J-TPR cells, singlets, living. (B) Quantification of KO/KI for
all SARS-CoV-2-specific J-TPR cell lines shown as violin plots. The mean is shown
as a broad dashed line and the quartiles as narrow dashed lines. (C) Tracking of
transgenic TCR expression over time. Data points from the same TCR are connected
by a black line. Paired t-test was used to calculate significance (ns = not significant).
The figure was reprinted with permission from [177].

In summary, we selected 37 TCRs from the second scRNAseq experiment to confirm the gene
scores and to identify epitope-specific TCRs, which we subsequently re-expressed in J-TPR cells
via CRISPR/Cas9-mediated OTR.

4.3.3 pHLA multimer staining of TCR-engineered J-TPR cells
To evaluate the binding of SARS-CoV-2-specific TCRs to their respective epitopes, multimer
staining was performed for all TCR-engineered J-TPR cell lines (Figure 28). We observed a
range of multimer staining from 99 % for TCR 499 to 25 % for TCR 1864. TCR 76 showed
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no correlation between pHLA multimer and mTRBC staining, and was therefore considered
multimer negative. Based on this observation, TCRs with reactivities of ≤ 5 % were considered
multimer negative.
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Figure 28: Multimer staining of SARS-CoV-2-specific TCR-engineered J-TPR cell
lines. Multimer staining is shown in decreasing multimer+ mTRBC+ frequencies
from left to right and top to bottom. To quantify the multimer+ rate of mTRBC+

cells, cells were gated on J-TPR cells, singlets, living and mTRBC+ expression. The
figure was reprinted with permission from [177].

Interestingly, a range of multimer positivity was also observed over the same epitope (e.g.,
A1/ORF1 DTD, A11/ORF1 STF) (Figure 29). For A1/ORF1 DTD, five TCRs with posi-
tive multimer staining (TCR 5, TCR 9, TCR 868, TCR 65, TCR 758; ordered by decreasing
multimer+ frequency) and two TCRs with negative multimer staining (TCR 455, and TCR 523)
were measured. For A11/ORF1 STF, three TCRs with positive multimer staining (TCR 1951,
TCR 1871, and TCR 1862; ordered by decreasing multimer+ frequency) and one TCR with neg-
ative multimer staining (TCR 569) were measured. The three TCRs putatively specific for the
B35/ORF1 VPF epitope (TCR 1896, TCR 1917, and TCR 1996) did not show positive multimer
staining. Based on their reactivity and functionality scores, we would have expected TCR 1896
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to be reactive to the B35/ORF1 VPF epitope and the other two TCRs to be negative (Table
25). In addition, TCRs specific for the A2/S KIA epitope (TCR 10, TCR 34, TCR 54, TCR 63,
TCR 87, TCR 250, TCR 478) did not show a positive multimer response.
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Figure 29: Quantification of pHLA multimer staining of SARS-CoV-2-specific TCR-
engineered J-TPR cells. (A) Flow cytometry plots showing representative
multimer+ mTRBC+ populations with high (TCR 5), medium (TCR 758), low
(TCR 1864) and no pHLA multimer staining (TCR 76, TCR 455). Cells were gated
on J-TPR cells, singlets, living and mTRBC+ expression. (B) Quantification of
multimer+ mTRBC+ populations of all SARS-CoV-2-specific TCR-engineered J-
TPR cell lines. Bar graphs of TCRs responding to the same epitope are shown in
the same color. The figure was reprinted with permission from [177].

As a next step, we wanted to understand if the gene scores defined from the first scRNAseq
experiment could be used to predict the TCR specificity of the second scRNAseq experiment. For
this, the multimer staining frequencies of SARS-CoV-2-specific TCRs from the second scRNAseq
experiment were overlaid with the gene scores from the first scRNAseq experiment. For most
TCRs, the multimer staining showed a nice association with the gene scores, with multimer+

TCRs also having positive functionality and reactivity scores. TCRs with no multimer staining
tended to be low for both scores (Figure 30A). Of the eight predicted non-specific TCRs based on
their gene scores, six were confirmed and two TCRs reacted with SARS-CoV-2 multimers. The
two false negative TCRs, TCR 1862 and TCR 1951, were both specific for the A11/ORF1 STF
epitope and were well above the detection limit with values of 66 % and 87 % multimer+ J-
TPR cells. Of the 19 predicted specific TCRs, we could confirm the prediction of 15 TCRs
with positive multimer staining. For four TCRs the predicted specificity could not be confirmed
(TCR 21, TCR 76, TCR 65, TCR 560). TCR 76 was selected as the first TCR with negative
multimer staining. Contrary to the prediction, TCR 85 and TCR 560 had a very high value for
both the functionality score and the reactivity score (Figure 30B and C). Finally, we calculated
the sensitivity and specificity of our gene scores. The sensitivity is the true positive rate, and
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here describes the probability of detecting true multimer+ TCRs within the set of predicted
positive TCRs (true positive TCRs are divided by the sum of true positive and false negative
TCRs (15 TCRs / (15 TCRs + 2 TCRs) = 0.88)). The specificity is the true negative rate and
describes the probability of detecting true multimer- TCRs (true negative TCRs are divided by
the sum of true negative and false positive TCRs (6 TCRs / (6 TCRs + 4 TCRs) = 0.60)).
Overall, this resulted in a sensitivity of 88 % and a specificity of 60 %. We excluded from this
analysis TCRs that were predicted to be specific for the B35/ORF1 VPF epitope due to the
non-functioning multimer, as later confirmed by a positive EC50 value of TCR 1896 (see 4.3.4).
We also excluded TCRs predicted to be specific for the A2/S KIA epitope since their lack of
specificity and functionality is most likely due to errors in sample sorting or processing, and their
inclusion would have drastically affected the specificity calculations.

In summary, we can conclude that the gene signatures defined from the first scRNAseq exper-
iment did indeed predict the specificity of putative SARS-CoV-2-specific TCRs from the second
scRNAseq experiment. Furthermore, we found that the characterized TCRs exhibit heterogene-
ity in the quality of epitope recognition.

C

B

Functionality
score

Reactivity
score

Multimer

Predicted specific Predicted non-specific

no
n-s
pe
cifi
c

sp
ec
ific

0

5

10

15

20

nu
m
be
ro

fT
C
R
s Multimer+

Multimer-

multimer+ multimer-

-0.5
0
0.5

0
0.5

5 9 21 38 58 62 65 76 85 49
9

56
0

75
8

86
8

12
28

18
63

18
64

18
71

18
77

20
56 66 45

5
52
3

56
9

10
85

18
62

19
51

19
68

0

1

A

fu
nc
tio
na

lit
y
sc
or
e

reactivity score

Figure 30: Correlation of multimer staining with the prediction of gene scores. (A)
Gene scores superimposed on the multimer staining of selected TCRs, color-coded
according to the intensity of the multimer staining. (B) Assignment of the number
of multimer+ and multimer- TCRs according to the prediction of specific and non-
specific. (C) Plots of gene scores and multimer staining per TCR. Gene scores
are shown as a continuous color code and multimer staining as positive (green) or
negative (white). The figure was adapted with permission from [177].

4.3.4 Peptide sensitivity measurements of TCR-engineered J-TPR cells
To measure peptide sensitivity, activation of TCR-engineered J-TPR cells was assessed after co-
culture with peptide-pulsed HLA-matched K562 cells. Log scale peptide titration from 10-12 M
to 10-4 M resulted in a gradual increase in NFAT response element activation as measured by the
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reporter molecule GFP (Figure 31A). Overall, we observed different levels of NFAT-GFP acti-
vation for different TCR-engineered J-TPR cell lines at the same peptide-pulsing concentration.
For example, TCR 5 showed strong NFAT expression at 10-7 M while TCR 758 showed similar
activation only one log scale higher at 10-6 M (Figure 31B). Since activation level correlates with
peptide sensitivity, TCR activation with less peptide presented on target cells correlates with
higher sensitivity and potency of a TCR.
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Figure 31: NFAT-GFP signal of J-TPR cells following coincubation with peptide-
pulsed K562 cells. (A) Representative flow cytometry plots of NFAT-GFP signal
from TCR-engineered J-TPR cells after 18 h coincubation with peptide-pulsed K562
cells according to peptide titration from 10-12 M to 10-4 M. Cells were gated on J-
TPR cells, singlets, and living. (B) NFAT-GFP MFI after corresponding peptide
titration of a TCR with high (TCR 5), medium (TCR 758) and no (TCR 455) IFN-γ
EC50 value. Parts of the figure were reprinted with permission from [177].

Calculation of EC50 values resulted in a range of NFAT EC50 from -7.7 M (TCR 499) to
-3.2 M (TCR 2056) for 19 SARS-CoV-2 epitope-specific TCRs (Table 26). Of the 30 TCRs,
19 were specific and eleven TCRs had no measurable NFAT EC50 value (Figure 32A). The
multimer staining for B35/ORF1 VPF-specific TCRs (TCR 1896, TCR 1917, and TCR 1996) was
negative (see 4.3.3). Interestingly, TCR 1896, which was also predicted to be specific according
to the gene score classifications (Table 25), had a measurable IFN-γ EC50 value, suggesting
that the B35/ORF1 VPF pHLA multimer was indeed not functional. For the A1/ORF1 DTD,
A11/ORF1 STF and A2/S LTD epitopes, we identified several functional TCRs. To better
understand the measured differences in functionality, for follow-up studies, we focused on TCRs
specific for the A1/ORF1 DTD and A11/ORF1 STF epitopes. For A1/ORF1 DTD-specific
TCRs, we observed a range of NFAT EC50 values from -6.4 M (TCR 76) to -7.6 M (TCR 5).
The A11/ORF1 STF epitope-specific TCRs were also highly functional with a smaller range of
NFAT EC50 values from -6.8 M (TCR 1862) to -6.9 M (TCR 1871) (Figure 32C).
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Figure 32: NFAT EC50 values of TCRs specific for SARS-CoV-2 epitopes. (A) Quan-
tification of NFAT EC50 values of all SARS-CoV-2-specific TCR-engineered J-TPR
cell lines. Experimentally determined specific and non-specific TCRs are separated
by a dotted line. The highest and lowest functional TCR are colored in dark and
light brown, respectively. Two experimental replicates and the mean are shown. (B)
Normalized NFAT-GFP curves from 10-12 M to 10-4 M of TCR-engineered J-TPR
cells responding to nine epitopes. TCRs against the same epitope are shown in the
same graph. (C) NFAT EC50 quantification of TCRs specific for A1/ORF1 DTD
and A11/ORF1 STF. EC50 = half maximal effective concentration. The figure was
adapted with permission from [177].
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The experimentally determined NFAT EC50 values showed a good correlation with the gene
scores, as most TCRs with a high value in both scores also had high NFAT EC50 values (Figure
33A). However, we did not observe a strong correlation of EC50 levels with gene scores. Of the
20 predicted specific TCRs, 17 were confirmed specific and three showed no specificity, resulting
in a sensitivity of 89 %. Of ten predicted non-specific TCRs, eight were confirmed non-specific
and two had a measurable NFAT EC50 value, resulting in a specificity of 73 % (Figure 33B).
The two TCRs falsely predicted to be non-specific (TCR 1862, TCR 1951), had a measurable
NFAT EC50 value and also reliable multimer staining, confirming that the TCRs were indeed
specific. The three TCRs for which specificity could not be confirmed (TCR 21, TCR 65, TCR
560) also had negative multimer staining. TCR 76 was predicted to be functional, but was
classified by us as non-specific due to a low frequency of multimer+ TCR-engineered T cells.
An NFAT EC50 value of -6.3 M finally confirmed the specificity of TCR 76. TCRs specific for
the B35/ORF1 VPF epitope (TCR 1896, TCR 1917, TCR 1996) had a measurable NFAT EC50
value despite a previously measured negative multimer staining, suggesting a possible technical
limitation with the B35/ORF1 VPF multimer (Figure 33C).
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Figure 33: Correlation of NFAT EC50 values with prediction of gene scores. (A)
Overlay of functionality and reactivity scores for all TCRs with NFAT EC50 values.
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TCRs for which no multimer staining could be measured are marked with an X.
The figure was adapted with permission from [177].
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All EC50 value calculations were based on analysis of the T cell activation transcription factor
NFAT. A linear correlation for the expression of NFAT and NFκB was previously shown for
CMV-specific TCRs [178]. To investigate whether NFκB also has a linear correlation with NFAT
for SARS-CoV-2-specific TCRs, NFκB EC50 values were calculated for the investigated set of
SARS-CoV-2-specific TCRs. The NFκB EC50 values ranged from -4.7 M (TCR 2056) to -7.4 M
(TCR 499). The separation of the measured specific and non-specific TCRs was the same as for
the NFAT EC50 values (Figure 34A). For linear correlation analysis, a simple linear regression
was applied and yielded a strong correlation for the two transcription factors with R2 = 0.9988
(Figure 34B).

In conclusion, we found that while gene signatures showed good prediction of specific and non-
specific TCRs, no strong correlation was observed with the level of NFAT EC50 values. NFAT
EC50 values also had a range of heterogeneity and a linear correlation with NFkB EC50 values.
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Figure 34: NFκB EC50 values of TCRs specific for SARS-CoV-2 epitopes. (A) Quan-
tification of NFκB EC50 values of all SARS-CoV-2-specific TCR-engineered J-TPR
cell lines. Experimentally determined specific and non-specific TCRs are separated
by a dashed line. Two experimental replicates and the mean are shown. (B) Corre-
lation of NFAT and NFκB EC50 mean values. R2 of the linear correlation is shown.
EC50 = half maximal effective concentration. The figure was reprinted with per-
mission from [177].

4.3.5 Improvement of the predictive capacity of the gene sores
The ‘original’ functionality and reactivity gene scores were defined based on CD8+ T cell IFN-
γ EC50 values of a few TCRs specific for the two SARS-CoV-2 epitopes A1/ORF3a FTS and
A3/ORF1 VTN. We observed that the gene scores did not correlate very well with the measured
NFAT EC50 values (Figure 33A), and hypothesized that the gene signatures might not work
equally well for the new dataset, especially since the training set consisted of a limited selection
of TCRs. To investigate the reason for the misalignment of the gene scores with the NFAT
EC50 values, we calculated both scRNAseq experiments together and plotted the correlation of
the NFAT EC50 values of all TCRs separately for the reactivity and functionality scores. For
comparison, NFAT EC50 values of TCRs from the first scRNAseq experiment were also included.
With few exceptions, predicting TCR specificity for the new set of TCRs based on the ‘original’
reactivity score worked well. For the ‘original’ functionality score, however, TCR functionality
prediction worked rather poorly, with no clear correlation of the score with experimentally de-
termined NFAT EC50 values (Figure 35A). We hypothesized that this could be due to one of two
reasons. Either the addition of more TCRs from the second scRNAseq experiment resulted in
a more accurate gene score, or different confounding experimental conditions cause differences
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in gene regulation. By including the NFAT EC50 values of the 30 additional TCRs specific for
nine SARS-CoV-2 epitopes from the second scRNAseq experiment, a ‘refined’ gene score was
calculated with the assumption that it would provide a more accurate representation of the en-
tire data set. Interestingly, all genes comprising the ‘refined’ reactivity score were part of the
‘original’ score, highlighting the potential relevance of this gene list for predicting whether or
not a SARS-CoV-2 TCR would be specific after short-term in vitro reactivation. To no surprise,
genes defining the ‘refined’ functionality score were not part of the ‘original’ score (Figure 35B).
To further investigate this observation, we analyzed the shifts of normalized gene scores from
‘original’ to ‘refined’ values. The normalized reactivity score of all TCRs remained comparable
from ‘original’ to ‘refined’, as indicated by many straight lines. For the normalized functionality
score, however, we observed large shifts from the ‘original’ to the ‘refined’ score for most TCRs,
mostly upward (Figure 35C). Importantly, the experimentally measured NFAT EC50 values from
the first and second experiments showed a nice positive correlation with the ‘refined’ function-
ality gene score (Figure 35D). More details on the scRNAseq analysis, as well as ‘original’ and
‘refined’ gene score calculations, can be found in [177]. In summary, we found that adding 30
more TCRs from the second scRNAseq experiment to redefine the gene scores improved the
predictive power of both scores.
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Figure 35: Improvement of gene scores for better prediction of TCR specificity. (A)
‘Original’ reactivity and functionality scores defined by TCRs from the first scR-
NAseq experiment. Shown are TCRs from both scRNAseq experiments. For the
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4.3.6 Cellular avidity measurements of TCRs specific for A1/ORF1 DTD
and A11/ORF1 STF

Functional data measured in vitro often do not correlate well with actual in vivo functional-
ity. Recently, a few studies have been published suggesting that cellular avidity can accurately
predict cellular responses in vivo and outcomes during immunotherapy [179, 180]. Unlike cel-
lular affinity, which measures singular pHLA - TCR interactions, cellular avidity considers the
entire immunological synapse. We measured the cellular avidity of SARS-CoV-2-specific TCRs
in a novel instrument called z-movi (Lumicks, Amsterdam, Netherlands). Here, target cells are
bound to a glass surface, after which effector cells are flushed into the microfluidic channel. Tar-
get and effector cells are then allowed to form immunological synapses for 5 min. By applying
an acoustic force ramp from 0 pN to 1000 pN, effector cells detach from target cells depending
on their cellular avidity. Cellular avidity was measured for TCR-engineered J-TPR cells specific
for the A1/ORF1 DTD and A11/ORF1 STF epitopes. As a control, TCR 455, which was iso-
lated for the A1/ORF1 DTD epitope but has not shown epitope specificity or functionality in
previous assays, was used. Measurable differences between bound J-TPR cells and the control
TCR, TCR 455, were observed for all TCRs. Some TCRs remained bound to target cells even
at higher forces (A1/ORF1 DTD: TCR 5, TCR 9; A11/ORF1 STF: TCR 1871, TCR 1951),
indicating high cellular avidity. Other TCRs had a rather fast reduction of bound J-TPR cells
(A1/ORF1 DTD: TCR 76, A11/ORF1 STF: TCR 1862), indicating low cellular avidity (Figure
36A).

As a rule of thumb, cellular avidity was quantified at the beginning of the plateau where the
change of the control TCR over 100 pN is less than 2 %. Among the A1/ORF1 DTD-specific
TCRs, TCR 5 and TCR 9 had the strongest cellular avidity, followed by TCR 65, TCR 758
and TCR 76. Among the A11/ORF1 STF-specific TCRs, TCR 1871 had the strongest avidity,
followed by TCR 1951 and TCR 1862 (Figure 36B). We next correlated all cellular avidity values
at their respective 2 % plateau value with NFAT EC50 values, but could only observe a low
correlation (Figure 36C, top). Since we noticed that the trends of TCRs from both epitopes
went in different directions, we correlated only A1/ORF1 DTD TCRs and detected a significant
correlation with an R2 value of 0.94 (Figure 36C, bottom). A11/ORF1 STF TCRs alone did not
show a strong correlation, and we suspected that this might be because the two values, cellular
avidity and NFAT EC50, were too similar (not shown).

In summary, we measured the cellular avidity of TCRs specific for the A1/ORF1 DTD and
A11/ORF1 STF epitopes and found a range of cellular avidity that also correlated well with the
level of NFAT EC50 for the A1/ORF1 DTD epitope.
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Figure 36: Cellular avidity measurements of TCR-engineered J-TPR cell lines. (A-B)
TCRs specific for A1/ORF1 DTD (top) and A11/ORF1 STF (bottom) are shown.
(A) Percentage of bound J-TPR cells over a force ramp from 0 pN to 1000 pN. Mean
of five to 15 technical replicates and ± SD are shown. (B) Normalized J-TPR cells
bound at ∆ 100 pN < 2 %. Normalization to TCR 455 was performed separately for
each chip. The mean is shown as a black line. (C) Simple linear regression analysis
with 95 % confidence interval of NFAT EC50 value with bound J-TPR cells at 2 %
value from (B) for all TCRs (top) and A1/ORF1 DTD TCRs only (bottom) (n.s.
not significant, *p-value < 0.05).

To conclude this section, we showed comparable functionality of TCRs in J-TPR cells pre-
viously characterized in primary CD8+ T cells. While TCRs specific for the A3/ORF1 VTN
and A1/ORF3a FTS epitopes had higher NFAT EC50 values and while the range, especially for
A3/ORF1 VTN-specific TCRs, was more narrow compared to IFN-γ EC50 values, the NFAT
EC50 ranking remained the same as for primary CD8+ T cells. Thus, we evaluated the J-TPR
cell line as suitable for high-throughput measurement of SARS-CoV-2-specific TCRs. Next, we
classified TCRs from the second scRNAseq experiment as predicted specific and non-specific
based on defined gene signatures. To expand the repertoire of functional TCRs and to test the
predictive ability of the gene scores, we re-expressed 37 TCRs in J-TPR cells. We confirmed
that the previously defined gene signatures predicted the multimer specificity of the re-expressed
TCRs. Multimer staining of re-expressed TCRs in J-TPR cells was also heterogeneous across epi-
topes and even for the same epitope. This finding supports the development of a polyfunctional
TCR repertoire after mild COVID-19 infection. Experimentally determined peptide sensitivity
values (NFAT EC50) also showed a good correlation with gene scores. We furthermore found
a linear correlation of NFAT EC50 values with NFκB EC50 values as published in the litera-
ture [178]. However, we did not find a strong correlation between the level of EC50 values and
gene signatures. By calculating new gene scores that include the entire data set of TCRs, we
defined a ‘refined’ gene signature that correlated better with our data set. Nevertheless, we
envision that the ‘refined’ gene signature may be useful for predicting TCRs in other settings.
Finally, we were able to show that cellular avidity measurements of A1/ORF1 DTD-specific
TCRs correlated with NFAT EC50 values.
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4.4 Killing assays of SARS-CoV-2-specific TCR-transgenic
CD8+ T cells

In chapter 4.1, we showed that CD8+ T cell immune responses against SARS-CoV-2 were readily
detectable in most mild COVID-19 patients after an in vitro expansion step. We further demon-
strated that CD8+ T cell immune responses were long-lasting and that reinfection can boost
CD8+ T cell immunity against SARS-CoV-2. We continued to identify CD8+ T cell immun-
odominant SARS-CoV-2-specific epitopes responsible for the observed immune responses and
found that most donors had immune responses against multiple SARS-CoV-2-specific epitopes.
In chapters 4.2 and 4.3, we then identified TCRs recognizing these epitopes to better understand
the underlying mechanism of SARS-CoV-2-specific CD8+ T cell immunity. For functional TCR
characterizations, we re-expressed these TCRs in healthy donor PBMCs or J-TPR cells using
CRISPR/Cas9-mediated OTR and showed that SARS-CoV-2-specific TCRs were highly specific
and functional for their respective epitope. In an in vivo infection scenario, antigen-specific
CD8+ T cells, after recognizing their respective epitope, continue to eliminate virus-infected
target cells. For a complete functional characterization of TCRs, it is therefore essential to
demonstrate antigen-specific lysis of infected or epitope-presenting target cells.

4.4.1 Killing potential of TCR-engineered CD8+ T cells specific for
A3/ORF1 VTN and A1/ORF3a FTS

4.4.1.1 Near-physiological killing assay using replicating SARS-CoV-2-GFP virus

Antigen-specific killing assays can be used to assess the cytotoxic capacity of TCRs in vitro.
To measure target cell killing in the context of SARS-CoV-2 infection, we developed an in
vitro killing assay in which we infected competent A549 target cells with SARS-CoV-2 virus.
Competent A549 cells are derived from the lung epithelial carcinoma cell line A549, which was
transduced with the viral entry receptor ACE2 and H2B-RFP for live cell tracking. We addition-
ally modified competent A549 cells with HLA molecules to ensure that our epitope of interest
was presented on the surface. Thus, in vitro SARS-CoV-2 infection of competent A549 cells is
mediated via the ACE2 receptor, after which viral replication as well as presentation of viral pro-
teins on HLA molecules occurs similar to in vivo infections. For replicating virus killing assays,
competent A549-HLA-A*01 or -A*03 cells were infected with a GFP-modified SARS-CoV-2 WT
virus (SARS-CoV-2-GFP). The fluorescent protein GFP is encoded in the viral genome and pro-
duced as a protein upon infection. Infection can therefore be easily tracked by measuring GFP+

expression in target cells. After the addition of SARS-CoV-2-specific TCR-engineered CD8+

T cells, the killing of infected target cells can be measured by a decrease in GFP+ signal. A
selection of TCR-engineered CD8+ T cells specific for the A3/ORF1 VTN and A1/ORF3a FTS
epitopes were generated and added to infected HLA-matched competent A549 target cells 24 h
after infection. Image acquisition was continued for another 48 h, followed by endpoint analysis
(Figure 37A).

For TCR 13 and TCR 28-engineered CD8+ T cells, an E:T dependent decrease in virus growth
(GFP+ signal) was observed over the 72 h time course. Similarly, the number of infected target
cells (RFP+ GFP+ signal) showed a titration-dependent effect over time. Following the addi-
tion of TCR 32-engineered CD8+ T cells, a reduction in virus growth and infected targets was
only observed at high E:T ratios. This is consistent with previously measured functionality data
where TCR 32 was shown to be specific for the A3/ORF1 VTN epitope but of low functionality.
Significantly, no unspecific killing of uninfected target cells (RFP+ signal) was observed for all
TCRs and all E:T ratios (Figure 37B). Quantification of viral spread and survival of infected
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target cells at the endpoint showed the same trend as during live acquisition. Endpoint quantifi-
cation also showed E:T dependent killing for TCR 13 and TCR 28, and killing at the high E:T
ratio of 30:1 for TCR 32 (Figure 37C).
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Figure 37: Incucyte killing assay with epitope A3/ORF1 VTN-specific TCR-
engineered CD8+ T cells. (A) Schematic of Incucyte killing assay. Compe-
tent A549 cells were infected with SARS-CoV-2-GFP virus 24 h after seeding. 24 h
post infection, SARS-CoV-2-specific TCR-transgenic CD8+ T cells were added and
the acquisition was continued for another 48 h. (B – C) Competent A549-HLA-
A*03 cells were infected with SARS-CoV-2-GFP virus. 24 h post infection, epitope
A3/ORF1 VTN-specific TCR-transgenic CD8+ T cells were added at E:T ratios of
1:1, 3:1, 10:1, 30:1. Medium was added for the 0:1 condition. (B) Live tracking
and (C) 72 h endpoint analysis of virus growth, infected and uninfected target cells.
Shown is the mean of two technical replicates ± SD. T cell addition is marked at
the 24 h time point. Data were normalized to the 0:1 condition to 100 %. Parts of
the figure were reprinted with permission from [84].

In previous characterizations, we showed that TCR 3456, derived from the scRNAseq IFNG+

cluster, is highly functional against the A1/ORF3a FTS epitope. In contrast, TCR 3399 from the
scRNAseq IFNG- cluster was not expected to result in specific target cell killing. Viral growth
was greatly reduced after the addition of TCR 3456-engineered CD8+ T cells for all E:T ratios,
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but especially for the 10:1 and 30:1 ratios. Consistent with this, the number of infected target
cells decreased after T cell addition for both E:T ratios. No cytotoxicity was observed for the
negative control TCR, TCR 3399 and no unspecific killing of uninfected target cells was observed
for both TCRs and all E:T titrations in A1/ORF3a FTS-dependent killing assays (Figure 38A).
An E:T dependent reduction in viral spread and survival of infected target cells was detected at
the 72 h endpoint quantification for TCR 3456 but not for TCR 3399 (Figure 38B).

In conclusion, we demonstrated that TCR-engineered CD8+ T cells, which showed to be
functional for the A3/ORF1 VTN and A1/ORF3a FTS epitopes, kill SARS-CoV-2-GFP virus-
infected target cells in an E:T dependent manner. In addition, the low-functional TCR, TCR
32, showed killing only at high E:T ratios, and no unspecific killing of uninfected target cells was
observed.
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Figure 38: Incucyte killing assay with epitope A1/ORF3a FTS-specific TCR-
engineered CD8+ T cells. (A – B) Competent A549-HLA-A*01 cells were in-
fected with SARS-CoV-2-GFP virus. 24 h post infection, epitope A1/ORF3a FTS-
specific TCR-transgenic CD8+ T cells were added at E:T ratios of 1:1, 3:1, 10:1,
30:1. Medium was added for the 0:1 condition. (A) Live tracking and (B) 72 h
endpoint analysis of virus growth, infected and uninfected target cells. The mean of
two technical replicates ± SD is shown. T cell addition is marked at the 24 h time
point. Data were normalized to the 0:1 condition to 100 %. Parts of the figure were
reprinted with permission from [84].
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4.4.1.2 Near-physiological killing assay using SARS-CoV-2 ORF-transduced target
cells

While the SARS-CoV-2 killing assay described above had the clear advantage of being close to an
in vivo infection setting, it had several disadvantages. Viral infections required strict BSL3 work,
which was only feasible at low-throughput. In addition, the low level of target cell infections
resulted in highly variable data and thus the need for more experimental replicates. Furthermore,
the production of the virus and the measurement of the MOI for each virus batch was very time
consuming. As a result, we developed an alternative killing assay for which we generated A549
target cell lines transduced with a SARS-CoV-2 or control protein. This would ensure close
to physiological epitope presentation while avoiding the technical limitations of working with
viable viruses. We chose the SARS-CoV-2 protein Nsp2 for transduction because it carries the
SARS-CoV-2 epitope A3/ORF1 VTN. Since the epitope is HLA-A*03 restricted, we further
selected competent A549-HLA-A*03 cells to generate competent A549-HLA-A*03-Nsp2 cells.
TCR-engineered CD8+ T cells specific for the A3/ORF1 VTN epitope could thus be used for
killing assays with competent A549-HLA-A*03-Nsp2 cells. As a control protein, we chose the
humanized Gaussia luciferase protein (hGLuc, Gaussia).

Detailed steps of Gibson cloning are described in 3.2.4.2. Briefly, the mp72 RNF43 A269fs
plasmid (Figure 39A) was digested with restriction enzymes (EcoRI and NotI). The result-
ing backbone was Gibson cloned together with the amplified eGFP fragment and either the
SARS-CoV-2-Nsp2 insert from the pWPI SARS-CoV-2-Nsp2 plasmid (Figure 39B) or the hGluc
insert from the pWPI Gaussia plasmid (Figure 39C). The final plasmids mp72 SARS-CoV-
2 Nsp2 T2A GFP (SARS-CoV-2-Nsp2 plasmid) (Figure 39D) and mp72 Gaussia T2A GFP (Gaus-
sia plasmid) (Figure 39D) were used for retroviral transfection of competent A549-HLA-A*03
cells. Cells with successful transfection expressed GFP and Nsp2 (or GFP and the control protein
Gaussia) as separate proteins due to polycistronic expression and post-transcriptional splicing.
Competent A549-HLA-A*03-Nsp2 and competent A549-HLA-A*03-Gaussia cell lines were then
sorted for GFP+ expression and cocultured with CD8+ T cells expressing relevant TCRs to
evaluate cytotoxicity potential.

RNF43_A269fs T2A eGFP

mp72_RNF43_A269fs plasmid

RES RES

SARS-CoV-2-Nsp2

pWPI_SARS-CoV-2-Nsp2 plasmid

(Nsp2.FOR) (Nsp2.REV)

hGluc

pWPI_Gaussia plasmid

(Gaussia.FOR) (Gaussia.REV)

SARS-CoV-2-Nsp2 T2A eGFP

mp72_SARS-CoV-2-Nsp2-T2A-GFP plasmid

RES RES

hGluc T2A eGFP

mp72_Gaussia-T2A-GFP plasmid

RES RES

A B C

D E

(Vector_Gaussia.FOR
Vector_Nsp2.FOR) (EcoRI)(NotI)

(Vector_Gaussia.REV
Vector_Nsp2.REV)

Figure 39: Recombination sites for Nsp2-T2A-GFP and Gaussia-T2A-GFP Gib-
son cloning. Section of plasmid maps with relevant restriction sites and bind-
ing sites of primers are marked. (A) Backbone plasmid pMP72 RNF43 A269fs.
Section of plasmid maps of the target proteins (B) Nsp2 and (C) Gaussia used
for Gibson assembly. Plasmids generated by Gibson cloning: (D) SARS-CoV-2-
Nsp2 plasmid (mp72 SARS-Cov-2-Nsp2 T2A GFP) and (E) Gaussia control plas-
mid (mp72 Gaussia T2A GFP). RES = restriction enzyme site.
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For cytotoxicity measurements, the xCELLigence RTCA eSight instrument was used for cel-
lular impedance measurements and image acquisition. Cellular impedance was measured by
applying an electrical potential across the well using gold microelectrodes fused to the bottom
of each well. This was used to measure target cell attachment and subsequent detachment.
Specifically, competent A549-HLA-A*03-Nsp2 and competent A549-HLA-A*03-Gaussia target
cell lines were seeded onto 96-well RTCA eSight plates and 24 h later TCR-engineered CD8+ T
cells were added. Impedance measurements and image analysis were then continued for another
48 h (Figure 40A). Due to the expression of H2B-RFP in the nucleus of A549 target cells, the
amount of attached target cells can be tracked over time by quantifying the RFP signal in addi-
tion to the impedance measurement. Target cell killing was then quantified by total integrated
intensity (TII), which takes into account the total amount of RFP signal by multiplying the
fluorescence intensity by the fluorescent area (RRI x µm2). Thus, target cell killing could be
measured as a decrease in RFP TII after the addition of antigen-specific CD8+ T cells, similar
to impedance values.

TCR 13-, TCR 28-, and TCR 43-engineered CD8+ T cells showed fast killing of competent
A549-HLA-A*03-Nsp2 cells at an E:T ratio of 5:1. Compared to these TCRs, the killing ability of
TCR 32-engineered CD8+ T cells was limited (Figure 40B, green lines), consistent with previous
functionality and killing data of TCR 32. This confirmed that the A3/ORF1 VTN epitope was
processed and presented at sufficient levels on competent A549-HLA-A*03-Nsp2 cells and that
the observed killing was comparable to the virus-infection model. As a control for endogenous
expression of the peptide from the ORF system, we used competent-A549-HLA-A*03 cells pulsed
with the A3/ORF1 VTN epitope. For TCR 13-, TCR 28-, and TCR 43-engineered CD8+ T cells,
complete lysis of competent A549-HLA-A*03 target cells pulsed with 10-5 M A3/ORF1 VTN
peptide was observed (Figure 40B, orange lines). We hypothesized that epitope density on the
target cell surface determines the speed at which target cells are recognized by TCR-engineered T
cells. Since the killing of peptide-pulsed target cells was slightly faster than that of endogenously
presented target cells, we would suggest that the epitope density on the surface of competent
A549-HLA-A*03-Nsp2 cells was slightly less than 10-5 M. It is important to note that a peptide
concentration of 10-5 M is quite high and that lower epitope densities would be expected in an
in vivo setting. Also, in the peptide-pulsed condition, TCR 32-engineered CD8+ T cells did
not lyse all target cells according to virus-infected and endogenously presented target cell killing
assays. In contrast to on-target effects, addition of TCR-engineered CD8+ T cells to competent
A549-HLA-A*03-Gaussia cells did not result in specific killing (Figure 40 B, blue lines). Also the
addition of medium to competent Nsp2-A549 cells, competent A549-HLA-A*03-Gaussia cells,
or competent A549 cells (pulsed and unpulsed) did not result in specific target cell lysis. For
the positive control condition, TritonX, immediate target cell lysis was observed, visible as the
fastest decrease in cellular impedance. The TII curves of all conditions showed the same trend
as the cellular impedance curves (Figure 40C).

To better compare the killing curves between the different conditions, we calculated the area
under the curve (AUC) (Figure 41A) for all TCR-engineered CD8+ T cells and found low AUC
values for the ‘experimental conditions’ ORF1 VTN pulsed and Nsp2-transduced for TCR 13,
TCR 28, and TCR 43 and a higher AUC value for TCR 32, in line with the above observa-
tions. As expected, the Gaussia-transduced conditions, as well as the medium and unpulsed
controls, had higher AUC values. To further quantify the observed differences, we normalized
the killing of ORF1 VTN, Nsp2-transduced, and Gaussia-transduced to the unpulsed condition
for ORF1 VTN. Triton X was used as a positive control with 100 % killing and medium unpulsed
as a negative control with 0 % killing. The frequency of killed target cells was very high for the
ORF1 VTN peptide-pulsed and Nsp2-transduced conditions for TCR 13, TCR 28, and TCR 43,
while it was lower for the corresponding conditions for TCR 32. (Figure 41B).
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In conclusion, we found that A3/ORF1 VTN-specific TCR-engineered CD8+ T cells kill Nsp2-
transduced target cell lines in an E:T dependent manner. Consistent with replicating virus killing
assays, CD8+ T cells engineered with highly-functional TCRs (TCR 13, TCR 28, TCR 43) kill
Nsp2-transduced target cells with high efficiency, whereas the low-functional TCR, TCR 32,
showed limited killing capacity. No specific cell lysis was observed for the control condition.
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Figure 40: xCELLigence killing assay with competent A549-HLA-A*03-Nsp2 cells
and A3/ORF1 VTN-specific TCR-engineered CD8+ T cells. (A) Schematic
workflow of the xCELLigence killing assay. Competent A549-HLA-A*03-Nsp2 target
cells were seeded on 96-well RTCA eSight plates and incubated for 24 h before
TCR-engineered CD8+ T cells were added at an E:T ratio of 5:1. Acquisition
was continued for another 48 h. (B) Cellular impedance and (C) normalized total
integrated intensity (TII) (bottom) for TCR 13, TCR 28, TCR 32, and TCR 43-
engineered CD8+ T cells are shown. Competent A549-HLA-A*03 cells pulsed with
A3/ORF1 VTN, competent A549-HLA-A*03-Nsp2 or competent A549-HLA-A*03-
Gaussia cells were used as target cells. Either TCR-engineered T cells or medium
was added. All data were normalized to the time point of T cell addition. An E:T
ratio of 5:1 was used for all conditions. Parts of the figure were reprinted with
permission from [155].
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Figure 41: AUC quantification of xCELLigence killing assay with competent A549-
HLA-A*03-Nsp2 cells. (A) AUC (total area) quantification of A3/ORF1 VTN-
specific killing of TCR-engineered CD8+ T cells (TCR 13, TCR 28, TCR 32, TCR
43) over a 72 h time course. (B) Normalized AUC killing curves. Medium AUC was
defined as 0 % killing and Triton X as 100 % killing. TCRs were normalized to the
unpulsed A3/ORF1 VTN AUC condition. AUC = area under the curve.

4.4.2 Killing potential of TCR-engineered CD8+ T cells specific for
A1/ORF1 VTN and A11/ORF1 STF

In functional TCR assays, such as J-TPR peptide sensitivity assays (see 4.3.4) or cellular avidity
assays (see 4.3.6), TCRs specific for the A1/ORF1 VTN and A11/ORF1 STF epitopes showed a
high degree of specificity. We were next interested to determine whether TCR-engineered CD8+

T cells were also cytotoxic. In the previous subchapter 4.4.1.2, we showed that transduction
of transgenic antigens was comparable to that of epitope-pulsed target cells. In addition, the
pulsing of peptides allows us to vary the level of antigen density compared to antigen-transduced
target cells. Thus, next to determining the cytotoxic capacity of TCRs, we were also interested
in understanding how the level of antigen density affects target cell killing. Therefore, competent
HLA-A*01 or HLA-A*11 A549 target cells were pulsed with A1/ORF1 VTN or A11/ORF1 STF
epitopes at a density of 10-5 M and 10-5 M, respectively. Peptide-pulsed target cells were seeded
on 96-well RTCA eSight plates, and OTR-engineered CD8+ T cells were added 24 h later.

At 10-5 M antigen density, good killing of competent A549-HLA-A*03 target cells was observed
for A1/ORF1 DTD-specific CD8+ T cells at an E:T ratio of 5:1. This was expected, as all of
the TCRs investigated were also shown to be functional in previous assays (see Figure 32).
In comparison, for the 10-7 M peptide-pulsed target cell curve separation, the target cell lysis
was reduced and the killing curves were more spread out, highlighting differences in the killing
capacity of TCRs with lower antigen density (Figure 42A). At 10-7 M antigen density, the first
drop in cellular impedance began for some TCRs immediately after CD8+ T cell addition (TCR
5, TCR 65, TCR 758), while for other TCRs it started later (TCR 868, TCR 9) compared to the
10-5 M condition. The addition of TCR-engineered CD8+ T cells to unpulsed cells also dampened
cell growth to some extent compared to the medium only condition. This was probably due to
the addition of five times the amount of T cells to the target cells. However, a clear separation
of specific killing was seen for all conditions, suggesting that no unspecific killing occurred. The
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addition of medium to pulsed or unpulsed cells showed the highest impedance signal increase
and the TritonX conditions demonstrated imminent lysis of all cells.

Also, CD8+ T cells engineered with functional TCRs (TCR 1862, TCR 1871, TCR 1951) spe-
cific for the A11/ORF1 STF epitope lysed peptide-pulsed target cells very efficiently at an E:T
ratio of 5:1. The functionality of A11/ORF1 STF-specific TCRs was also demonstrated in previ-
ous assays (see Figure 32). In comparison, TCR 569, which was previously shown to be unspecific,
did not show any specific killing. As expected, the killing potential of A11/ORF1 STF-specific
CD8+ T cells was reduced at a lower antigen density (10-7 M), although it remained highly
efficient (Figure 42B).
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Figure 42: xCELLigence killing assay with epitope A1/ORF1 DTD or
A11/ORF1 STF TCR-engineered CD8+ T cells. (A – B) Target cells
were pulsed with either 10-5 M (left) or 10-7 M (right) of peptide and TCR-
engineered CD8+ T cells were added after 19 h (solid line). As a control, engineered
T cells were added to unpulsed target cells (dotted line). An E:T ratio of 5:1 was
used for all conditions. (A) Cellular impedance measurements of competent A549-
HLA-A*01 target cells pulsed with the A1/ORF1 DTD epitope and co-cultured
with TCR-engineered CD8+ T cells. (B) Cellular impedance measurements of
competent A549-HLA-A*11 target cells pulsed with the A11/ORF1 STF epitope
and co-cultured with TCR-engineered CD8+ T cells.

For better comparability between TCRs and to qualitatively assess the killing potential of dif-
ferent TCRs, the AUC was calculated. The AUC was either normalized to the respective unpulsed
target cell condition (Figure 43A, C) or to a non-functional TCR (TCR 455 for A1/ORF1 DTD
and TCR 569 for A11/ORF1 STF) (Figure 43B, D). When comparing the AUC rankings be-
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tween 10-5 M and 10-7 M pulsed target cells for A1/ORF1 DTD and A11/ORF1 STF, it was
noticeable that the differences between TCRs became larger with less peptide present on the
target cells. While the unpulsed control normalization also takes into account the addition of
CD8+ T cells to unpulsed target cells, the normalization with the unfunctional TCR focuses only
on the peptide-pulsed killing curves.

For the 10-5 M A1/ORF1 DTD normalizations, the ranking remained the same for all TCRs
except the last two TCRs (TCR 868 and TCR 9) with TCR 758 and TCR 65 showing the largest
killing. For the 10-7 M A1/ORF1 DTD normalizations, the frequency of killing showed a greater
change in ranking but TCR 65 remained in first place, followed by TCR 5 or TCR 756 (Figure 43A
- B). For the 10-5 M A11/ORF1 STF normalization, the differences between TCRs were larger
for the unpulsed normalization, whereas for the TCR 569 normalization, the differences between
TCRs became quite small. For 10-7 M A11/ORF1 STF, the addition of TCR 1871-engineered
CD8+ T cells eliminated all target cells (Figure 42B, right). Figure 43D normalization is in line
with this and showed the best killing percentage.

In conclusion, TCR-engineered CD8+ T cells killed target cells pulsed with 10-5 M A1/ORF1 DTD
or A11/ORF1 STF peptides with high efficiency. Pulsing with 10-7 M peptides resulted in re-
duced target cell killing but better separation of conditions.
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Figure 43: Quantification of killing assays with A1/ORF1 DTD or A11/ORF1 STF
pulsed competent A549 target cells. AUC of TCR-engineered CD8+ T cell
killing of 10-5 M (left) and 10-7 M (right) peptide pulsing. A1/ORF1 DTD pulsed
competent A549-HLA-A*01 target cells (A - B) and A11/ORF1 STF pulsed compe-
tent A549-HLA-A*11 target cells (C - D). (A and C) Medium AUC was defined as
0 % killing and Triton X as 100 % killing. TCRs were normalized to their respective
unpulsed condition AUC. (B and D) TCR 455 AUC or TCR 569 were defined as
0 % killing and Triton X as 100 % killing. TCRs were normalized to TCR 455 or
TCR 569 AUC. Parts of the figure were reprinted with permission from [177].
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To conclude this chapter, we can summarize that SARS-CoV-2-specific TCR-engineered CD8+

T cells showed high cytotoxicity against target cells in all killing assays. Based on the in-
fection of target cells, the replicating SARS-CoV-2 virus killing assay can be considered the
closest to a physiological environment. While we observed good killing for A3/ORF1 VTN and
A1/ORF3a FTS-specific CD8+ T cells engineered with highly specific TCRs, we also found that
CD8+ T cells engineered with a low-specific or non-specific TCR showed reduced or no tar-
get cell killing, respectively. In addition, we did not observe unspecific killing of uninfected
cells, demonstrating the on-target specificity of SARS-CoV-2-specific TCR-engineered CD8+

T cells. Nevertheless, infection of target cells with replicating SARS-CoV-2 virus had several
drawbacks that made high-throughput experiments difficult. As an alternative, we developed a
near-physiological killing assay in which target cells were transduced with a SARS-CoV-2 ORF.
By transducing target cells with the SARS-CoV-2 protein Nsp2, we ensured natural antigen
processing and presentation of the A3/ORF1 VTN epitope. We observed good killing for CD8+

T cells engineered with the previously characterized highly specific TCRs and limited killing for
CD8+ T cells engineered with the previously characterized low-specific TCR TCR 32. These
observations were also in line with the virus replication killing assay. Furthermore, we showed
that peptide-pulsed target cells exhibited comparable lysis after addition of TCR-engineered
T cells. To better understand the dependence on antigen density and to investigate the cy-
totoxic potential of more TCRs, we peptide-pulsed target cells with different molarities of the
A1/ORF1 VTN and A11/ORF1 STF epitopes. This allowed us to show that A1/ORF1 VTN
and A11/ORF1 STF-specific TCR-engineered CD8+ T cells were highly cytotoxic; on the other
hand, we found that lower antigen density resulted in reduced killing efficiency but also in broader
distribution of otherwise functionally similar TCRs.

Having analyzed TCRs specific for different SARS-CoV-2 epitopes, we would now like to make
some final assessments about the functionality of SARS-CoV-2-specific TCRs by comparing their
functionality in different assays. In summary, we identified epitope-specific TCRs by perform-
ing scRNAseq of SARS-CoV-2 epitope-expanded and recent activated CD8+ T cells. We then
characterized the TCRs by re-expression in either healthy donor PBMCs or J-TPR cell lines.

To determine the binding specificity of a TCR to its respective epitope, we first performed
multimer stainings. From the first scRNAseq experiment, we investigated TCRs specific for the
A1/ORF3a FTS and A3/ORF1 VTN epitopes by re-expressing them in healthy donor PBMCs.
We found that TCRs predicted to be specific based on gene expression signatures (IFNG+

cluster) also had positive multimer stainings. While TCR 13, TCR 28 and TCR 43, which
are specific for the A3/ORF1 VTN epitope, showed strong multimer staining, we observed that
TCR 32 demonstrated a rather weak signal. For the A1/ORF3a FTS epitope, both TCRs from
the IFNG+ cluster, TCR 3456 and TCR 3398, showed positive multimer stainings. In contrast,
TCRs from the IFNG- cluster did not show positive multimer stainings, suggesting a correlation
between transcriptional data and epitope specificity. Following the second scRNAseq experiment,
we re-expressed TCRs in J-TPR cells and found that TCR multimer staining correlated with
functionality prediction of previously defined gene scores. To compare differences between assays,
we focused on the A1/ORF1 DTD and A11/ORF1 STF epitopes, with the following ranking for
multimer staining: TCR 5 > TCR 9 > TCR 868 > TCR 65 > TCR 758 > TCR 76 and TCR
1951 > TCR 1871 > TCR 1862, respectively. In summary, we found that SARS-CoV-2-specific
TCRs were specific for their respective epitopes.

In a next step, we measured TCR:pHLA koff rates for A1/ORF3a FTS and A3/ORF1 VTN-
specific TCRs and found high half-lives for TCR 13, followed by TCR 43 and TCR 28. Consistent
with previously observed weak multimer staining, TCR 32 had no measurable koff rate. As
previously observed by multimer staining, also in koff rate measurements, TCR 3456 had a
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higher half-life than TCR 3398. Koff rate measurements can be summarized by a similar trend
as multimer stainings, while absolute values did not show a strong correlation.

To determine the peptide sensitivity, we measured IFN-γ EC50 values of A3/ORF1 VTN-
specific TCRs and found that TCR 13 and TCR 28 had a very high and similar EC50 value,
followed by TCR 43 and finally TCR 32 with a low IFN-γ EC50 value. This was in contrast
to koff rate measurements where TCR 43 had a higher half-life than TCR 28. NFAT EC50
values of J-TPR cells from A1/ORF3a FTS and A3/ORF1 VTN-specific TCRs had the same
ranking as IFN-γ EC50 values despite lower EC50 values and a narrower distribution range.
Measurements of A1/ORF3a FTS-specific TCRs reveals that TCR 3456 had a slightly higher
IFN-γ EC50 value than TCR 3398, in line with multimer staining and koff rate measurements.
NFAT EC50 values of A1/ORF3a FTS-specific TCRs mirrored the previously observed trend with
lower and closer EC50 values. Notably, the ranking remained the same as for IFN-γ EC50 values.
NFAT EC50 values of TCRs from the second scRNAseq experiment showed high functionality
and good alignment with the specificity prediction. We observed a range in NFAT EC50 values
across epitopes, but also for the same epitope. For TCRs specific for the A1/ORF1 DTD and
A11/ORF1 STF epitopes, we observed the same ranking as for multimer stainings. We can
conclude that EC50 values showed that SARS-CoV-2-specific TCRs had high functionalities,
were transferable from primary T cells to J-TPR cells, and had the same ranking as multimer
stainings.

For TCRs specific for the A1/ORF1 DTD and A11/ORF1 STF epitopes, we additionally
measured the cellular avidity in TCR-engineered J-TPR cell lines in the following order: TCR
5 > TCR 9 > TCR 65 > TCR 758 > TCR 76 and TCR 1871 > TCR 1951 > TCR 1862,
respectively. The ranking of TCRs specific for the A1/ORF1 DTD epitope was the same as for
the NFAT EC50 values and slightly different for the A11/ORF1 STF-specific TCRs. Accordingly,
we can conclude that the cellular avidity measurements are roughly consistent with the sequence
of previous measurements.

For A3/ORF1 VTN and A1/ORF3a FTS-specific TCRs, we also performed live virus killing
assays with TCR-transgenic CD8+ T cells and could show good killing of highly functional
TCRs (TCR 13, TCR 28) and poor killing of the low functional TCR, TCR 32. In addition,
TCR 3456 showed good killing and TCR 3399 from the IFNG- cluster showed no unspecific
killing. Furthermore, we transduced cell lines with Nsp2, the protein in which the epitope
A3/ORF1 VTN is incorporated, and observed comparable killing to the replicating virus killing
assay, i.e. good killing for highly functional TCRs (TCR 13, TCR 28, TCR 43) and poor target
cell lysis for the low-functional TCR, TCR 32. Finally, we also measured the cytotoxicity of
A1/ORF1 DTD and A11/ORF1 STF-specific CD8+ T cells and found that all TCRs were highly
cytotoxic with the following ranking: TCR 65 and TCR 758 > TCR 76 > TCR 5 > TCR 9, TCR
868. Although this ranking is derived from only one measurement, it was surprising that TCR 76
performed quite well. A11/ORF1 STF specific CD8+ T cells were also highly cytotoxic, but the
killing order changed depending on the normalization. The fitness of the cells after sorting and
expansion could be a confounding factor to qualitatively assess the killing potential of different
TCR-engineered CD8+ T cells. In addition, we observed that lower antigen density helped to
spread out differences between similar TCRs. In conclusion, SARS-CoV-2-specific TCRs were
highly cytotoxic, but differences in target cell killing should be carefully evaluated.

In summary, we were able to confirm the overall functionality of SARS-CoV-2-specific TCRs,
although minor differences in the ranking of TCR functionality were observed between some of
the assays (multimer staining, koff rates, EC50 assays, cellular avidity measurements, and killing
assays).
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5.1 Persistence and protectivity of SARS-CoV-2-specific CD8+

T cells

SARS-CoV-2 antibody levels of mild convalescent COVID-19 patients were well above the detec-
tion limit several weeks after infection. We and others have found that SARS-CoV-2 antibody
levels declined quite rapidly after this initial peak. This was to be expected in acute infections
and has been confirmed elsewhere [73,74]. In contrast, we detected SARS-CoV-2-specific CD8+

T cells even two years after infection. While several studies have reported SARS-CoV-2-specific
CD8+ T cells up to one year after infection [181, 182], to our knowledge, this study provides
the longest follow-up after infection. It is known from other acute viral infections that mem-
ory formation of the adaptive immune system by vaccination can provide long-term protection.
For yellow fever and hepatitis A, vaccination has been shown to provide long-lasting immunity
for more than ten years [183, 184]. The demonstration of long-lasting immune responses, to-
gether with the polyclonality and functionality of the TCR repertoires specific for SARS-CoV-2,
suggests that long-lasting protective immunity may develop.

However, with the emergence of the Omicron strain, real-world data indicated relatively high
rates of reinfection [185]. A recent meta-analysis of 65 studies found that protection against
reinfection and symptomatic disease was high for the ancestral strain and early SARS-CoV-2
variants but low for the Omicron variant [87]. Since antibodies, not T cells, are important
for preventing infection, the increase in reinfections with Omicron is most likely due to SARS-
CoV-2-specific neutralizing antibodies that have lost their effectiveness against Omicron [186].
T cells, on the other hand, are important for attenuating the course of the disease. Indeed,
it has been shown, that prior infection or vaccination leads to a milder disease course [87, 186].
This is most likely mediated by SARS-CoV-2-specific CD8+ T cells targeting conserved epitopes,
which are not strongly affected by the high mutation rate of the virus [187]. In fact, most of
the immunodominant epitopes identified in this work are not mutated in the Omicron variant.
SARS-CoV-2-specific TCRs for these epitopes were found to be highly effective and will most
likely protect against severe COVID-19 in Omicron-infected individuals.

Protection against severe disease can also be conferred by cross-reactive immune responses
with other viruses. For some epitopes, we detected CD8+ T cell responses in pre-pandemic
donors with low immunogenicity. Although we did not find similarities of these epitopes with
CCCs, they could have induced cross-reactive memory T cells from previous infections with other
viruses. Further complicating the understanding of cross-reactivity is that cross-reactive T cells
can be either beneficial or detrimental [188]. Beneficial cross-reactive CD8+ T cells are primed
to high homology epitopes from a prior infection and cross-react with high avidity against a
secondary infection, whereas detrimental cross-reactive CD8+ T cells are primed to low homology
epitopes, resulting in low avidity SARS-CoV-2 epitope binding [188]. However, as these T cells
dominate the secondary infection, the low avidity of these T cells leads to the production of
proinflammatory cytokines without induction of cytolysis and ultimately to immunopathology
and reduced viral clearance [188].
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5.2 Potential biases of experimental design on epitope
identification

Overall, we detected CD8+ T cell responses in 34 of 44 mild convalescent COVID-19 patients
(77 %). This is consistent with reports in literature ranging from 70 % to 88.5 % [89, 189–191].
One explanation for why the response frequency was not 100 % could be that some epitopes from
the peptide pools were not immunogenic for some donors, who would react to other epitopes
instead. It is also possible that SARS-CoV-2-specific memory T cells from some donors did not
proliferate with our expansion protocol or that some donors did not establish T cell memory. In
addition, we observed that one donor typically recognized more than one SARS-CoV-2 epitope
(Figure 13 D), with most donors recognizing four epitopes (13.6 %, six donors). Others have
also reported recognition of multiple epitopes in convalescent COVID-19 donors [83,192]. In line
with our data, a study with a comparable number of epitopes and donors identified an average
of five immunogenic epitopes per donor from 89 peptides restricted to a total of eleven HLA
types and derived from seven SARS-CoV-2 ORFs [192]. The recognition of multiple epitopes
suggests the formation of a multilayered T cell response that may be associated with improved
virus recognition and protection against mutation.

Peptides from the first in-house 9-mer peptide pool were selected based on their predicted
binding to the most common HLA class I molecules. Of the 41 peptides, we found 29 immuno-
genic peptides (70.7 %), and, of these, eleven immunodominant peptides (≥ 50 % responders).
For the design of the second peptide pool, in addition to in silico binding predictions, we also
included peptides previously reported in literature to elicit CD8+ T cell-specific immune re-
sponses [86, 189, 190, 193–195]. From these 62 peptides, we found 27 immunogenic peptides
(43.5 %), of which 18 were also immunodominant. While the selection of the first pool yielded a
better rate of immunogenic peptides (70.7 % vs 43.5 %), the second pool yielded a higher rate of
immunodominant peptides (11 vs. 18). This is likely due to the inclusion of previously published
epitopes for the second pool. Of the 62 peptides in the second pool, 35 peptides were selected
based on literature and 27 based on binding prediction. From the literature selection, 20 epi-
topes were found to be immunogenic (57.1 %), whereas from the binding prediction only seven
epitopes (25.9 %) were recognized by convalescent donor CD8+ T cells. While our method of
epitope selection led to the identification of some immunogenic and immunodominant epitopes,
the pre-selection of epitopes from literature certainly increased the chances of finding immun-
odominant peptides. The better binding prediction for peptides from the first pool (70.7 %)
compared to the second pool (25.9 %) may be explained by the fact that at the time we se-
lected peptides for the second pool, most of the highly immunogenic peptides had already been
identified by other research groups. Many peptides that we identified as potential candidates in
the binding predictions for the second pool, had already been published in literature and were
therefore assigned to the ‘literature’ category. Peptides that we additionally identified from the
binding predictions, might be less immunogenic. Thus, we preselected immunogenic peptides
in the ‘literature’ category that may have arbitrarily influenced the binding prediction subpool.
Finally, why some of the published epitopes could not be confirmed in our hands is difficult to
understand and may be due to different assay sensitivities and different donor materials.

The SARS-CoV-2 genome consists of ten ORFs [196]. We selected potential immunogenic
epitopes from ORF1ab, ORF2 (S), ORF3a, ORF5 (M), and ORF9 (N) and identified epitopes
from all the ORFs studied to induce immune responses in mild convalescent individuals. The
largest of these ORFs is ORF1ab (21,290 bp), followed by S (3,822 bp), N (908 bp), ORF3a
(828 bp) and M (669 bp) [197]. Because we expected the S protein to have the highest immuno-
genicity, we selected disproportionately more epitopes of the S protein (46 epitopes) compared to
ORF1ab (34 epitopes), N (15 epitopes), M (five epitopes) and ORF3a (three epitopes). If we had
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selected epitopes proportional to genomic size, we would have selected 80 epitopes for ORF1ab,
14 epitopes for S and three for the other ORFs. Immune responses were detected against 54 %
of ORF1 epitopes, 63 % of N epitopes but only 34 % of S epitopes. Although the bias due to
differences in HLA types was not analyzed in detail, it was striking that the S protein elicited
fewer immune responses than other ORFs. This was also observed in other studies where most
of the 9-mer immunodominant epitopes were found in ORF1, ORF3, or N [83,189,193]. In addi-
tion, immune responses against the other ORFs (ORF4, ORF6 – ORF 8, ORF10) could also be
detected [86,190,193]. Taken together, while the S protein appears to be less immunogenic than
other ORFs, all SARS-CoV-2 ORFs are immunogenic and capable of eliciting immune responses
against the virus.

We have identified immunogenic epitopes for twelve HLA types with response rates ( % respon-
ders) ranging from 100 % for HLA-A*01:01, HLA-A*11:01, HLA-B*35:01, HLA-B*40:01 to 5 %
for HLA-C*07:02. The response rate is the number of HLA-matched donors that elicit a CD8+ T
cell response to any of the HLA-matched epitopes. For most HLA types, we were able to increase
the response rate by adding more peptides from the second peptide pool. Importantly, while
for rare HLA types all donors were tested for the identification of immunogenic peptides from
the second pool, for common HLA-types (HLA-A*01:01, HLA-A*24:02, HLA-A*03:01, HLA-
B*07:02) only a subset of HLA-matched donors was selected due to limited sample material. For
HLA-A*01:01, all ten HLA-matched donors were previous responders and eight were tested in the
second pool. Therefore, there was no donor selection bias in the second pool for HLA-A*01:01.
For HLA-A*02:01, eleven of 23 HLA-matched donors were tested; of the twelve donors not tested,
five were previous responders and seven were non-responders. No major bias was observed for
HLA-A*02:01. For HLA-A*03, nine of twelve HLA-matched donors were tested. Of the three
donors not tested, all were previous non-responders. Therefore, the response frequency of HLA-
A*03:01 peptides is likely to be overestimated. For HLA-B*07:02, eleven of 14 HLA-matched
donors were tested. All three not tested donors were previous non-responders. However, of the
eleven donors tested for HLA-B*07:02, only one donor was a previous responder. Therefore, we
would argue that no major donor selection bias was observed for HLA-B*07:02. To combine the
response rates from both peptide pools, the response rate was calculated by considering all HLA-
matched donors. However, this also resulted in a presumed over- or underrepresentation of the
response rate for these HLA types. For example, the overall response rate for HLA-A*02:01 was
70 %. However, the HLA-A*02:01 epitope A2/S YLQ had a response rate of 92 %, meaning that
eleven of twelve donors tested responded to the peptide. In total, there were 23 HLA-A*02:01
donors in the patient cohort, eleven of whom were not tested for A2/S YLQ and were therefore
considered non-responders. Of the eleven donors not tested for A2/S YLQ, five were previous
responders and seven were non-responders. Due to its high immunodominance, A2/S YLQ may
also induce an immune response in some of the other non-responders, thus increasing the overall
HLA-A*02:01 response rate.

In summary, we found CD8+ T cell responses at levels comparable to those reported in the
literature. In addition, we evaluated the hit rates of immunogenic peptides and found that we
selected a high number of immunodominant peptides by binding prediction and confirmed many
immunodominant epitopes published in the literature. We identified a disproportionate selection
of epitopes compared to the size of the ORFs and found that the S protein elicited fewer immune
responses than other ORFs. We also found a potential bias due to over- or underrepresentation
of the immunogenicity of peptides in the second pool.

109



5 Discussion

5.3 Identification of SARS-CoV-2-specific immunodominant
epitopes

For HLA-A*02:01, in addition to A2/S YLQ (YLQPRTFLL) (92 %), we found A2/ORF1 KLW
(KLWAQCVQL) (83 %) and A2/ORF3 LLY (LLYDANYFL) (67 %) to be highly immunodom-
inant. These observations were confirmed in literature with 77.8 % for A2/S YLQ, 88.9 % for
A2/ORF1 KLW and 88.9 % for A2/ORF3 LLY [193]. Three epitopes of more rare HLA types
also had an immunodominance of 100 % in our cohort, namely HLA-B*35:01-LPFNDGVYF
(B35/S LPF), HLA-B*40:10-SELVIGAVIL (B40/M SEL) and HLA-B*40:10-MEVTPSGTWL
(B40/N MEV). However, due to the low prevalence of these HLA types in our patient cohort,
each epitope could only be measured in two donors. B40/M SEL was identified in the literature
with an immunodominance of 50 % in six of twelve donors [86]. These data suggest that our
immunodominance may be biased by the limited number of donors. B40/N MEV, which was
included in the peptide pool based on ELISpot data, and B35/S LPF, which was included based
on multimer staining after vaccination, were not analyzed for immunodominance in the original
papers [190,195].

Some other epitopes of common HLA types stood out with an immunodominance of 100 %,
the HLA-A*01:01-restricted epitope FTSDYYQLY (A1/ORF3a FTS) and the HLA-B*07:02-
restricted epitope SPRWYFYYL (B7/N SPR). Ferretti et al. found an immunodominance of
100 % for A1/ORF3a FTS and 80 % for B7/N SPR [193]. B7/N SPR has also been identified as
one of the most immunodominant epitopes in many other studies [83,85,189,191,193]. B7/N SPR
is highly conserved among betacoronaviruses, and cross-reactivity with the same epitope was
observed in SARS-CoV and CCCs (HCoVOC43 and HKU1) [193]. While SARS-CoV shares the
same epitope with SARS-CoV-2, the CCCs HCoVOC43 and HKU1 have a sequence similarity
to B7/N SPR of 89 % (position: S1L) [188]. The pre-existing immunity with CCCs may be
the reason for the high immunodominance for B7/N SPR. Cross-reactive epitopes of CCCs to
A1/ORF3a FTS have not yet been identified. However, it is possible that A1/ORF3a FTS is
cross-reactive with other common viruses. Another epitope with potential cross-reactivity is
A2/ORF1 KLW, for which we found 83 % immunodominance. A2/ORF1 KLW shares the same
epitope with SARS-CoV and sequence similarity with HCoVOC43 and HKU1 epitopes of 55 %.
While there is evidence that CD8+ cross-reactivity is beneficial for COVID-19 disease progression
[188], we did not detect cross-reactivity for most immunogenic epitopes when analyzing pre-
pandemic donors, supporting the formation of new memory T cells during an infection with
SARS-CoV-2.

Some epitopes such as B7/N SPR elicited on average higher frequencies of reactive CD8+ T
cells compared to other epitopes (Figure 11 C, Figure 13 C). Although some factors might influ-
ence the success of T cell expansion, such as different cell starting numbers or the freeze/thaw
process, it might also be influenced by different precursor frequencies prior to expansion. Our
hypothesis was supported by experiments by Nguyen et al. where they measured SARS-CoV-2-
specific T cells in COVID-19 convalescent patients ex vivo and could show differences in precursor
frequencies among different epitopes. On average, the ex vivo frequencies of SARS-CoV-2-specific
memory CD8+ T cells were in the range of 1 x 10-5 to 5 x 10-5. In comparison, ex vivo fre-
quencies of influenza or EBV memory CD8+ T cells are typically 2 to 10-times higher [198].
The B7/N SPR epitope is considered to be the most dominant CD8+ T cell epitope known to
date [189, 190, 193, 198] and had remarkably high precursor frequencies (6.9 x 10-4), similar in
magnitude to an established influenza epitope [189, 190, 193, 198]. Interestingly, high precursor
frequencies for the B7/N SPR epitope were also measured in pre-pandemic donors (4.6 x 10-5),
which were also higher than antigen-specific näıve T cell populations [193,198]. While B7/N SPR-
reactive T cells from COVID-19 donors were predominantly located in the central memory com-
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partment (61 %), B7/N SPR-reactive T cells from pre-pandemic donors had a predominantly
näıve phenotype. This suggests that B7/N SPR-specific T cells are selected from a näıve precur-
sor pool rather than from a pre-existing memory population. Nguyen et al. observed a highly
diverse TCRαβ repertoire for B7/N SPR with variable usage of TRAV, TRBV, TRAJ, and
TRBJ gene segments and no common motifs for CDR3α and CDR3β. They further argued that
a diverse TCRαβ repertoire and high recombination probability could indicate a high degree of
TCRαβ plasticity to recognize the B7/N SPR epitope. This in turn could lead to the formation
of a large and diverse näıve TCRαβ repertoire and consequently to a high precursor frequency of
B7/N SPR-specific CD8+ T cells [198]. Whether this is a general observation for high precursor
frequency clonotypes remains to be shown.

In conclusion, we identified highly immunodominant epitopes and found that some immun-
odominant epitopes share sequence homology with SARS-CoV and CCCs. In addition, we found
an atypically high precursor frequency for the B7/N SPR epitope, which is likely due to a large
näıve precursor pool and may account for the strong immune responses observed in all HLA-
matched donors. While cross-reactive CD8+ T cells are mostly considered beneficial for infection
with SARS-CoV-2, most of the immunodominant epitopes from our pools were unique to SARS-
CoV-2 and capable of eliciting ‘de novo’ CD8+ T cell responses.

5.4 Impact of SARS-CoV-2 variant mutations on T cell
functionality

Initial vaccine development focused on the S protein to induce humoral and cellular immunity.
Neutralizing antibodies produced by B cells rapidly block viral entry, while T cells specific for
the S protein recognize and eliminate SARS-CoV-2-infected cells. Due to the selective pressure
of antibodies on the S protein, SARS-CoV-2 variants have shown to mutate sufficiently to evade
antibody immunity and therapeutic mAbs [82,132]. Following this logic, we assumed that ORFs
other than the S protein would mutate less. This was confirmed by a study of 454 HLA class
I CD8+ T cell epitopes identified by activation-induced marker (AIM) assays [187]. Overall,
94.9 % of the CD8+ T cell epitopes were conserved in Omicron. Specifically, 98.3 % (294/299)
of the epitopes from other ORFs, but only 88.4 % (137/155) of the epitopes from the S protein
were conserved. CD4+ T cell epitopes identified in the same AIM assays were conserved to
94.7 % (178/188) and to 80.4 % (74/92) when derived from non-spike and spike ORFs. The
authors further analyzed 122 CD8+ T cell epitopes identified by multimer staining and found
a similar trend with 98.1 % (102/104) of the epitopes outside the S protein being conserved
but only 88.9 % (16/18) of the epitopes from the S protein. Finally, by analyzing only the
immunodominant epitopes identified from the meta-analysis of 18 studies, they showed that all
19 immunodominant epitopes were conserved in Omicron [187].

By performing intracellular cytokine assays with ancestral and Omicron S peptide pools, Choi
et al. were able to further experimentally validate that PBMCs from convalescent COVID-19
donors had reduced activity for Omicron epitopes compared to the ancestral epitopes of 76.7 %
and 88 % of CD8+ and CD4+ T cells, respectively. In vaccinated donors, reactivities decreased to
89.4 % and 83.9 % of CD8+ and CD4+ T cells, respectively [187]. Of the immunogenic epitopes
identified from our peptide pools, only two epitopes with an immunogenicity of 30 % were mutated
in Omicron (A3/S GVY and A2/S KIA) (the amino acid sequence of Omicron was obtained from
GISAID). The mutation of A3/S GVY (GVYFASTEK) resulted in an amino acid exchange
(position: T7I) with preserved predicted binding level. Mutation of A2/S KIA (KIADYNYKL)
resulted in an amino acid exchange (position: K1N) with predicted lower binding specificity.
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In summary, ORFs other than S mutate less and therefore generate more conserved CD8+ T
cell responses. For the future design of vaccines, to induce robust CD8+ T cell immunity, ORFs
other than S protein should also be included.

5.5 Identification and isolation of SARS-CoV-2-specific CD8+

T cells

We detected SARS-CoV-2-specific CD8+ T cells at very low frequencies ex vivo. This observation
was also confirmed by others [189,198,199]. To facilitate detection, given the limited amount of
starting material, we expanded SARS-CoV-2-specific CD8+ T cells by adapting a protocol for the
expansion of SARS-CoV-specific CD8+ T cells [174]. The in vitro expansion step, while critical
in this project, carries a bias to selecting mainly high-avidity T cell clones, as they theoretically
expand faster and stronger to antigen stimulation. This has the limitation that low-avidity T cell
clones may be underrepresented, a bias that should be considered when analyzing epitope-specific
repertoires. On the contrary, our expansion protocol could be useful to identify highly functional
TCRs for therapy, since good expansion and high avidity are crucial factors for a T cell product.
To preserve the original phenotype of SARS-CoV-2-specific T cells and to detect low-avidity
clones, direct ex vivo pHLA multimer staining can be performed [83, 200, 201]. However, the
simultaneous detection of CD8+ T cells specific for different SARS-CoV-2 epitopes ex vivo by
barcoded multimers may also be associated with lower sensitivity, as shown in a study by Saini et
al. in which only 122 immunogenic epitopes were identified from the 3141 HLA class I epitopes
tested, resulting in a hit rate of 3.9 % [83].

Others have used tetramer-associated magnetic enrichment (TAME), just tetramer staining,
activation-induced markers (AIM), or anti-CD107a to isolate SARS-CoV-2-specific CD8+ T
cells [199, 202–204]. Tetramers have been used to isolate SARS-CoV-2-specific CD8+ T cells
ex vivo [199], or after expansion [203]. Although the tetramer technology is characterized by
high specificity, some reactive T cells may be lost upon activation due to TCR downregulation.
In addition, only the pHLA-TCR binding and not T cell activation is considered, which likely
results in the isolation of TCRs with low avidity. Furthermore, the generation of multimers is
time consuming and not always successful. Ford et al. used the AIM markers CD69 and CD137
to isolate SARS-CoV-2-specific T cells ex vivo [204]. Activation markers capture most antigen-
reactive T cells, but staining may be associated with higher background signals. Shimizu et al.
used CD107a as a marker to detect degranulating cells and found that 80 % of IFN-γ secreting
cells also express CD107a [202], resulting in a partial loss of the repertoire. IFN-γ is a reliable
marker for the detection of antigen reactive CD8+ T cells [205]. Given the clean staining and high
selectivity of IFN-γ, we therefore used a method called IFN-γ catch to isolate antigen-specific
CD8+ T cells. Here, secreted IFN-γ is captured on the surface of cytokine-producing cells by
bispecific anti-CD45 anti-IFN-γ antibodies and fluorochrome-conjugated anti-INFγ capture an-
tibodies. However, the sensitivity of this assay may be limited because not all IFN-γ expressing
cells secrete IFN-γ in sufficient amounts to be detected by flow cytometry and not all activated
cells secrete IFN-γ.

In conclusion, although each method has its limitations, isolation of SARS-CoV-2-specific
TCRs could be successfully performed by all methods. In our hands, detection of SARS-CoV-2-
specific CD8+ T cells with IFN-γ resulted in a good signal-to-noise ratio with little background
staining from unspecific or unstimulated cells. In addition, fresh restimulation prior to cell
sorting allowed us to isolate recently activated cells with the IFN-γ catch assay while detecting
transcriptomic activation signatures.
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5.6 The landscape of SARS-CoV-2-specific TCR repertoires
SARS-CoV-2-specific TCRs were isolated from twelve donors and were specific for a total of
eleven epitopes. For all donors and epitope specificities, we observed diverse TCR repertoires
and high clonotype expansions. For functional characterization, TCRs were subsequently re-
expressed in healthy donor PBMCs using CRISPR/Cas9-mediated OTR. OTR is the process by
which the transgenic TCR is integrated into the TCRα locus. At the same time, the concomitant
KO of the TCRβ locus prevents mispairing between the transgenic and endogenous TCR. Due
to natural receptor regulation, integration of transgenic TCRs by OTR is expected to generate
engineered T cells that closely resemble physiological T cells with more homogeneous surface
expression [149].

We characterized SARS-CoV-2-specific TCRs by measuring epitope specificity (pHLA mul-
timer), structural avidity (koff rate), functional avidity (EC50 and killing assays) and cellular
avidity. Most of the SARS-CoV-2-specific TCRs were highly potent and showed functionality in
all assays. In one case, for TCR 76, we found reactivity for one assay (EC50) but no reactivity for
another assay (pHLA multimer staining). When comparing highly functional TCRs for the same
epitope, we mostly observed the same ranking, but sometimes a slightly different ranking between
assays. Remarkably, the ranking of A1/ORF1 DTD-specific TCRs between multimer staining,
EC50 values and cellular avidity was the same (Figure 29, Figure 32, Figure 36), while the TCR
ranking for killing assays was slightly different (Figure 42, Figure 43). For A11/ORF1 STF-
specific TCRs, multimer staining and EC50 values had the same ranking, but for cellular avidity
values, the ranking of TCR 1951 and TCR 1871 was reversed (Figure 29, Figure 32, Figure 36).
For killing assays, the order was the same to EC50 values when normalized to the same control
(Figure 42, Figure 43). In contrast, differences between TCRs with a wide range of functionality
could be reliably detected in different assays. For example, the ORF1 VTN-specific TCRs, TCR
13 and TCR 32, where TCR 13 was highly functional and TCR 32 was low functional in all
assays (Figure 17, Figure 18, Figure 19, Figure 37). While the ORF1 VTN-specific TCR 28 had
a higher EC50 value than TCR 43, it had a shorter half-life as measured by koff rates. From
previous studies, we know that koff rates do not correlate very well with in vitro functionality.
Consistent with EC50 values, TCR 28 showed slightly better killing than TCR 43 as measured
by AUC (total area) in Nsp2-transduced cell lines (Figure 41).

To generate TCR-engineered CD8+ T cells, healthy donor T cells were OTR-engineered with
transgenic TCRs, cell sorted, and expanded for three weeks. While killing was observed for
all functional TCRs, the duration of expansion as well as the potential exhaustion of T cells
might have affected the cytotoxic capacity of each TCR-engineered T cell product differently.
Nevertheless, this work attempted to calculate an absolute ranking, but it did not perfectly reflect
other evaluations of TCR functionality. For the generation of ACT T cell products, shorter in
vitro culture was shown to result in reduced differentiation, improved effector functions, and
ultimately improved anti-tumor activity [206]. In future experiments, shorter cultivation of
TCR-engineered CD8+ T cells could also lead to more robust killing data.

5.7 Gene scores for the identification of SARS-CoV-2-specific
TCRs

From the first scRNAseq experiment, we selected TCRs for re-expression based on their UMAP
clustering, relative clone size, and differential gene expression of selected markers known to be
upregulated in activated T cells such as INFG, GZMB, XCL1, etc.. Using this data set, we
wanted to see if we could make predictions about specific and non-specific TCRs and also about
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the degree of functionality. Therefore, we determined EC50 values in TCR-engineered T cells
and correlated them with parameters extracted from the transcriptomic data of the parental
T cells, such as a public CD8+ T cell activation score, IFNG expression, and clonotype size.
Surprisingly, we found only weak (CD8+ T cell activation score, IFNG expression) or negative
(clonotype size) correlations between these parameters and the experimentally determined EC50
values. The IFNG expression of functional TCRs did not correlate with EC50 values, as all
TCRs with measurable functionality appeared to have comparable IFNG levels. Thus, IFNG
can be used to identify functional epitope-specific TCRs but is not a good correlator to predict
the degree of TCR functionality. Clonotype size correlated negatively with TCR functionality,
with TCR 32 likely biasing the analysis because it was highly expanded but had the lowest EC50
value. This result surprised us since we expected that T cells expressing highly functional TCRs
would respond faster and expand more upon stimulation than T cells with low-functional TCRs.
Although we found that the majority of expanded clones expressed functional TCRs, this did not
follow a linear correlation. Consistent with our observation, the presence of a large circulating
clone with low functionality has recently been shown by others in cancer patients [207].

Therefore, to find better predictors of TCR functionality, we empirically defined gene scores
that correlated with our data. On the one hand, we defined a reactivity score that included the
most differentially expressed genes between epitope-specific and non-specific TCRs; on the other
hand, we defined a functionality score that also included genes that best correlated with IFN-γ
EC50. These scores performed well in the first scRNAseq experiment but not similarly when
applied to the second data set. While the reactivity score efficiently predicted specific and non-
specific TCRs, the functionality score only weakly correlated with the NFAT EC50 evaluated
in J-TPR cells of the new set of TCRs. For the reactivity score, the gene signatures in the
two experiments largely overlapped. The genes included in the first experiment were canonical
markers of T cell activation such as XCL1/2, CRTAM and the TNF family, which can explain the
reliable performance across different settings [208,209]. The genes of the second experiment were
mainly included in the gene list of the first experiment and some ‘new’ genes are still involved in T
cell functions (e.g. FABP5, PGAM, RILPL2) [210–212]. In conclusion, the reactivity signature
could reliably identify truly antigen-specific T cells. The gene signatures of the functionality
score varied between experiments, suggesting that this score may be experimentally dependent.
Nevertheless, re-expression of a limited number of TCRs in both data sets was sufficient to
generate experiment-specific gene signatures that correlated with TCR functionality and can
therefore be used to accurately infer the functionality of all other TCRs in the data set. In
addition, we hypothesize that the experimental setup prior to TCR identification influenced
both scores. After antigen-specific expansion, PBMCs were restimulated with a high amount of
peptide (10-6 M), which most likely resulted in activation of all T cells responding to the peptide
(both low and high functional). This experimental design is therefore more suitable for defining
the reactivity score. For the functionality score, which takes into account the EC50 value, this
may not be true to the same extent, because activated TCRs may show similar expression of
activation genes regardless of their EC50 value due to the high peptide dose used.

Some TCRs did not respond to SARS-CoV-2 epitopes, even though they were isolated with
specific peptide stimulation (TCR 21, TCR 455, TCR 560, TCR 1996). By applying gene scores,
most of these non-specific TCRs could be distinguished from truly functional TCRs. However,
some TCRs remained false positive (TCR 21, TCR 85, TCR560) or false negative (TCR 1862
and TCR 1951), i.e. they were predicted to be functional but lacked reactivity or vice versa. We
suspected that this might be because the functionality and reactivity gene scores were defined
based on only a few TCRs from the first scRNAseq experiment. In fact, by refining the gene
scores, both TCRs, TCR 1862 and TCR 1951, which were defined as non-specific based on their
previous negative functionality score, were found to be specific with the new scores.
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5.8 Comparing killing assays for TCR cytotoxicity
measurements

The chromium (51Cr) release assay is the gold standard for measuring cytolytic T cell killing.
Because the use of 51Cr has several disadvantages, such as the use of radioactive material,
environmental safety concerns, and high costs due to the short half-life of the isotope, other
assays have been developed in recent years. The luciferase assay is based on the principle that
the firefly luciferase gene is expressed in healthy target cells and that luciferase is released when
target cells die. By measuring the residual luminescence of the target cells, viable and dead cells
can be accurately quantified [213]. Another assay that indirectly measures target cell killing by
T cells is the CD107a degranulation assay. Here, membrane expression of CD107a, a marker of
immune cell activation and cytotoxic degranulation, can be quantified and correlated with the
cytolytic function of T cells [214].

To measure the cytotoxicity of TCR-engineered CD8+ T cells, we chose imaging and impedance-
based assays. The Incucyte allows live cell tracking and quantification of target cells. High
resolution imaging was critical for the SARS-CoV-2 virus killing assay because the infectivity
of the SARS-CoV-2 virus was low and infected cells could be specifically quantified. For the
transgenic-antigen killing assay, we used the xCELLigence RTCA eSight instrument to measure
target cell impedance and its decrease during killing. Measuring the decrease in impedance or the
detachment of the target cell from the well surface is a well-established method for monitoring
target cell killing. The image resolution of the xCELLigence instrument, while not as good as
that of the Incucyte, is still sufficient to quantify target cell killing, but would likely not be able
to detect infection.

A clear advantage of the virus-infection model is that target cells are infected with SARS-CoV-
2 by receptor-mediated entry. This ensures natural protein processing and peptide presentation
on HLA class I molecules. However, in our hands, low infection rates also led to high variability
between experiments. Due to viable viral infection, these assays had to be performed under
BSL-3 conditions, which allowed only low-throughput experiments. We therefore developed an
alternative killing assay in which the target cell line was transduced with a protein (Nsp2) con-
taining the epitope of interest (ORF1 VTN). Target cell killing showed the same trend as in the
virus-infection model, but was more homogeneous overall, likely due to antigen expression by all
target cells. In addition, these assays could be performed under BSL-2 conditions. Furthermore,
after transduction of a specific ORF, many TCR-transgenic CD8+ T cells can be measured.
Compared to the virus-infection model, the expression level of the transgenic antigen is not
physiological, so the result may differ from a real infection in terms of quantitative cytotoxicity.
If epitopes from other ORFs are to be examined, this ORF must be transduced separately due to
the size limitation of retroviruses. Pulsing target cells with peptides is certainly the simplest and
most high-throughput killing assay, as any desired epitope specific for the HLA type of the target
cells can be added. However, it is also considered to be the least physiological assay because it
neglects whether the epitope is actually presented on HLA class I complexes under physiological
conditions. Importantly, for CD8+ T cells carrying ORF1 VTN TCRs of different functionality,
all three assays showed comparable killing, even though only a small proportion of target cells
in the virus-infected system were actually infected.

In summary, the virus-infection assay is superior in terms of near-physiological peptide pro-
cessing and presentation, but the other two assays are more suitable for the study of many
TCRs.
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In this work, we have shown that patients with mild COVID-19 infection, as well as asymptomatic
seropositive patients, develop reliable CD8+ T cell immune responses to SARS-CoV-2 infection.
Furthermore, CD8+ T cell immune responses were long-lasting, whereas antibody levels declined
rapidly, suggesting long-term T cell immunity and possible correlates of protection, at least from
severe COVID-19. In addition, we showed that the investigated SARS-CoV-2 epitopes, identified
using in silico prediction tools and from the literature, are highly immunodominant and provide
an important tool for studying SARS-CoV-2-specific responses. Since most mild convalescent
COVID-19 donors also responded to multiple epitopes, a low probability of T cell immune escape
is expected with the emergence of new variants.

We identified SARS-CoV-2-reactive TCRs from mild convalescent COVID-19 patients. For
this, we selectively expanded CD8+ T cells with SARS-CoV-2 peptides and freshly restimulated
cells to induce activation signatures. Consequently, we were able to identify SARS-CoV-2-specific
CD8+ T cells and corresponding TCRs by sorting IFN-γ-expressing T cells and by performing
scRNAseq, respectively. In all donors, TCR repertoires were highly polyclonal, indicating a mul-
tilayered immune response. We further systematically investigated SARS-CoV-2-specific TCRs
by integrating them into healthy donor PBMCs via CRISPR/Cas9-mediated OTR. Because
functional TCR characterization in primary T cells is tedious, we further developed a platform
for high-throughput characterization of TCRs by integrating SARS-CoV-2-specific TCRs into
J-TPR cell lines using the same cell engineering technology. We have extensively characterized
SARS-CoV-2-specific TCRs and demonstrated that they are highly functional. By using the
functional avidity (EC50) of TCRs together with transcriptomic data from parental cells, we
developed gene scores capable of identifying truly epitope-specific TCRs and that to some extent
predicted their degree of functionality. Overall, we showed that the identified TCR repertoires
specific for SARS-CoV-2 epitopes are highly functional. We anticipate that the gene scores
developed here will be useful for predicting TCR functionality in other settings as well.

In conclusion, we have shown that both symptomatic and asymptomatic COVID-19 donors
have detectable immune responses against SARS-CoV-2, and that CD8+ T cell immune re-
sponses are long-lasting, polyclonal, and highly functional. In addition, we provided tools for
the characterization of TCRs that may be useful for the development of TCRs for therapy.
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Table 25: Gene score classifiers of SARS-COV-2 TCRs

TCR Epitope Functionality score Reactivity score
Functionality

prediction

13 ORF1 VTN 0,5172 0,9984 positive
28 ORF1 VTN 0,6403 0,9658 positive
32 ORF1 VTN 0,0266 0,6663 positive
43 ORF1 VTN 0,4208 0,9448 positive
3456 ORF3 FTS 0,6430 0,6643 positive
3398 ORF3 FTS 0,5478 0,6073 positive
3399 ORF3 FTS -0,3637 -0,6070 negative
5 ORF1 DTD 0,2208 0,3960 positive
9 ORF1 DTD 0,1785 0,3697 positive
21 ORF1 HSI 0,1956 0,0714 positive
38 ORF1 GTD 0,8425 0,7431 positive
58 ORF1 KLF 0,7336 0,5312 positive
62 ORF1 HSI 0,4275 0,4085 positive
65 ORF1 DTD 0,3884 0,5252 positive
66 ORF1 GTD 0,0951 -0,1273 negative
76 ORF1 DTD 0,5068 0,5201 positive
85 ORF1 HSI 0,7159 0,6136 positive
455 ORF1 DTD -0,3305 -0,4155 negative
499 ORF1 ASM 0,2767 0,3085 positive
523 ORF1 DTD -0,2027 -0,1113 negative
560 ORF1 KLF 0,7203 0,5008 positive
569 ORF1 STF -0,2372 -0,2716 negative
758 ORF1 DTD 0,4946 0,2668 positive
868 ORF1 DTD 0,0722 0,3576 positive
1085 S LTD -0,2254 -0,3706 negative
1228 S LTD 0,3698 0,4769 positive
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1862 ORF1 STF -0,0595 0,0643 negative
1863 S LTD 0,2990 0,4302 positive
1864 S LTD 0,2007 0,3457 positive
1871 ORF1 STF 0,2111 0,0504 positive
1877 ORF1 FVK 0,1296 0,2356 positive
1896 ORF1 VPF 0,2545 0,3065 positive
1917 ORF1 VPF 0,0894 -0,0368 negative
1951 ORF1 STF -0,0284 -0,1487 negative
1968 S LTD -0,6832 -0,3951 negative
1996 ORF1 VPF -0,2511 -0,4349 negative
2056 ORF1 FVK 0,4993 0,3463 positive
Bold printed TCRs were part of the first scRNAseq experiment.

Table 26: NFAT EC50 values
Epitope Sequence TCR NFAT EC50

ORF1 ASM ASMPTTIAK 499 -7.440
ORF1 DTD DTDFVNEFY 5 -7.286
ORF1 DTD DTDFVNEFY 868 -7.122
ORF1 DTD DTDFVNEFY 9 -7.093
ORF1 STF STFNVPMEK 1951 -7.017
ORF1 DTD DTDFVNEFY 65 -6.922
ORF1 HSI HSIGFDYVY 62 -6.795
ORF1 DTD DTDFVNEFY 758 -6.780
ORF1 STF STFNVPMEK 1871 -6.696
ORF1 STF STFNVPMEK 1862 -6.572
S LTD LTDEMIAQY 1863 -6.537
ORF1 GTD GTDLEGNFY 38 -6.502
ORF3 FTS FTSDYYQLY 3456 -6.346
ORF1 DTD DTDFVNEFY 76 -6.325
S LTD LTDEMIAQY 1864 -6.168
ORF3 FTS FTSDYYQLY 3398 -6.066
S LTD LTDEMIAQY 1228 -6.033
ORF1 VPF VPFWITIAY 1896 -5.799
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ORF1 VTN VTNNTFTLK 13 -5.656
ORF1 VTN VTNNTFTLK 28 -5.503
ORF1 KLF KLFDRYFKY 58 -5.308
ORF1 VTN VTNNTFTLK 43 -5.217
ORF1 FVK FVKHKHAFL 1877 -4.446
ORF1 VTN VTNNTFTLK 32 -4.435
ORF1 FVK FVKHKHAFL 2056 -4.175
ORF1 DTD DTDFVNEFY 455 0
ORF1 DTD DTDFVNEFY 523 0
ORF1 GTD GTDLEGNFY 66 0
ORF1 HSI HSIGFDYVY 21 0
ORF1 HSI HSIGFDYVY 85 0
ORF1 KLF KLFDRYFKY 560 0
ORF1 STF STFNVPMEK 569 0
ORF1 VPF VPFWITIAY 1917 0
ORF1 VPF VPFWITIAY 1996 0
S LTD LTDEMIAQY 1085 0
S LTD LTDEMIAQY 1968 0
ORF3 FTS FTSDYYQLY 3399 0

Bold printed peptides were part of first scRNAseq experiment.
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Busch, and P. Steinberger. A t-cell reporter platform for high-throughput and reliable
investigation of TCR function and biology. Clinical & Translational Immunology, 9(11),
jan 2020. doi:10.1002/cti2.1216.
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