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Abstract

The COVID-19 pandemic caused by SARS-CoV-2 rapidly spread around the globe and
affected multiple aspects of life. In unparalleled speed novel vaccines to protect against SARS-
CoV-2 have been developed. Vaccine-induced and natural immunity after infection is
characterized by neutralizing antibody responses against the viral Spike protein. Additionally,
a broad range of virus specific T cell responses are triggered. Viral mutations have
accumulated that reduce the neutralization by vaccine and infection-induced antibodies.
However, if and how mutations in SARS-CoV-2 T cell epitopes affect T cell responses has not
been described. Here, we analyzed mutations occurring in the SARS-CoV-2 genome sampled
from 747 individuals. We investigated the effect of these mutations on T cell responses using
a combination of bioinformatic approaches and cell free in vitro and ex vivo assays. With this
approach we identified several mutations that led to decreased peptide presentation on MHC-
I and subsequently reduced T cell responses against the mutant peptide. The ability of single
amino-acid mutations to subvert T cell responses further highlights the importance of global
surveying mechanisms for mutation tracking and functional analysis of potential immune

escape variants.



Zusammenfassung

Die durch SARS-CoV-2 verursachte COVID-19 Pandemie hat sich rapide auf der ganzen Welt
ausgebreitet und hatte grolle Auswirkungen auf verschiedenste Lebensbereiche. In
unvergleichlicher Geschwindigkeit wurden neue Impfstoffe fur den Schutz vor SARS-CoV-2
Infektionen entwickelt. Impfinduzierte und natlrliche Immunitdt nach einer Infektion
kennzeichnen sich durch neutralisierende Antikdérper gegen das virale Spike Protein.
Zusatzlich wird eine breite T-Zell Antwort induziert. Es haben sich Mutationen angehauft, die
die Effektivitat von neutralisierenden Antikérpern beeintrachtigt. Ob und wie Mutationen in
SARS-CoV-2 T-Zell Antworten beeinflusst war bisher nicht beschrieben. In dieser Studie
haben wir Mutationen im SARS-CoV-2 Genom, das aus 747 Individuen isoliert wurde,
analysiert. Wir haben den Effekt dieser Mutationen auf T-Zell Antworten mithilfe von
bioinformatischen Analysen und in vitro und ex vivo Experimenten untersucht. Durch diesen
Ansatz konnten wir mehrere Mutationen identifizieren, welche zu einer verringerten Peptid
Prasentation durch MHC-I und daher verringerten T-Zell Antworten gegen das mutierte Peptid
flhren. Die Fahigkeit, einzelner Aminosaure Mutationen die T-Zell Antwort zu umgehen,
unterstreicht die Wichtigkeit von weltweiten Uberwachungsmechanismen fiir die

Mutationsverfolgung und weitere funktionelle Analysen von potenziellen ,Fluchtvarianten®.
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1. Introduction

In December 2019 several cases of pneumonia of unknown etiology were reported in the
Hubei province in China (Wu et al., 2020). The novel coronavirus SARS-CoV-2 was identified
as the causative agent (Hu et al., 2020). Shortly thereafter the WHO declared the outbreak of
SARS-CoV-2 related disease — termed coronavirus disease 2019 (COVID-19) — an epidemic
of public health emergency of international concern (Hu et al., 2020). Due to high
transmissibility SARS-CoV-2 quickly spread all over the world, which led to the declaration of
a world-wide pandemic by the WHO on March 11" 2020 (World Health Organization, 2020).
This was connected to unprecedented worldwide countermeasures to contain the spread of
this novel coronavirus. Despite widespread actions, over 191 Million cases and 4.1 Million
associated deaths were reported, as of 19th July 2021, according to the COVID-19 dashboard
of the Johns Hopkins University (Dong et al., 2020).

SARS-CoV-2 is a coronavirus belonging to the family of Sarbecoviruses and is closely related
to SARS-CoV, which caused a relatively small pandemic of virus associated pneumonia from
2002 to 2003 with a total of more than 8000 cases and 770 deaths (Peiris et al., 2004). In an
unparalleled fashion, massive research efforts were focused on understanding the virology,
epidemiology and pathogenesis of SARS-CoV-2 as well as the immune responses against it.
This is highlighted by more than 156.000 publications containing either “SARS-CoV-2" or
“COVID-19” listed on PubMed between December 2019 and July 2021.

Strong and persistent adaptive immune responses against SARS-CoV-2 were reported (Peng
et al., 2020; Sekine et al., 2020; Wajnberg et al., 2020). This good news further fueled the
development of several vaccines in record time (Krammer, 2020). However, several
independent studies described the emergence of novel SARS-CoV-2 variants that were
associated with decreased antibody responses and even partial antibody escape (Greaney et
al., 2021; Li et al., 2021; Liu et al., 2020; McCarthy et al., 2021; Zhou et al., 2021). This thesis
expands the potential of mutations in SARS-CoV-2 to evade immune responses to CD8" T

cell responses and led to the first study published on potential T cell evasion of SARS-CoV-2.
The introduction will be divided in the following subchapters:

1.1 Epidemiology and virology of SARS-CoV-2
1.2 Antiviral immune responses

1.3 T cell responses and

1.4 Immune responses to SARS-CoV-2 infection

1.5 Mechanisms of immune escape



1.1 Epidemiology and virology of SARS-CoV-2

SARS-CoV-2 is an RNA virus belonging to the Sarbecovirus family of Coronaviruses (V’kovski
et al., 2020). RNA viruses are classified into different groups according to the Baltimore
classification by their genome organization and replication strategy: double-stranded RNA
viruses, positive-sense single-stranded RNA viruses and negative-sense single-stranded RNA
viruses (Lostroh, 2019). As the causative agent for the COVID-19 pandemic SARS-CoV-2
received much attention and much is known about its virology, epidemiology and

pathogenesis.
1.1.1 RNA Viruses

Viruses can be roughly divided into RNA and DNA viruses based on the organization of their
genome. The group of RNA viruses is further classified into double-stranded RNA viruses,
positive- and negative-sense single-stranded RNA viruses. For the replication of their RNA
genome RNA viruses require a specialised RNA-dependent RNA polymerase (RdRP), which
lacks — in most cases — proofreading activity (Villa et al., 2020). Therefore, RNA viruses
generally harbor high mutation rates, leading to high genetic diversity (Villa et al., 2020). Eigen
and Schuster coined the term “quasispecies” to describe this cloud of mutants present in an
infected individual (Eigen and Schuster, 1977). Importantly, viral evolution acts on the level of
quasispecies, possibly selecting for advantageous mutations in short time periods. This was
observed for Hepatitis-C virus (HCV), as well as the retrovirus Human Immunodeficiency
Virus-1 (HIV-1), both of which can quickly adapt and thus escape selection pressures, such
as antiviral treatments or the immune response (Bowen and Walker, 2005; Deng et al., 2015;
Goulder and Watkins, 2004; Goulder et al., 2001; Pircher et al., 1990; Timm and Walker,
2015). Intriguingly, most of the viruses that emerged in the last century and cause disease in
humans are RNA viruses, such as the different subtypes of Influenza A viruses, Ebola virus,
as well as the Coronaviruses SARS-CoV, MERS and SARS-CoV-2, highlighting the high
pathogenic potential of RNA viruses (Woolhouse et al., 2013).

1.1.2 History of Coronaviruses

The family of Coronaviruses in the order of Nidovirales received much attention in recent years
due to the emergence of several epidemics and pandemics caused by coronaviruses.
Coronaviruses are positive-sense single stranded RNA viruses with large genomes
(compared to other RNA viruses) of up to 32 kB, are known to cause infections in animals and
humans and are responsible for several disease outbreaks in these species (Cui et al., 2019;

Gorbalenya et al., 2006). The first coronavirus infections were identified in poultry in the early



1930’s (Fabricant, 1998). Since then, coronavirus infections have been observed in rodents,
cats, pigs, bats and human (Perlman and Netland, 2009). Among these, bats have been
shown to be an important reservoir and potentially the natural host for many coronaviruses
(Anthony et al., 2017). As such, they play an important role in the emergence of novel
coronaviruses with the potential to cause infections in human and livestock. Human
coronavirus infections were first discovered in the 1960’s as one of the causative agents of
the common cold (Garbino et al., 2006). Due to the structural similarities with infectious
bronchitis virus (IBV), the causative agent for poultry infections identified in the 1930’s and
their appearance under an electron microscope these viruses were combined together in the
new group of coronaviruses (Becker et al., 1967). The name coronavirus stems from the fact

that these viruses appear to be surrounded by a crown-like structure in electron-micrographs.

Up until the year 2002 coronaviruses did not receive much attention, until several cases of
atypical pneumonia of unknown etiology occurred in November 2002 in the Guangdong
province in China (Zhong et al., 2003). The disease was termed severe acute respiratory
syndrome (SARS) by the Center for Disease Control and Prevention (CDC) (Center for
Disease Control and Prevention, 2003). Shortly thereafter several groups suggested that the
etiologic agent for SARS is a novel coronavirus (Drosten et al., 2003; Ksiazek et al., 2003;
Peiris et al., 2003). This led to the sequencing of the genome sequence of this novel
coronavirus. Importantly, the sequence was only moderately related to other known
coronaviruses and it was proposed that SARS-CoV defines a new group in the family of
coronaviruses (Marra et al., 2003). Efforts were targeted to the identification of the natural or
intermediate host that enabled transmission of SARS-CoV to humans. Because the first
infections arose in restaurant workers and the surroundings of animal markets (Zhong et al.,
2003), focus was put on wild animals that were sold on wet markets for culinary purposes.
Several apparently healthy civet cats and raccoon dogs were tested positive for SARS-CoV
and sequence analysis revealed high homology to SARS-CoV sequenced from patients (Guan
et al., 2003). However, no SARS-CoV was detected in farmed or wild civet cats, suggesting
that they might be an intermediary host for zoonotic transmission, whereas the natural host
remained elusive (Perlman and Netland, 2009). This led to the large culling of civet cats, in an
effort to remove the intermediary host and reduce the risk of reintroduction into human
populations (Anderson et al., 2004). This was combined by contact tracing and isolation of
infected individuals as well as their contact persons. These measures were highly effective,
partly because the majority of patients became infectious only after the onset of symptoms
and there were little cases of asymptomatic infection (Anderson et al., 2004). Nevertheless,
SARS-CoV spread to over 8000 individuals in 25 countries and caused 774 deaths (Peiris et
al., 2004). After the end of the pandemic the search for the natural reservoir of SARS-CoV



continued and finally it was suggested that horseshoe bats might be the origin for SARS-CoV
(Lau et al., 2005; Li et al., 2005).

Approximately 10 years after the occurrence of SARS-CoV, another novel coronavirus was
found to cause disease in humans. In April and June 2012 cases of severe respiratory disease
were identified in the Middle East (Hijawi et al., 2013; Zaki et al., 2012). Briefly after the
occurrence of these cases, MERS-CoV, a coronavirus phylogenetically distinct from other
coronaviruses known at the time (Graham et al., 2013). MERS-CoV caused similar symptoms
as SARS-CoV, including acute respiratory distress syndrome (ARDS), but showed increased
mortality rates of ~36% (De Wit et al., 2016). MERS-CoV infection was confirmed for more
than 2400 cases and caused more than 850 deaths (World Health Organization, 2019).
Interestingly, human to human was often linked to nosocomial infections, whereas there was
evidence for multiple introduction events into the human population (De Wit et al., 2016).
Serological analyses suggested that MERS-CoV circulated in dromedary camels and was
transmitted to humans by close contact (Reusken et al., 2013). Retrospective analysis of
serum taken from Northern and Eastern Africa, as well as the Middle East suggested MERS-
like coronaviruses have been circulating in dromedary camels as early as 1983 (Mduller et al.,
2014). This suggested that a MERS related ancestral virus crossed the species border from
bats to dromedary camels, in which it acquired the potential to cross to and cause disease in
humans (De Wit et al., 2016).

The two examples of SARS-CoV and MERS-CoV highlight the potential of coronaviruses to
cross species barriers and cause severe disease in humans. As a response, research focused
on the identification of novel coronaviruses in bats as well as potential treatment strategies,

including antivirals and vaccines (Cui et al., 2019).
1.1.3 SARS-CoV-2 epidemiology and COVID-19

Despite all efforts, yet another coronavirus crossed the species barrier to humans in December
2019. In the city of Wuhan in the Chinese Hubei province several cases of pneumonia of
unknown etiology were reported in December (Wu et al., 2020). While the first cases were
connected to a so-called wet market, there was ample evidence that human to human
transmission plays a critical role in the transmission of the disease (Guo et al., 2020). In record
time the causative agent was identified as a novel coronavirus and its sequence published on
the GISAID database on January 12" (Shu and McCauley, 2017). Due to its high sequence
homology to SARS-CoV the virus was called SARS-CoV-2 (Coronaviridae Study Group of the
International Committee on Taxonomy of Viruses, 2020). The Chinese government quickly

took strict measures to contain the spread of SARS-CoV-2 and the entire city of Wuhan was



quarantined and all travel to and from the city was shut down on January 23" (Hu et al., 2020).
These measures slowed viral spread in Wuhan, however due to high travel activity connected
to lunar New Year SARS-CoV-2 infections were reported all across China and in several
countries and quickly spread all over the world (Hu et al., 2020). The WHO declared SARS-
CoV-2 to be a pandemic in March 2020 (World Health Organization, 2020). Business travel
and tourism played a major role in the early spread to countries all over the world. For instance,
we showed in a landmark study how tourism in Austrian skiing resorts acted as central hub for
the transmission of SARS-CoV-2 to European countries, as well as the USA (Popa et al.,
2020). Compared to SARS-CoV the novel coronavirus shows increased human to human
transmission, partly because SARS-CoV-2 can be transmitted before the onset of symptoms,
making contact tracing and containment measures complicated (Wolfel et al., 2020). In
addition, many SARS-CoV-2 infections are thought to be asymptomatic (Li et al., 2020). As a
consequence, several countries worldwide imposed unprecedent countermeasures and
limited social life with stay-at-home orders and lockdown strategies, combined with
widespread testing strategies. Despite these widespread countermeasures, 191 Million cases
and 4.1 Million associated deaths were reported, as of 15th July 2021 (Dong et al., 2020).

The clinical manifestations of SARS-CoV-2 infection were called coronavirus disease 2019
(COVID-19) by the WHO. Most commonly COVID-19 manifests in mild to moderate symptoms
including fever, fatigue and dry cough (Cevik et al., 2020). Additional reported sy mptoms
include headache, diarrhoea, nausea and vomiting, as well as sore throat and chest pain
(Wang et al., 2020). Interestingly transient lack of taste and smell have been reported as well
(Giacomelli et al., 2020). A subset of patients develops severe symptoms of respiratory failure,
ARDS, multiorgan failure and acute cardiac injury and as a result require ventilation and
intensive care (Berlin et al., 2020). As of now the mortality rate of COVID-19 is 2-3%, although
this number is only an approximation and the actual mortality rate should be lower due to the
unknown number of asymptomatic cases (Hu et al., 2020). Age was identified to be the major
risk factor for severe disease and death, as well as co-morbidities, such as hypertension,
cardiovascular disease, diabetes and lung related illnesses, although 28% of patients
requiring intensive care did not have any co-morbidities (Cevik et al., 2020; Wang et al., 2020).
Typically, symptoms develop after a median of 5 days post infection and severe iliness
presents at 7 days after initial symptom onset (Berlin et al., 2020). It has become apparent
that severe disease is often accompanied by immune dysregulation and a hyperinflammatory
state (Hu et al., 2020; Huang et al., 2020). In addition, the lungs of deceased COVID-19
patients are often lacking virus but are heavily infiltrated by immune cells (Merad and Vabret,
2021). Several studies revealed an overactivation of the myeloid compartment and increased

levels of pro-inflammatory cytokines in severely ill patients, further suggesting that



hyperinflammation plays an important role in disease severity (Lucas et al., 2020a; Mathew et
al., 2020; Silvin et al., 2020; Del Valle et al., 2020).

1.1.4 Post-acute COVID-19 syndromes

In addition to acute COVID-19 symptoms several studies have described post-acute
symptoms that arise and persist up to 6 months after virus clearance (Nalbandian et al., 2021).
These manifestations were termed post-acute COVID-19 or long COVID. The number of
COVID-19 patients that develop post-acute COVID symptoms ranges from 13% to 76%,
partially depending on the severity of the primary SARS-CoV-2 infection (Chopra et al., 2021;
Huang et al., 2021; Nalbandian et al., 2021; Sudre et al., 2021). Affected organ systems
include pulmonary, hematologic, cardiovascular, renal, gastro-intestinal, endocrine and
neuropsychiatric systems (Nalbandian et al., 2021). The most common symptoms include
dyspnoea, fatigue, depression, anxiety and thromboembolic events (Huang et al., 2021;
Nalbandian et al., 2021). The pathophysiological mechanisms are only poorly understood, but
include effects of virus-induced tissue damage, immunological damage and

hyperinflammation (Nalbandian et al., 2021).

A special syndrome related to cleared SARS-CoV-2 infection is multisystem inflammatory
syndrome in children (MIS-C) that occurs in children and young adults (Henderson and Yeung,
2021; Nalbandian et al., 2021). MIS-C is characterized by fever, hyperinflammation and
multiple organ dysfunction (Henderson and Yeung, 2021). Pathophysiologically, MIS-C is
distinct from acute COVID-19 and characterized in part by increased autoantibodies (Gruber
et al., 2020). Further research is required to describe long COVID and MIS-C in greater detalil

to further our understanding of these syndromes and address these health issues in the future.
1.1.5 SARS-CoV-2 virology

The viral life cycle of SARS-CoV-2 begins with the binding of the Spike (S) protein to its
cognate receptor, angiotensin converting enzyme 2 (ACE2). ACE2 protein is expressed on
cells in the upper and lower respiratory tract, kidney, intestinal tract, gallbladder, testis and
heart (Hikmet et al., 2020). These expression patterns might in part explain some of the clinical
symptoms that were observed in COVID-19. The S protein consists of two functional parts: S1
is presented on the surface of the virus and contains the receptor binding domain (RBD) that
interacts with ACE2 (Letko et al., 2020). The transmembrane S2 domain contains two heptad
repeats and the fusion peptide, which is required for the fusion of viral and cellular membranes
and thus, viral entry (Li, 2016). In addition to the cellular receptor ACE2, host cell-mediated
cleavage of the S protein is required for cellular entry (Li, 2016; Shang et al., 2020). SARS-



CoV-2 utilizes the serine protease TMPRSS2, which can be targeted by the protease inhibitor
camostat mesylate, a strategy that is used in the clinic to restrict SARS-CoV-2 infection
(Hoffmann et al., 2020; Shang et al., 2020). An interesting feature of the SARS-CoV-2 S
protein is the acquisition of a polybasic cleavage site (PRRAR) between S1 and S2 that
facilitates cleavage by the enzyme furin (V’kovski et al., 2020). This cleavage results in
increased infectivity and likely represents a crucial step in SARS-CoV-2 evolution, that sets it

apart from SARS-CoV and other members of the sarbecovirus genus, which lack such a furin

cleavage site (V’kovski et al., 2020).

Receptor binding
ACE2 4
TMPRSS2 34 ¢t
Host protease I +ss genomic RNA
(i e T
mnni
PO ORFia \Tl
1
a / Fusion and o()
N [ uncoating
N protein

’ b Primary translation
Endosome Polyprotein processing
Viral protease _)
inhibitors

Viral maturation
e —
+55 genorW ] @
Assembly
Replicative nsps +ss genomic RNA I ERGIC
An

p—

Cap

L ———
_ Capsmmm———An

A Cap BD— An
Viral RARP — | Viral RNA synthesi L of
inhibitors 2 I e N

L

| sgmRNA
/ Cap of——An translation

Replicase complex
DMVs Capef— An

dsRNA Cap 1 an
el Accessory
Cap o An proteins—host
L interactions
Cap E-D- An _J

gﬁgz—_—:-::»:h:,

_——
—- Nucleus ==

Figure 1. The coronavirus life cycle. Upon cell entry the viral RNA genome is released into the host cell, where
translation of ORF1ab is initiated. The resulting polyproteins are cleaved into several nsps that make up the RTC
and viral RNA synthesis is initiated to generate copies of the RNA genome, as well as structural proteins, which



are then used to assemble new virions that are then released from the cell to start the next infection cycle. Figure
taken from (V’kovski et al., 2020). License number 5093141236498.

Upon cellular entry and membrane fusion the positive-strand RNA genome is released into
the host cell (Figure 1). As a first step, open reading frame (ORF) 1a and ORF1b are translated
into two large polyproteins, pp1a and pp1ab, that are further cleaved into 16 non-structural
proteins (nsps) by two viral proteases: papain-like protease (PLP®) that is located in nsp3 and
main protease (MP™), located in nsp5 (V’kovski et al., 2020). Nsp1 is quickly released from the
polyproteins and interferes with the host translation machinery, thereby limiting translation of
host factors, such as antiviral cytokines (Schubert et al., 2020; Thoms et al., 2020). The viral
replication and transcription complex (RTC) consists of the remaining nsp2-16 (Snijder et al.,
2016). Nsp12-16 represent the core enzymes for viral replication and transcription, whereas
nsp2-11 have supporting functions (Snijder et al., 2016). RNA synthesis is carried out by the
RNA-dependent RNAse polymerase (RdRP) nsp12 and nsp7 and nsp8, which serve as
cofactors (Gao et al., 2020). An important feature of SARS-CoV-2 due to its large genome is
its proofreading activity, that is conferred by the exonuclease nsp14 (Eckerle et al., 2007). The
SARS-CoV-2 genome is further transcribed and replicated in replication organelles, that are
in part generated by diverting host membranes by nsp3, nsp4 and nsp6 and play a role in the
generation of double membrane vesicles (DMVs) (Knoops et al., 2008). Replication of the
RNA genome occurs via an intermediary full-length negative-strand genome that serves as a
template for the positive-strand genome, that is then either translated into pp1a and pp1ab or
used to assemble new virions (V’kovski et al., 2020). In contrast, transcription of the remaining
viral ORFs is characterized by discontinuous transcription, as described for other
coronaviruses (Sawicki and Sawicki, 1995). This leads to the generation of a set of sub-
genomic RNAs (sgRNAs) with shared 5’ and 3’ ends. During negative-strand synthesis the
RTC stalls at transcription regulatory sequences (TRS), which are located in most ORFs
downstream of ORF1ab (Di et al., 2018; Sawicki and Sawicki, 1995). Transcription is then
continued at a TRS close to the 5" end of the genome, generating negative-strand RNAs that
share the 5’ leader sequence (Sawicki and Sawicki, 1995). These are then used to generate
sets of nested positive-strand RNAs that are transcribed and translated to generate structural
and accessory proteins (Kim et al., 2020). Structural proteins of SARS-CoV-2 are the spike
(S), membrane (M), nucleocapsid (N) and envelope (E) proteins. Structural proteins play a
role in the assembly and release of new virions. In contrast to most other coronaviruses, beta-
coronaviruses use the lysosomal trafficking pathway to exit infected cells (Ghosh et al., 2020).
In addition to the structural proteins so-called accessory proteins are encoded in the genome
(Kim et al., 2020). The exact number of SARS-CoV-2 accessory proteins is still unclear, but it
has been proposed that ORF3a, ORF6, ORF7a, ORF7b, ORF8 as well as potentially ORF3b,



ORF9 and ORF10 could be translated into functional proteins (Bojkova et al., 2020; Kim et al.,
2020).

Several interactions between viral and host proteins have been suggested. For instance, a
systematic interaction study identified more than 300 interactions between viral and host
proteins (Gordon et al., 2020). One main purpose of such interactions is the evasion of innate
antiviral immune responses. For example, SARS-CoV ORF3b, ORF6 and ORF9b have been
shown to be type-1 interferon (IFN-1) antagonists on several levels (Kopecky-Bromberg et al.,
2007; Liu et al., 2014). Interestingly, similar functions have been proposed for SARS-CoV-2
ORF3b, which has been shown to suppress IFN-I responses via suppression of interferon
regulatory factor 3 (IRF3) signalling (Konno et al., 2020). Data from other coronaviruses
suggest that also the RTC may contribute to innate immune evasion via different mechanisms.
These include de-ubiquitination, de-ADP ribosylation, RNA modifications, and endo- as well
as exonuclease activities (V’kovski et al., 2020). Additionally, it is thought that dsRNA
intermediates that are strong triggers for innate immune signalling are hidden in DMVs and
are thus not recognized by cellular receptors (V’kovski et al., 2020). It remains unclear to which
extent these mechanisms also apply to SARS-CoV-2, but it is likely that it also utilizes several
mechanisms to suppress innate immunity. A function that was not described in SARS-CoV is
the ability of ORF8 to bind to and induce degradation of major-histocompatibility complex and
thus confer some degree of immune evasion (Zhang et al., 2021). Another mechanism that
has been described for SARS-CoV-2 is the suppression of host translation by nsp1, leading
to decreased expression of type | and Il interferons and other host immune factors (Thoms et
al., 2020). Taken together, it is understood that COVID-19 is in part a consequence of virus-
induced suppression of innate immune responses. This leads to a delayed IFN-I response and
rapid early viral replication and, as a consequence, increased pro-inflammatory cytokine
responses and cell infiltration inducing tissue damage and potentially contributes to the clinical
symptoms of COVID-19, similar to what has been described for SARS (Channappanavar et
al., 2016).

1.2 Antiviral immune responses

Mammals have evolved several lines of defense to combat pathogens. Classically, immune
responses are divided into a quick acting, but less specific innate and a slower, but highly
specific adaptive response. Innate immune responses serve as an essential first line of
defense that keeps pathogens in check early in infection, alerts neighboring cells and
ultimately is an important trigger for adaptive responses (McNab et al., 2015). Adaptive

responses are often required to clear infection and confer memory to facilitate quicker and



stronger responses in case of pathogen re-encounter. This section will specifically focus on

antiviral immune responses.
1.2.1 Pattern recognition

A first step in innate immune responses is the recognition of pathogens via pattern recognition
receptors (PRRs) that recognize pathogen associated molecular patterns (PAMPs) (Cao,
2015). Such PAMPs are classically molecules absent on/in the host cell or only found in
restricted compartments, such as the nucleus. As obligatory intracellular pathogens that rely
on the host cell machinery for their reproduction, viral PAMPs are recognized by intracellular
and endosomal PRRs (Takeuchi and Akira, 2010). Viruses are mainly recognized by non-host

derived nucleic acids present in the cytoplasm or endosomes (Takeuchi and Akira, 2010).

The Toll-like receptor (TLR) family represents membrane bound PRRs that scan the
extracellular environment (TLR1, 2, 4-6 and 11) or endosomes (TLR3, 7-10) for PAMPs. Virus
derived nucleic acids in endosomes are recognized by dsRNA, ssRNA or unmethylated CpG,
by the TLRs 3, 7 and 9 (Cao, 2015). Upon PAMP recognition, TLRs signal via recruitment of
adapter proteins to their cytoplasmic Toll/IL-1R homology (TIR) domain, initiating downstream
signaling (Akira et al., 2006). TLR3 signals via TIR-domain-containing adapter-inducing
interferon-B (TRIF) that recruits TNF receptor associated factor 6 (TRAF6) and receptor-
interacting serine/threonine-protein kinase 1 (RIP1), leading to the activation of the nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-kB) pathway (Takeuchi and Akira,
2010). NF-kB activation culminates in the activation of several downstream signaling
pathways, including the expression of proinflammatory cytokines (Takeuchi and Akira, 2010).
Additionally, TLR3 activation signals via TRAF3 that recruits the kinases TANK-binding kinase
1 (TBK1) and Inducible | kappa-B kinase (IKK-i) that lead to phosphorylation and subsequent
activation of IRF3 and IRF7 (Kawai and Akira, 2010). This induces the expression of IFN-I,

establishing antiviral responses (Figure 2A) (Kawai and Akira, 2010).

In contrast, TLR7 and TLR9 signal via myeloid differentiation primary response 88 (MyD88)
by forming a complex with several interleukin-1 receptor-associated kinases (IRAK), TRAF6
and IRF7 (Takeuchi and Akira, 2010). This triggers a signaling cascade leading to the
activation of NF-kB signaling and IFN-I expression via phosphorylation of IRF7 (Figure 2B)
(Akira et al., 2006; Takeuchi and Akira, 2010).

Next to the membrane bound TLRs there are several additional cytosolic PRRs. The most
important ones for the detection of viral PAMPs are retinoic acid inducible gene | (RIG-I) and

melanoma differentiation-associated protein 5 (MDAS), that both recognize intracellular RNA
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via different mechanisms. RIG-I recognizes shorter stretches of dsRNA and uncapped,
phosphorylated ssRNA, whereas MDAS typically recognizes longer stretches of dsRNA (Kato
et al., 2006; Pichimair et al., 2006; Yoneyama et al., 2004). Briefly, RIG-l and MDAS5 rely on
their Helicase domains to recognize their ligands, which induces a conformation change,
exposing a so-called CARD domain (Takeuchi and Akira, 2010). RIG-I and MDAS interact with
MAVS via their CARD domains and subsequently activate TBK1, thus inducing transcription
of IFN-I, as described for TLR3 (Figure 2C) (Akira et al., 2006; Schroder and Tschopp, 2010).
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Figure 2. PRR signaling pathways for RNA viruses. A) Endosomal dsRNA is recognized via TLR3 that signals
through TRIF. B) Endosomal ssRNA and unmethylated CpG is recognized by TLR7 and TLR9 that signal via
MyD88. C) Intracellular RNAs are recognized by RIG-I and MDAS, signaling via MAVS and TBK1. Figures taken
from (Takeuchi and Akira, 2010). License number 5093791502850.

In addition to RNA sensing mechanisms also intracellular DNA can be recognized by PRRs.
The most important DNA sensors are cyclic GMP-AMP synthase (cGAS) and absent in
melanoma 2 (AIM2). AIM2 signaling leads to the activation of caspase 1 and interleukin (IL)-
1B production (Schroder and Tschopp, 2010). cGAS signals via Stimulator of Interferon Genes
(STING) to activate TBK1 and subsequently induce an IFN-I response (Sun et al., 2013; Wu
et al., 2013).

In conclusion, activation of PRRs by (viral) PAMPs leads to the initiation of NFkB signaling,
resulting in the expression of pro-inflammatory cytokines, including IL-6 and tumor necrosis
factor-a, resulting in the activation of immune cells including neutrophils, macrophages and

dendritic cells (DCs) (Kany et al., 2019). Additionally, PRR signaling triggers the expression
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of IFN-I, which leads to the induction of diverse gene expression programs conferring some

degree of protection against viral infection (McNab et al., 2015).
1.2.2 Innate cytokine responses

As discussed above, signaling via PRRs leads to the expression of IFN-Is. These cytokines
signal in an auto- and paracrine manner to increase antiviral signaling in the infected cell as
well as to initiate an antiviral state in uninfected neighboring cells (McNab et al., 2015). This
is achieved by downstream signaling upon binding of IFN-I to the IFN-I receptor, which
consists of the two subunits IFNAR1 and IFNAR2 (McNab et al., 2015). This triggers a
signaling cascade that culminates in the phosphorylation of signal transducer and activator of
transcription (STAT) 1 and STATZ2, allowing them to form heterodimers and associate with
IRF9 to form the interferon stimulated gene factor 3 (ISGF3) (Kessler et al., 1988).

This complex translocates to the nucleus, where it binds to certain promoter elements called
interferon stimulated response elements (ISRE) and initiates expression of a wide set of
interferon stimulated genes (ISGs) (Figure 3) (Schoggins et al., 2011). Some of these ISGs,
like interferon-induced GTP-binding protein Mx1 and 2'-5'-oligoadenylate synthase 1 have
direct antiviral properties, the majority however remains incompletely characterized (McNab
et al., 2015; Yan and Chen, 2012).
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Figure 3. IFN-I has important antiviral functions. Upon viral PAMP recognition IFN-I is produced by the infected cell
that signals in an autocrine and paracrine manner to induce the transcription of ISGs to establish an antiviral state.
Additionally, IFN-I has effects on cells of the immune system, including APCs, B cells and T cells, where it plays a
crucial role in the fine tuning of the immune response. Figure taken from (McNab et al., 2015). License number
5093801193254,

In addition to IFN-I responses PRR signaling can also induce the expression of pro-
inflammatory cytokines. Importantly, PRR signaling in professional antigen presenting cells
(APCs), such as DCs leads to their activation and serves as link between innate and adaptive
responses (lwasaki and Medzhitov, 2015). For instance, PRR signaling in DCs leads to their
migration to draining lymph nodes, where they can interact with adaptive immune cells, like T
cells (Ban et al., 2000; Rescigno et al., 2000; Sallusto and Lanzavecchia, 2000) and enhanced
activation of cluster of differentiation (CD) 8" T cells (van Vliet et al., 2007; Watts et al., 2007).
Additionally, PRR signaling triggers the expression of certain cytokines and co-stimulatory
molecules, that are required to yield fully activated T cells which can then fight the ongoing

viral infection (Werling and Jungi, 2003).
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1.2.3 Adaptive responses

The adaptive arm of the immune system can broadly be divided into two parts: the cellular and
humoral system. Both systems are able to generate highly antigen specific responses, as well
as immune memory, which is crucial for long-lasting protection against certain pathogens and
the basis of vaccination efforts (Hammarlund et al., 2003). Briefly, humoral responses are
initiated by B cells that, upon antigen recognition, activation and maturation, differentiate into
plasma cells, which produce large amounts of pathogen specific antibodies (Radbruch et al.,
2006). Antibodies utilize different mechanisms to combat pathogens, including opsonization,
antibody-dependent cellular cytotoxicity (ADCC), complement-mediated lysis and
neutralization (Hangartner et al., 2006). Of these, neutralizing antibodies play a major role in
long-lasting protection against viral infection (Corti and Lanzavecchia, 2013; Hangartner et al.,
2006).

Cellular adaptive responses are conferred by T cells, that can broadly be divided into CD4* T
helper cells (Tw) and CD8" cells. As their name implies, Ty cells function by “helping” other cell
types to carry out their functions. An example for this is the Tn2 subset that is required for
proper activation of antibody responses (Mosmann et al., 1986). Activated CD8" cells on the
other hand have the ability to directly kill infected cells and are also referred to as cytotoxic T
lymphocytes (CTLs) (Zinkernagel and Doherty, 1974). The next section will focus on detailed

mechanisms of the activation, differentiation and function of CTLs.
1.3 Cytotoxic T cell responses and their regulation

T cells recognize antigens that are presented by cells via major histocompatibility complex
(MHC) proteins (Zinkernagel and Doherty, 1974). Importantly, MHC-I is used by most cells to
present intracellular antigens and interacts with the TCR of CD8" cells, whereas extracellular
antigens are presented by APCs via MHC-Il and are recognized by CD4" T cells (Kindred and
Shreffler, 1972; Zinkernagel and Doherty, 1974). The T cell receptor (TCR) that is used for
this interaction has an immense potential to recognize up to 10" different antigens (Nikolich-
Zugich et al., 2004). This high variability stems from the modular nature of the TCR locus,
consisting of 3 segments that are present in several different versions (Nikolich-Zugich et al.,
2004). These 3 segments are randomly recombined during T cell development by a process
called V(D)J recombination to yield functional TCRs (de Villartay et al., 2003). Upon T cell
activation by antigen encounter, T cells undergo rapid proliferation and differentiation into
effector cells that will then exert their specific function, such as killing of infected cells (Kaech
and Cui, 2012).
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1.3.1 T cell activation

T cell activation is initiated in secondary lymphoid organs, where activated DCs present viral
antigens via MHC-I (von Andrian and Mempel, 2003). There are two general mechanisms how
DCs can present intracellular antigens: via the canonical pathway, that will be discussed later
or by the so-called process of antigen cross-presentation. Briefly, DCs can take up remains of
infected cells via endocytosis or phagocytosis and via a mechanism that is not completely
understood shuttle the material that was taken up into the cytosol and process it via the
proteasome to present it on MHC-I (Joffre et al., 2012). Antigen cross-presentation is crucial,
because some viruses do not naturally infect DCs and thus their antigens could not be
presented to CD8" T cells otherwise (Joffre et al., 2012). Naive T cells scan DCs in the
secondary lymphoid organs for antigens. In the event of a match between the TCR and the
antigen that is presented on the DC the T cell gets activated (von Andrian and Mempel, 2003;
Joffre et al., 2012). However, appropriate activation of the T cell requires the presence of co-
stimulatory molecules, such as CD80/86 and a specific cytokine milieu (von Andrian and
Mempel, 2003; Kaech and Cui, 2012). Importantly, some co-stimulatory receptors are only
expressed by DCs upon pathogen encounter, as discussed previously, ensuring T cell
responses only occur in response to pathogens (Watts et al., 2007). Upon activation T cells
undergo rapid proliferation, a process called clonal expansion (Kaech and Cui, 2012). This
yields a high number of pathogen specific T cells that further undergo maturation and
differentiation into different T cell subsets, including, but not limited to, memory (Tmem) and
effector (Ter) T cells (Kaech and Cui, 2012). Following activation, T cells egress from the
secondary lymphoid organ into the bloodstream, where they travel to the site of infection,

recruited by specific chemokine signals (Krummel et al., 2016).
1.3.2 Antigen presentation via MHC-I

Infected cells present short viral antigens, so called epitopes, via MHC-I. In detail, intracellular
proteins are constantly being degraded by the proteasome, which generates small peptide
fragments (Rock et al., 1994). These peptides are then transported into the endoplasmic
reticulum (ER) via the transporter associated with antigen processing (TAP) (Kelly et al.,
1992). In the ER peptides are loaded on MHC-I molecules via the peptide loading complex
(PLC) (Hansen and Bouvier, 2009; Neefjes et al., 2011). If a peptide efficiently binds to MHC-
| it stabilizes the MHC-I complex and allows it to undergo ER processing and is transported to

the cell membrane (Figure 4) (Neefjes et al., 2011).
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Figure 4. MHC-I presentation pathway. Cellular (and viral) proteins are degraded by the proteasome, thus
generating peptide pools. These peptides are transported into the ER via TAP and - if possible - subsequently
loaded onto MHC-I. The peptide-MHC-I complex is then transported to the cell membrane, where the epitope is
presented and can be recognized by CD8* T cells. Figure taken from (Neefjes et al., 2011). License number
5093810331970.

Importantly, the genes encoding the heavy chain of MHC-I are highly polymorphic (Neefjes et
al., 2011). In humans, these are encoded by the human leukocyte antigen (HLA) genes HLA-
A, HLA-B and HLA-C and thousands of variants have been described (Gonzalez-Galarza et
al., 2019). This is especially important, because each HLA has a unique binding groove, which
will affect the peptides that can be presented by a given HLA molecule (Neefjes et al., 2011).
This means that not every individual will present the same epitope repertoire, with potential

implications for immunity (Trowsdale, 2005).
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1.3.3 Antigen recognition and killing by CTL

An efficient interaction between a CTL via its TCR and an infected cell via MHC-I will trigger a
signaling cascade in the CTL that culminates in the killing of the infected cell via the secretion
of cytotoxic molecules like granzymes and perforins (Voskoboinik et al., 2015). Additionally,
CTLs will secrete effector cytokines like IFNy and TNFa that have additional functions in the

antiviral immune response, like the activation of macrophages (Slifka and Whitton, 2000).

T cell signaling is highly controlled, to ensure appropriate activation and simultaneously
prevent over-activation. Upon binding to their cognate antigen, TCRs form microclusters,
which is an early event for the formation of the so-called immunological synapse (de La Roche
et al., 2016). In this early step a central supramolecular activation cluster (cSMAC), consisting
of TCR microclusters, forms and is the basis for downstream signaling (Monks et al., 1998). It
has been demonstrated that the formation of the cSMAC heavily depends on cytoskeleton
proteins, including F-actin and the microtubules (Beemiller et al., 2012; Hashimoto-Tane et
al., 2011; Yi et al., 2012). TCR clustering triggers a signaling cascade involving the kinases
LCK, ZAP70, that leads to the activation of 1-phosphatidylinositol 4,5-bisphosphate
phosphodiesterase gamma-1 (PLCG1) that catalyzes the hydrolysis of phosphatidylinositol
4,5-bisphosphate (PIP,) into the two second-messengers inositol-1,4,5-trisphosphate (IP3)
and diacylglycerol (DAG) (de La Roche et al.,, 2016). Of these two DAG has been
demonstrated to play an important role in the polarization of centrosomes, which is an
essential step in CTL activation (Quann et al., 2009). DAG specifically activates some isoforms
of protein kinase C (PKC), including PKC& and PKCB8, that further signal to promote
centrosome polarization (de La Roche et al., 2016; Quann et al., 2011). Upon the microtubule
reorganization that is triggered by TCR clustering, secretory granules that were generated
upon T cell activation and effector differentiation and stored in the CTLs, are transported to
the immunological synapse where their content is released towards the target cell (Bossi and
Griffiths, 2005). These granules contain several proteins that are responsible for killing of the

target cell, the most important of which are granzymes and perforin (Voskoboinik et al., 2015).

Granzymes and perforin act together to kill target cells. Briefly, perforin forms a pore in the
target membrane that enables granzymes to enter the cytoplasm of the target cell
(Voskoboinik et al., 2015). It has been shown that although the pores formed by perforin are
of sufficient size to allow passage of proteins, only small molecules could pass these pores
(Browne et al., 1999). This and additional data suggest that granzymes do not enter the target
cell via pores in the plasma membrane but via pores in endosomal vesicles that are
internalized upon activation of endocytosis via perforin (Metkar et al., 2002; Thiery et al.,

2010). However, more recently it has been shown that perforins could indeed form pores in
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the plasma membrane that allow proteins to enter the target cell (Voskoboinik et al., 2015).
Once granzymes enter the target cytoplasm they act as proteases that induce tightly controlled
signaling cascades (Sutton and Trapani, 2010). The most well-known function of granzymes
is to induce apoptotic cell death and the best studied granzyme in this regard is granzyme B
(Voskoboinik et al., 2015). Human granzyme B activates the BID-dependent pathway of
apoptosis, whereas murine granzyme B acts via direct activation of caspases (Kaiserman et
al., 2006). In addition to direct cytotoxic effects several granzymes also influence inflammation
via the release of pro-inflammatory cytokines (Anthony et al., 2010; Irmler et al., 1995; Metkar
et al., 2008). In addition to the induction of target cell apoptosis via perforin and granzymes,
activated CTLs also secrete several effector cytokines, including IFNy and TNFa, that have
additional important local and systemic functions in controlling infections (Slifka and Whitton,
2000).

1.4 Responses against SARS-CoV-2

Several studies have investigated various aspects of immune responses against SARS-CoV-
2 including innate and adaptive responses to mild infection, immune responses, and their
contribution to severe disease, as well as protection and immune memory (Brodin, 2021;
Carvalho et al., 2021; Chen and John Wherry, 2020; Chvatal-Medina et al., 2021; Sette and
Crotty, 2021; Vabret et al., 2020). Further, several lines of evidence — including this thesis -
show the potential of SARS-CoV-2 to subvert immune responses on several levels (Agerer et
al., 2021; Carvalho et al., 2021; Gupta, 2021; Lei et al., 2020; Xia et al., 2020).

1.4.1 Immune response to SARS-CoV-2 infection

Due to massive and coordinated research efforts much is already known about the immune
responses to infection with SARS-CoV-2. It has been shown that an early, robust IFN-I
response is crucial for the clearance of SARS-CoV-2 and subsequently mild disease (Bastard
et al., 2020; Carvalho et al., 2021; Galani et al., 2021; Zhang et al., 2020). In the case of
severe COVID-19, a delayed IFN-I response can lead to increased viral load and delayed
clearance, which is associated with an elevated and sustained cytokine response (Blanco-
Melo et al., 2020; Carvalho et al., 2021; Hadjadj et al., 2020). This is further highlighted by
increased levels of interferons and ISGs for prolonged periods (Galani et al., 2021; Lucas et
al., 2020b; Zhou et al., 2020). Overall, SARS-CoV-2 has been shown to be sensitive to IFN-I
treatment in vitro, in contrast to SARS-CoV (Lokugamage et al., 2020; Mantlo et al., 2020).
Additionally, it has been demonstrated that RIG-| acts as a restraining factor against SARS-
CoV-2, independent of IFN-I induction (Yamada et al., 2021). As such, it binds to the viral RNA
and prevents RdRP to access the RNAs for replication (Yamada et al., 2021).
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Figure 5. Delayed or aberrant IFN-I responses in severe COVID-19. A) A robust early IFN-I response is associated
with timely viral clearance and robust antibody as well as T cell responses and mild disease. B and C) If IFN-|
responses are delayed due to e.g. high viral loads or aberrant due to genetic defects, virus cannot be controlled
efficiently, leading to sustained IFN-I signaling, reduced T cell responses, but elevated antibody levels. This is
generally associated with more severe disease. D) Recombinant IFN-I can help to rapidly clear the virus and result
in milder disease but might also lead to decreased adaptive immune responses. Figure taken from (Carvalho et
al., 2021). License number 5093811204425.

In addition to innate immune responses, adaptive T and B cell responses have received a lot
of attention. In response to SARS-CoV-2 infection the majority of people develop antibodies,
as well as virus specific CD4" and CD8" T cells, suggesting an intact adaptive response (Sette
and Crotty, 2021). Within 10 days post symptom onset virus specific antibodies are detectable
in nearly all people tested (Long et al., 2020; Rydyznski Moderbacher et al., 2020; Suthar et
al., 2020). Antibodies are mainly targeted to S and N protein, whereas S — and especially its
receptor binding domain - is the target for neutralizing antibodies (Piccoli et al., 2020; Suthar
et al., 2020). Importantly, these antibodies have been shown to be long lived and levels

remained high for more than 8 months post infection (Dan et al., 2021).

Furthermore, robust CD4" and CD8" T cell responses have been described by several studies
(Sette and Crotty, 2021). CD4" T cell responses are required for appropriate antibody
responses and could be detected against most SARS-CoV-2 proteins (Grifoni et al., 2020a).
Importantly, early and robust induction of CD4" T cell responses was associated with
decreased severity and increased viral clearance (Rydyznski Moderbacher et al., 2020; Tan
et al., 2021). CD8" T cell responses are less commonly observed than CD4" responses but
have also been associated with better disease outcome (Grifoni et al., 2020a; Rydyznski

Moderbacher et al., 2020). Several studies have mapped and functionally confirmed the
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epitopes that are recognized by CD8" T cells, although this list is likely to be incomplete, due
to the bias on HLA variants that have been assessed (le Bert et al., 2020; Ferretti et al., 2020;
Grifoni et al., 2020b, 2020a; Nelde et al., 2020; Poran et al., 2020; Schulien et al., 2020;
Shomuradova et al., 2020). Comparable to CD4"* T cell epitopes CD8" epitopes are found
across the whole SARS-CoV-2 genome (le Bert et al., 2020; Ferretti et al., 2020; Grifoni et al.,
2020a; Nelde et al., 2020; Poran et al., 2020; Schulien et al., 2020; Shomuradova et al., 2020).
Similar to antibodies T cell responses were shown to be long lasting (Dan et al., 2021). T cell
responses might be impaired in severe COVID-19 and could contribute to disease severity
(Chen and John Wherry, 2020). A recent study also suggested that there is higher activation
of by-stander cells in mild disease, which could not be detected to the same extent in severe

disease (Bergamaschi et al., 2021).

One of the most important aspects of immunity against pathogens is the definition of correlates
of protection. For SARS-CoV-2 it has been demonstrated in rhesus macaques that previous
infection protected against reinfection, which was promising in the light of vaccine
development (Chandrashekar et al., 2020; Deng et al., 2020). Further studies in rhesus
macaques and observative studies in humans have demonstrated that antibodies as well as

CD8" T cells are required for complete protection (Brown, 2020; McMahan et al., 2020).
1.4.2 SARS-CoV-2 vaccines

The biggest hope to overcome the SARS-CoV-2 pandemic is the vaccination of a large
proportion of the population to slow down viral spread and prevent severe disease (Krammer,
2020). No vaccine against SARS-CoV has been developed, due to the eradication of the virus
from the human population (Krammer, 2020). Very early in the pandemic several companies
started to develop vaccine candidates for SARS-CoV-2. The target for most of these vaccines
is the S protein, against which neutralizing antibodies have also been detected following
natural infection (Piccoli et al., 2020; Suthar et al., 2020). Thanks to the use of existing
vaccination platforms and staggered trial design, vaccines were developed in record time and
four vaccines have been approved by the European Medicines Agency (EMA) as of 20" June
2021 (Krammer, 2020). Interestingly, all approved vaccines utilize one of two novel vaccine
technologies: RNA-based vaccines, like the vaccines from Biontech and Moderna, or
replication-deficient Adenoviral vectors, like the AstraZeneca and Janssen vaccines (Forni
and Mantovani, 2021; Krammer, 2020). Despite the unprecedented speed of development
and approval, these vaccines have proven to be safe and efficacious in wide-spread
vaccination programs (Forni and Mantovani, 2021; Soiza et al., 2021). The goal is now to
vaccinate achieve a high seroprevalence in the population to slow the spread and eventually

tame the pandemic virus (Forni and Mantovani, 2021; Krammer, 2020).
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1.5 Mechanisms of immune escape

Viruses have evolved several mechanisms to evade or subvert host immune responses to
ensure their undisturbed propagation. SARS-CoV-2 has been shown to inhibit innate immunity
via various mechanisms. Two studies utilizing unbiased screens demonstrated the potential
of several SARS-CoV-2 proteins to antagonize IFN-I responses at several levels (Lei et al.,
2020; Xia et al., 2020). The induction of IFN-I expression is antagonized by inhibition of MDAS
activation via PLP™ (Liu et al., 2021), whereas the activation and translocation of IRF3 is
suppressed by nsp6, nsp12, nsp13 and ORF6 (Lei et al., 2020; Wang et al., 2021b; Xia et al.,
2020). Additionally, nsp1 nsp6, nsp13, ORF3a, ORF3b, ORF6, ORF7a, ORF7b and M have
IFN-I antagonizing activity and prevent the induction of ISGs and thus the antiviral state
(Konno et al., 2020; Xia et al., 2020). ORF8 on the other hand has been shown to induce the
downregulation of MHC-I on the surface of the infected cell, thus preventing efficient epitope
presentation and recognition by CD8" T cells (Zhang et al., 2021). An additional strategy to
subvert innate responses is to prevent recognition by PRRs. As discussed previously, dsRNAs
are shielded from PRRs in membrane compartments called DMVs (V’kovski et al., 2020).
Additionally, SARS RNA is capped and 5 phosphorylated by various viral proteins, thus
preventing efficient recognition by PRRs (Bouvet et al., 2010; Chen et al., 2009; Ivanov et al.,
2004).

1.5.1 Antibody escape

Another potential mechanism for the evasion of immune responses is the prevention of antigen
recognition via mutation of antibody recognition sites. This strategy is often observed in RNA
viruses, due to their high mutation rates (Alcami and Koszinowski, 2000). SARS-CoV-2 has a
relatively low mutation rate and thus has been found to utilize a slightly different strategy.
Recurrent deletions in 4 regions in the S protein have been identified in several patients that
were virus positive for prolonged periods of time (McCarthy et al., 2021). Importantly, some of
these deletions were associated with decreased recognition by antibodies (McCarthy et al.,
2021). In an independent study of a long-term infected patient similar mutations with
decreased antibody recognition were identified (Kemp et al., 2021). Furthermore, using an
unbiased yeast-display system several missense mutations that lead to antibody escape could
be identified (Greaney et al., 2021). Strikingly, several new SARS-CoV-2 lineages emerged at
the beginning of 2021 that harbored several of these mutations (Ribes et al., 2021). These
lineages, including B.1.1.7, B.1.351 and P.1 carry mutations in the RBD as well as deletions
in the regions described in the study by McCarthy et al (Ribes et al., 2021). B.1.1.7 can still

be effectively neutralized by vaccine-induced antibodies (Muik et al., 2021; Xie et al., 2021).
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The remaining two variants B.1.351 and P.1 on the other hand show decreased susceptibility
to neutralization by vaccine-induced antibodies and convalescent plasma (Cele et al., 2021;
Hoffmann et al., 2021; Xie et al., 2021). It must be noted however, that even though
neutralization is reduced, it might still be sufficient to prevent severe disease. Nevertheless, it
is possible that future vaccines might need to be adapted to induce sufficient protection against

novel variants (Gupta, 2021).
1.5.2 T cell escape

Next to the evasion of antibody responses, viral escape from T cell responses has been shown
for chronic infections with RNA viruses like HIV-1 and HCV (Cox et al., 2005; Deng et al.,
2015; Goulder and Watkins, 2004; Goulder et al., 2001; Pircher et al., 1990). This is achieved
by mutations in viral epitopes that can have different outcomes. One possibility is that the viral
epitopes are mutated in a way that cannot be recognized by the TCR anymore and thus would
not elicit a T cell response by wildtype specific T cells, but could elicit responses by new,
mutant specific T cells (Sun et al., 2016). Another possible mode of action is the mutation of
anchor residues - single, key residues that are required for efficient peptide loading to the
MHC complex (Falk et al., 1991; Rammensee et al., 1993). This would lead to decreased
peptide-MHC stability and result in the inability to present this peptide to the T cells.
Furthermore, additional mechanisms have been described that utilize several viral proteins to
suppress antigen processing or presentation (Hansen and Bouvier, 2009). One example that
has been described for SARS-CoV-2 is the downregulation of MHC-I by ORF8, which results
in decreased epitope presentation (Zhang et al., 2021). However, to what extent and how
naturally occurring mutations in SARS-CoV-2 can append CTL responses was unknown and
interrogating these questions was one goal of this thesis. To investigate this, we generated
and analyzed deep viral sequencing data from 747 infected individuals and investigated
missense mutations in viral CD8 epitopes. We further tested identified mutant epitopes for
their potential to induce T cell responses with cell-free in vitro assays as well as with PBMCs

isolated from SARS-CoV-2 convalescent individuals.
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2. Aims

The aims of this study were the following:

1) Investigate and characterize mutations in the SARS-CoV-2 genome that might affect

CD8" T cell epitopes.
2) Determine the potential of such mutations to evade CD8" T cell responses.

3) Investigate potential mechanisms of reduced CD8" T cell responses to mutated

epitopes.
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3. Results

3.1 Prelude

During the SARS-CoV-2 pandemic the virus spread all over the world and caused wide-spread
infections. During the pandemic, mutations in the SARS-CoV-2 genome led to several new
lineages with different properties. Additionally, intra-host diversity can be observed, adding to
the genetic complexity (Popa et al., 2020). Several studies have shown that mutations in the
S gene can lead to decreased antibody responses. In this study titled “SARS-CoV-2
mutations in MHC-I-restricted epitopes evade CD8+ T cell responses” we identify
naturally occurring mutations in CD8" T cell epitopes and reveal their potential to evade
recognition by CD8" T cells. Importantly, this study was the first to show that single amino-
acid changes in the SARS-CoV-2 genome can lead to reduced CD8+ T cell responses and

adds to the growing literature on immune evasion by SARS-CoV-2.

3.2 SARS-CoV-2 mutations in MHC-l-restricted epitopes evade

CD8+ T cell responses
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Abstract: CD8" T cell immunity to SARS-CoV-2 has been implicated in COVID-19 severity and
virus control. Here, we identified nonsynonymous mutations in MHC-I-restricted CD8" T cell
epitopes after deep sequencing of 747 SARS-CoV-2 virus isolates. Mutant peptides exhibited
diminished or abrogated MHC-I binding in a cell-free in vitro assay. Reduced MHC-I binding of
mutant peptides was associated with decreased proliferation, IFN-y production and cytotoxic
activity of CD8" T cells isolated from HLA-matched COVID-19 patients. Single cell RNA
sequencing of ex vivo expanded, tetramer-sorted CD8" T cells from COVID-19 patients further
revealed qualitative differences in the transcriptional response to mutant peptides. Our findings
highlight the capacity of SARS-CoV-2 to subvert CD8" T cell surveillance through point mutations

in MHC-I-restricted viral epitopes.
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Introduction

SARS-CoV-2 infection elicits broad activation of the innate and adaptive arms of immunity (/—
4). Major correlates of protection are neutralizing antibodies and cytotoxic CD8* T-lymphocytes
(CTLs) (5). CTLs play an essential role in conferring immune memory and protection against viral
pathogens (6-—8). CTLs kill infected cells upon recognition of viral epitopes as they are displayed
on the cell surface in the context of the class I major histocompatibility complex proteins (MHC-
I). Certain positions in these epitopes have been shown to be critical for MHC-I presentation and
mutations in these so-called anchor residues might interfere with peptide binding to MHC-I (9,
10). CTL responses have been described in great detail in SARS-CoV-2—infected patients (3, 4,
11-15). In acute SARS-CoV-2 infection, CTLs show high levels of cytotoxic effector molecules
such as granzyme B, perforin and IFN-y (/6). Numerous human leukocyte antigen (HLA)-

restricted CTL epitopes have been characterized for SARS-CoV-2 (4, 17-22).

Compelling evolutionary evidence for CTL-mediated control of RNA viruses causing chronic
infections like HIV and HCV is provided by mutations occurring in viral epitopes which directly
interfere with MHC-I-restricted T cell antigen recognition and killing by CTLs (24—27). While
several mutations in SARS-CoV-2 have recently been associated with an escape from antibody
responses (28—30), the extent to which SARS-CoV-2 mutations may upend the presentation of
virus-derived peptides via MHC-I remains to be determined. In this study, we used deep viral
genome sequencing to identify nonsynonymous mutations in previously reported MHC-I epitopes.
We applied a combination of cell-free in vitro assays, as well as functional and transcriptional
characterization of COVID-19 patient-derived PBMCs to investigate the potential of single point

mutations in MHC-I epitopes to evade CTL responses.
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Results
Bioinformatic analysis of mutations in putative SARS-CoV-2 CDS8" T cell epitopes

To assess a possible impact of virus mutations on SARS-CoV-2-specific CD8" T cell responses,
we performed deep viral genome sequencing (> 20,000X coverage) (Fig. SIA) and bioinformatic
analysis on 747 SARS-CoV-2 samples (21). We focused on 27 CTL epitopes, which had
previously been reported as experimentally-validated epitopes restricted by HLA-A*02:01 (allele
frequency 0.29 in Austria) or HLA-B*40:01 (allele frequency 0.03-0.05 in Austria) (4, 17-20, 31).
Most of the selected epitopes are located in the S protein (N=13) and the remaining epitopes are
distributed between the N (N=6), ORFlab (N=4), M (N=3) and E (N=1) proteins. Detailed
descriptions of peptides and their three-letter code are listed in Table S1. Among these epitopes
we detected 194 nonsynonymous mutations present at frequencies of > 0.02 in 229 samples (Fig.
1A-B). Of these 194 variants, 35 were found at frequencies between 0.1 to 0.5. Notably, 9 variants
were fixed (frequency > 0.9) and found in 53 different patient samples (Table S2). Due to overlaps
in some epitopes, these 194 mutations result in 199 different epitope variants. Forty-one of these
mutations were localized to anchor residues, and 21 mutations affected auxiliary residues, which
are both integral to MHC-I peptide loading (Fig. SIB) (9, 10). Prediction of the binding strength
of the wild type and mutant peptides to HLA-A*02:01 and HLA-B*40:01 via NetMHCpan v4.1
(32) revealed weaker peptide binding to MHC-I, as indicated by an increase of NetMHCpan %
ranks (Fig. S1C-F). For many of the investigated CTL epitopes, we detected multiple variants that
independently emerged in different SARS-CoV-2 infected individuals (Fig. 1A). To corroborate
these findings from low-frequency mutations in our deep sequencing dataset, we analyzed fixed
mutations in >145,000 available global SARS-CoV-2 sequences from the public database GISAID

(33). Mutations were observed in 0.0000689 - 7.336% epitope sequences (mean = 0.005106%)
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(Fig. 1C). We found 10 to 11,717 viral genome sequences with a nonsynonymous mutation for
each of the investigated 27 CTL epitopes (mean = 807.05). Importantly, we found fixed variants
in GISAID that were also identified in our low-frequency analysis, highlighting the relevance of

individual low-frequency mutations (Fig. 1D, S1G-S1H).

To examine the time dynamics of low-frequency epitope mutations in patients, we utilized serially-
sampled viral genomes from COVID-19 patients. Suggestive of CTL-mediated selection
pressures, mutations in viral epitopes arose typically later in infection (Fig. 1E). Based on our
analysis of low-frequency and fixed mutations, we selected 11 wild type and 17 corresponding
mutant peptides with predicted decreased HLA-binding strength for further biophysical and

functional analyses (Table S3).

Mutations in CTL epitopes destabilize MHC-I complexes

To assess the MHC-I dependent immunogenic properties of nonsynonymous mutant peptides we
produced MHC-I complexes with ultraviolet light cleavable peptides (UVCP) and performed
peptide exchange reactions to destabilize and later reassemble MHC-I UVCP complexes (34). We
next employed cell-free differential scanning fluorimetry (DSF) to measure the thermal stability
of destabilized or reassembled MHC-I complexes (Fig. 2A-E, S2A-L) (35-37). As shown in Fig.
S1A and S1B, HLA-A*02:01-UVCP complex is destabilized upon exposure to UV light and can
be reassembled by adding UVCP peptide after UV exposure. The minima of the curves specify the
melting temperature (Tm) of the HLA-peptide complexes. Tm values well above 37°C indicate
strong peptide binding to MHC-I at physiological temperatures, whereas values around 37°C
correlate only with weak and below 36°C with absent binding. For 9 of the 11 wild type peptides

we observed binding to HLA-A*02:01 or HLA-B*40:01, indicating that these peptides can in
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principle be presented by the respective HLA allele (Fig. S2C and S2D). In contrast, 11 analyzed
mutants exhibited decreased stabilizing capacity towards MHC-I (Fig. 2A-E, S2D, S2F-S2L, Table
S4). The HLA-B*40:01-restricted MEVTPSGTWL peptide featured specific binding to
recombinant HLA-B*40:01 but not to HLA-A*02:01 (4) (Fig. 2C, S2L). An example of a weak
binder is the mutant variant YFQPRTFLL (instead of YLQPRTFLL), whereas LFFNKVTLA
(instead of LLFNKVTLA) represents a non-binder for HLA-A*02:01 (Fig. 2A, D). Of note, we
did neither observe binding of the wild type nor the mutant peptides to HLA-A*02:01 for the

published CTL epitopes LQLPQGTTL and LALLLLDRL (Fig. S2I and S2L).

To further corroborate these results, we generated peptide-loaded HLA-A*02:01 and HLA-
B*40:01 tetramers presenting wild type and mutant peptides as a means to identify cognate CD8*
T cells from expanded PBMCs of HLA-matched COVID-19 patients. As shown in Fig. 2F,
tetramers loaded with mutant peptides stain cognate T cells in a T-cell receptor (TCR)-dependent
fashion when kept at 4°C. However, when tetramers were incubated at 37°C prior to their use, T
cell staining was abrogated, most likely due to peptide loss and structural disintegration of MHC-
I. Taken together, these results imply that mutations found in SARS-CoV-2 genome sequences
decrease peptide-MHC-I stability and subsequently could promote immune evasion from HLA-

dependent recognition by CTLs.

Investigation of epitope responses in SARS-CoV-2 positive patient PBMCs

Next, we investigated peptide-specific CD8" T cell responses in PBMCs isolated from HLA-
A*02:01 or HLA-B*40:01 positive COVID-19 patients (Fig. 3A, Table S5, Table S6). We first
screened the 9 wild type peptides, which showed MHC-I binding in the DSF assay, using ex vivo

ELISpot assays (Table S7). Of note, none of the 5 pre-pandemic healthy controls gave responses
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to any of the peptides. Further, we could detect a positive response in at least one patient for four
of the peptides, which were investigated in additional assays. To this end HLA-matched PBMCs
from COVID-19 patients and 5 pre-pandemic controls were stimulated with peptides and cultured
for 10-12 days followed by tetramer staining (Fig. 3B). This allowed us to confirm these wild type
peptides as bona fide T cell epitopes in SARS-CoV-2. We further corroborated virus-specific CTL
responses by intracellular cytokine staining (ICS) for IFN-y after peptide-mediated restimulation
(Fig. S3A, B). To investigate the extent to which identified mutations in viral epitopes affected T
cell proliferation, we stained wild type or mutant peptide expanded PBMCs with wild type peptide-
loaded HLA tetramers. We found fewer tetramer-positive CD8" T cells in PBMCs expanded in the
presence of mutant peptides, indicating that mutant peptides featured significantly reduced
immunogenicity (Fig. 3C-F). Consistent with this, ICS for IFN-y revealed significantly diminished
CTL responses after restimulation with mutant peptide as compared to the corresponding wild type
peptides (Fig. 3G-J). We observed markedly diminished CTL responses to several mutant peptides
both presented in the context of HLA-A*02:01 and HLA-B*40:01. This was further supported by
peptide titration experiments involving wild type peptides and their mutant counterparts for T cell
stimulation (Fig. S3C). To complement intracellular cytokine measurements, we also carried out
ex vivo ELISpot assays after stimulating PBMCs with wild type or mutant peptides without
extended expansion. These experiments confirmed that stimulation with mutant peptides resulted
in significantly fewer cytokine-producing cells than with wild type peptides (Fig. 3K, S3D). To
further corroborate these results, we performed functional cytotoxicity assays with PBMCs
isolated from four COVID-19 patients expanded for 10-12 days in the presence of wild type or
mutant YLQPRTFLL (YLQ) peptide. We assessed the ability of these cells to kill autologous

Epstein-Barr virus (EBV)-transformed lymphoblastoid B cell lines (EBV*" B cells) that were

32



10

11

12

13

14

15

16

17

18

19

20

21

22

23

pulsed with either wild type or mutant YLQ. While wild type expanded PBMCs showed specific
killing of wild type pulsed EBV™ cells, they failed to kill EBV* B cells pulsed with mutant peptide
(Fig. 3L), suggesting that mutant YLQ is not properly presented by the EBV™ B cells. Furthermore,
PBMCs expanded with mutant peptides failed to kill both wild type and mutant peptide pulsed
EBV™ B cells (Fig. 3L and S3E). These results further underline that expansion with the mutant

peptide failed to mount a functional CTL response.

Transcriptional single T cell analysis upon stimulation with wild type or mutant peptides

To further characterize our results from patient PBMCs we expanded PBMCs isolated from two
patients (SARS042 and SARS060) for 10-12 days in the presence of wild type or mutant YLQ
peptide. We sorted equal numbers of YLQ tetramer-positive and tetramer-negative CD8* T cells
for each condition, labeled them with oligonucleotide-barcoded antibodies (TotalSeq anti-human
Hashtag) and performed single-cell RNA sequencing (scRNA-seq) combined with TCR
sequencing on a total of 17635 cells (Fig 4A, S4A). We again noted that expansion elicited by the
mutant YLQ peptide resulted in reduced numbers of YLQ tetramer positive cells, consistent with
our previous results (Fig. 4B). This unbiased sequencing approach led to the identification of 10
distinct clusters, showing a clear division between tetramer negative and tetramer positive cells
(Fig. 4C, S4B). For tetramer positive (responding) cells we identified differential clustering
between wild type- and mutant-stimulated cells, indicating that stimulation with mutant peptides
not only leads to reduced expansion, but also altered gene expression in tetramer-specific CD8" T
cells (Fig. 4D). In contrast, tetramer negative (nonresponding) wild type and mutant-stimulated
cells clustered in mixed neighborhoods, further suggesting that differences can only be found in

responding cells.
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We next analyzed the TCR sequences of these cells. In tetramer negative cells we found a high
diversity of TCR sequences for both wild type and mutant peptide conditions (Fig. 4E, S4C). In
response to peptide stimulation, we found that the pool of cells consisted of a subset of clones,
with 5 T cell clones making up more than 50% of T cells in both patients (Fig. 4E). Importantly,
we found the TRAV12-1 gene to be the dominant TRAV variant for both patients, as well as the
two TRBYV variants TRBV7-9 and TRBV?2 to be prominent, which were all recently found to be
part of public TCRs specific for YLQ (19, 22) (Fig. 4F). We further asked whether there are T cell
clones that specifically expand in response to the mutant peptide. Interestingly, we discovered
expansion of the same T cell clones upon stimulation with either wild type or mutant peptide (Fig.

4E).

We next investigated gene expression signatures associated with cytotoxic activity and exhaustion
(38). Importantly, cytotoxic gene signatures were found enriched in tetramer positive cells (as
compared to tetramer negative cells). In line with our cytotoxicity assay results we found
upregulated expression of cytotoxicity associated genes, such as GZMB, PRFI and NKG7, and
decreased expression of genes associated with naive T cell states, such as /L7R and TCF7 (Fig.
S4D and S4E). To further our understanding of qualitative differences we performed differential
gene expression analysis to compare wild type and mutant peptide-stimulated cells (Fig 4G). We
identified lower expression levels of several cytotoxicity- and exhaustion-associated transcripts
such as GZMB, GNLY, the coinhibitory receptors LAG3 and HAVCR?2, the cytokines IFNG, CCL3
and CCL4 and the costimulatory gene STRPG in mutant-stimulated T cells (Fig. 4G, 4H and S4G).
This is in line with a more profound exhaustion gene signature, that has recently been identified in
SARS-CoV-2-specific CD8" T cells in cells stimulated with wild type peptide (Fig. S4F). This

signature was linked in the literature to a higher expression of cytotoxicity-associated genes (38).
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These findings further underline qualitative differences in the response to expansion with mutant
peptide and are in line with the results from the killing assay presented earlier (Fig. 3L). In contrast,
we found a set of genes including GZMK, LTB, CD74, SELL, IFITM1, IFITM2 and CX3CRI
expressed at higher levels in cells stimulated with mutant peptides (Fig S4F, S4H-S4K). Taken
together, the sScRNA-seq data indicate that stimulation with mutant peptide did not only lead to a

reduced T cell response but also to altered gene expression patterns.

Discussion

The presented data demonstrate that SARS-CoV-2 may evade CTL surveillance through mutations
in viral epitopes which lead to reduced peptide-MHC-I binding and quantitatively and qualitatively
altered CTL responses. Deep SARS-CoV-2 genome sequencing results afford a valuable
additional perspective that complements insights gained from numerous studies on SARS-CoV-2-
specific T cell responses (39). Viruses employ numerous strategies to evade CD8" T cell immune
responses (40—42). The SARS-CoV-2 encoded ORF8 protein is hypothesized to downregulate the
surface expression of MHC-I molecules (43), and several reports linked mutations within the viral
spike protein to the evasion of neutralizing antibody responses (28-30). Yet, we still lack a
comprehensive understanding of the intrinsic capabilities of SARS-CoV-2 for immune evasion.
Our study provides evidence that single nonsynonymous mutations in SARS-CoV-2 can subvert
the immune response to CD8 T cell epitopes. The majority of nonsynonymous mutations found
in the validated CTL escapes had not reached fixation, i.e. were present at frequencies between
0.02 and 0.42 (Fig. 1B). This could be explained by the shorter duration of infection with SARS-

CoV-2 compared to HIV or HCV. It may also reflect on the degree to which HLA polymorphism
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affects viral spreading within human populations. The impact of single anchor residue substitutions

on the response of CD4" T cells is still unclear.

Our findings do not rule out that substitutions of residues facing the cognate T cell receptor may
give rise to the emergence of CTL neoepitopes. Of note, we could show for the YLQ epitope that
T cell clones that expanded in vitro in the presence of mutant peptides were identical to those
expanded in response to the wild type peptide, suggesting a similar if not identical structural basis

underlying TCR-epitope engagement.

This study does not allow direct conclusions to be drawn concerning potential selection pressures
which shape the mutational landscape of CD8" T cell epitopes. This would invariably involve
accounting for the HLA genotype of all individuals from whom SARS-CoV-2 genomes were
sequenced. Moreover, how CTL escape mutations are maintained during transmission between
individuals with differing HLA subtypes and how viruses carrying epitope mutations affect disease

severity requires further investigation.

Many CTL epitopes for SARS-COV-2 have been described (39). Natural CTL responses against
SARS-CoV-2 were associated with broad epitope recognition of on average 1.6 CD8" T cell
epitopes per antigen per HLA allele (23), which raises the question whether and how mutations in
single epitopes affect virus control. This may be of particular importance for SARS-CoV-2 subunit
vaccines, such as the RNA vaccines currently in use, which contain the S gene only and thus induce
responses against a limited number of CD8 epitopes (44—46). In summary, our results highlight
the capacity of SARS-CoV-2 to evade adaptive immune responses through sporadically emerging

mutations in MHC-I epitopes.
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Materials and Methods

Study design

The objective of this study was to investigate mutations in SARS-CoV-2 for their potential to
evade CD8* T cell responses. For this study, we performed deep sequencing on virus samples from
Austria. To characterize identified mutants, we performed in vitro MHC-I binding assays. Further,
we performed functional assays on PBMCs isolated from COVID-19 patients. PBMCs were only
analyzed from patients who were positive for HLA-A*02:01 or HLA-B*40:01. This study was
performed in accordance with the recommendations of the Declaration of Helsinki. The protocols
were approved by the Ethics Committee of the Medical University of Vienna, Austria (2283/2019

and 1339/2017) and written informed consent was obtained from all patients.

Virus sample collection and processing

Virus samples were obtained from the Medical University of Vienna Institute of Virology, Medical
University of Innsbruck Institute of Virology, Medical University of Innsbruck Department of
Internal Medicine II and Division of Hygiene and Medical Microbiology, Central Institute for
Medical-Chemical Laboratory Diagnostics Innsbruck, Klinikum Wels-Grieskirchen and the
Austrian Agency for Health and Food Safety (AGES). Sample types included oropharyngeal
swabs, nasopharyngeal swabs, tracheal secretion, bronchial secretion, serum and plasma. RNA
was extracted using the following commercially available kits following the manufacturer's
instructions: EasyMag (bioMérieux), MagMax (Thermo Fisher), MagNA Pure LC 2.0 (Roche),

AltoStar Purification Kit 1.5 (Altona Diagnostics), MagNA Pure Compact (Roche) and
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QIAsymphony (Qiagen). Viral RNA was reverse-transcribed with Superscript IV Reverse
Transcriptase (Thermo Fisher) and viral sequences were amplified with modified primer pools

(47). PCR reactions were pooled and processed for high-throughput sequencing.

PBMC sample collection and processing

Whole blood samples from hospitalized SARS-CoV-2-infected patients were collected at the
Department of Medicine 4, Clinic Favoriten. Samples from the same individual were collected at
2- to 7-day time intervals to obtain sufficient blood volumes for different T cell analyses. Samples
from healthy blood donors that were never exposed to SARS-CoV-2, were collected before the
SARS-CoV-2 pandemic (June to November 2019). Peripheral blood mononuclear cells (PBMCs)
were isolated by density gradient centrifugation and stored in liquid nitrogen until further use.
HLA typing of PBMCs was carried out by next generation sequencing, as described previously

(48).

Virus sequencing, data processing and analysis

AMPure XP beads (Beckman Coulter) at a 1:1 ratio were used for amplicon clean-up. Amplicon
concentrations and size distribution were assessed with the Qubit Fluorometric Quantitation
system (Life Technologies) and the 2100 Bioanalyzer system (Agilent), respectively. After
normalization of amplicon concentrations, sequencing libraries were generated with the NEBNext
Ultra II DNA Library Prep Kit for Illumina (New England Biolabs) according to the
manufacturer’s instructions. Library concentrations and size distribution were again assessed as

indicated previously and pooled at equimolar ratios for sequencing. Sequencing was carried out
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on the NovaSeq 6000 platform (Illumina) on a SP flow cell with a read length of 2x250bp in

paired-end mode.

After demultiplexing, FASTQ files were quality controlled using FASTQC (v. 0.11.8)(49).
Adapter sequences were trimmed with BBDUK from the BBTools suite (http://jgi.doe.gov/data-
and-tools/bbtools). Overlaps of paired reads were corrected with the BBMERGE from BBTools.
Read pairs were mapped on the combined GRCh38 and SARS-CoV-2 genome (RefSeq:
NC 045512.2) using BWA-MEM with a minimal seed length of 17 (v 0.7.17) (50). Only reads
uniquely mapping to the SARS-CoV-2 genome were retained. Primer sequences were masked with
iVar (57). The consensus FASTA file was generated from the binary alignment map (BAM) file
using Samtools (v 1.9) (52), mpileup, Beftools (v 1.9) (52), and SEQTK
(https://github.com/lh3/seqtk). The read alignment file was realigned with the Viterbi method from
LoFreq (v 2.1.2) for low-frequency variant calling(53). InDel qualities were added and low-
frequency variants were called with LoFreq. Variants were filtered with LoFreq and Bcftools (v
1.9) (54). We only considered variants with a minimum coverage of 75 reads, a minimum phred-
value of 90 and indels (insertions and deletions) with a HRUN of at least 4. Based on the control
experiments described earlier, all analyses were performed on variants with a minimum alternative

frequency of 0.02 (55). Variants were annotated with SnpEff (v 4.3) (56) and SnpSift (v 4.3) (57).

The output of LoFreq was filtered for nonsynonymous variants with a frequency cut-off of 0.02.
The resulting mutations were then filtered for positions in reported CD8* T cell epitopes. Data
manipulation and plotting was carried out in R, with the packages dplyr, tidyr, ggplot2 and

heatmap?2.

Identification of epitope mutations in SARS-CoV-2 genomes
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Mutations in epitope regions were identified in all available protein alignment files for the SARS-
CoV-2 proteins non-structural protein 3 (NSP3, n=164,819), NSP6 (n=164,806), M (n=164,846),
spike (S, n=165,249), N (n=164,876) and E (n=164,847) retrieved on October 30, 2020, from the
global initiative on sharing all influenza data (GISAID) database (33). Protein alignment files were
first filtered for protein sequences that have less than 5% unknown amino acid positions. Epitope
regions were then extracted from the alignment files and misaligned entries (>4 misaligned
positions in epitope region) and protein sequences with more than 4 unknown positions in epitope
regions were removed. Mutations in epitope regions were identified based on sequence comparison

to the reference sequence “Wuhan-Hu-1” (GenBank: MN908947.3) (58).

MHC-I binding predictions

To predict the binding strength of wild type and mutant peptides, NetMHCpan 4.1 was used (32).
Briefly, wild type and mutant peptide sequences were interrogated for binding to HLA-A*02:01,
HLA-A*02:06 and HLA-B*40:01 with the standard settings (strong binder % rank 0.5, weak
binder % rank 2). The % ranks of wild type and mutant epitopes were then compared and plotted

along the heatmap of variant frequencies.

Peptides

Peptides were purchased from JPT Peptide Technologies GmbH or synthesized in-house, as
indicated in Table S2. Peptides were produced in-house by solid-phase synthesis with the 9-
fluorenyl-methoxy carbonyl (Fmoc)-method (CEM-Liberty and Applied Biosystems) on PEG-PS

preloaded resins (Merck, Darmstadt, Germany) as previously described (59, 60) with the following
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alterations. After synthesis the peptides were washed with 50 ml dichloromethane (Roth), cleaved
from the resins using 28.5 ml trifluoroacetic acid (Roth), 0.75 ml silane (Sigma-Aldrich, St. Louis,
MO, USA) and 0.575 ml H20 for 2.5 hours at room temperature (RT) and precipitated into pre-
chilled fert-butylmethylether (Merck). The peptides were purified by reversed-phase high-
performance liquid chromatography in a 10-70% acetonitrile gradient using a Jupiter 4 pum Proteo
90 A LC column (Phenomenex) and an UltiMate 3000 Pump (Dionex) to a purity >90%. Their
identities and molecular weights were verified by mass spectrometry (Microflex MALDI-TOF,

Bruker).

Svynthesis of HLA/Peptide complexes.

cDNA encoding the extracellular domains of HLA-A*02:01 (UniProt: P01892) HLA-B*40:01
(UniProt: P01889) and beta-2-microglobulin (UniProt: P61769) were cloned without the leader
sequence into pET-28b (HLA-A*02:01, HLA-B*40:01) and pHN1 (beta-2-microglobulin, 2m)
for recombinant protein expression as inclusion bodies in E. coli. pET-28b was modified to encode
a C-terminal 12x poly histidine tag (HISi2) or AviTag. Single colonies of E. coli (BL21)
transformed with individual vectors were grown in 81 Luria-Bertani (TB) media at 37°C to an
OD600 of 0.5. Protein expression was induced by addition of isopropyl B-D-thiogalactoside
(IPTG, Sigma-Aldrich) to a final concentration of 1 uM. Cells were harvested after 4 hours of
induction. Inclusion bodies containing HLA and f2m protein were isolated, fully denatured and
refolded in vitro in the presence of ultraviolet light-cleavable peptides (UVCP; GILGFVFJL for
HLA-A*02:01; TEADVQIJWL for HLA-B*40:01; J= 3-amino-3-(2-nitro)phenyl-propionic acid)
to produce HLA/UVCP protein (UVCP peptides: GILGFVFJL for HLA-A*02:01, TEADVQJWL

for HLA-B*40:01, J= 3-amino-3-(2-nitro)phenyl-propionic acid) (34, 61, 62). The refolding
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reaction (500 ml) was dialyzed three times against 10 L of PBS. Dialyzed HLA/UVCP HISi2 tag
proteins were purified by Ni?*-NTA agarose chromatography (HisTrap excel, GE Healthcare)
followed by size exclusion chromatography (SEC) (Superdex 200 10/300 GL, GE Healthcare).
Dialyzed HLA/UVCP AviTag proteins were concentrated to 2 ml using spin concentrators and
purified by SEC. Purified HLA/UVCP AviTag proteins were biotinylated using biotin protein
ligase BirA as described (63) and further purified by SEC. The purity and integrity of all proteins

was confirmed via SDS-PAGE followed by silver staining.

UV-mediated peptide exchange, Differential scanning fluorimetry (DSF) and tetramer synthesis

For peptide exchange, peptides were added to HLA/UVCP at an HLA/UVCP:peptide molar ratio
of 1:20 (at a final concentration of 1.5 uM and 30 puM, respectively). For efficient cleavage, the
reaction mix was placed within 5 cm from the CAMAG® UV Lamp 4 (Camag) and exposed to

366 nm UV light for 2h at 4°C followed by 16h incubation at 4°C.

For DSF, SYPRO Orange Protein Gel Stain (Thermo Fisher Scientific, 5000x stock solution) was
diluted at 4°C into the solution containing UV-treated HLA/peptide HIS12 mixtures (see above) at
a final concentration of 15x SYPRO Orange Protein Gel Stain. The reaction mix was immediately
transferred to pre-chilled PCR tubes and placed on a CFX 96 Real-Time PCR system (BioRad)
which had been precooled to 4 °C. Samples were heated at a rate of 0.4°C/20 s and relative
fluorescence units (rfu) were measured every 20s in the FRET channel. Readings were plotted as

negative derivative of fluorescence change vs. temperature -d(RFU)/dT.

For tetramer synthesis fluorescence-labeled streptavidin was added to UV-exchanged

HLA/peptide AviTag protein solution in 10 steps as published (64).
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Flow cytometry assays following 10-12d in vitro stimulation

For in vitro expansion, cryopreserved PBMCs were thawed in pre-warmed RPMI-1640 medium
(RO883, Sigma) containing 10% FBS (FBS 12-A, Capricorn), 10 mM Hepes (Sigma), 2 mM
GlutaMAX (Gibco), 50 IU/ml Pen-Strep (Sigma) and 50 IU IL-2 (Peprotech) at a concentration of
1x10° cells/ml. PBMCs were pulsed with peptides (1 pg/ml) and cultured for 10-12 days adding
100 IU IL-2 on day 5. In vitro expanded cells were analyzed by intracellular cytokine and cell
surface marker staining. PBMCs were incubated with 2 pg/ml of peptide and 1 pg/ml anti-
CD28/49d antibodies (L293 and L25, Becton Dickinson) or with CD28/49d antibodies alone
(negative control) for 6h. After 2h, 0.01 pg/ ml brefeldin A (Sigma) was added. Staining was
performed using APC/H7 anti-human CD3 (SK7, Becton Dickinson), Pacific Blue anti-human
CD4 (RPA-T4, Becton Dickinson), PE anti-human CD8 (HIT8a, Becton Dickinson), FITC anti-
human IFN-y monoclonal antibodies (25723.11, Becton Dickinson), and Fix/Perm kit (Invitrogen).
Viable cells were determined using live/dead cell viability assay kit (Invitrogen). Tetramer staining
(10 pg/ml) was performed for 60 minutes at 4°C followed by staining with anti-CD8c antibody

(OKTS, Invitrogen) (10 pg/ml) for 30 minutes at 4°C.

Flow-cytometric analyses were carried out on Cytek® Aurora (Cytek® Biosciences) or FACS
Canto II (Becton Dickinson) instruments and evaluated using FlowJo software v. 7.2.5 (Tree Star).
The gate for detection of IFN-y in peptide-stimulated cell samples was set in the samples with

costimulation only.

IFN-y ELISpot assay
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For ex vivo ELISpot assays, PBMCs were thawed and depleted of CD4" cells using magnetic
microbeads coupled to anti-CD4 antibody and LD columns according to the manufacturer’s
instructions (Miltenyi Biotec). A total of 1-2 x 103 CD4-depleted cells per well were incubated
with 2 pg/ml single peptides, AIM-V medium (negative control) or PHA (L4144, Sigma; 0,5
pg/ml; positive control) in 96-well plates coated with 1.5 pg anti-IFN-y (1-D1K, Mabtech). After
45h incubation, spots were developed with 0.1 pg biotin-conjugated anti-IFN-y (7-B6-1, Mabtech),
streptavidin-coupled alkaline phosphatase (Mabtech, 1:1000), and 5-bromo-4-chloro-3-indolyl
phosphate/nitro blue tetrazolium (Sigma). Spots were counted in 2-3 wells per sample using a Bio-
Sys Bioreader 5000 Pro-S/BR177 and Bioreader software generation 10. T cell responses were
considered positive when mean spot counts were at least threefold higher than the mean spot counts

of three unstimulated wells.

Generation of autologous EBV-transformed lymphoblastoid B cell lines

PBMCs were isolated from heparinized blood of four COVID-19 convalescent patients
(SARS048, SARS047, SARS044, SARS050) by standard Ficoll density gradient centrifugation
using Lymphoprep (Technoclone). EBV-transformed lymphoblastoid B cell lines (EBV™ B cells)
were generated by supplementing PBMCs with infectious marmoset P95-8 supernatant (ATCC)
plus 200 ng/ml cyclosporin A (Sandimmune) in the presence of ODN2006 (1 pg/ml; InvivoGen)
at 37°C in 5% COa. After 10 days of incubation, cells were replated 1:2 in fresh medium and
further cultured in RPMI 1640 medium supplemented with 10% fetal calf serum, 2 mM L-

glutamine and 100 pg/ml gentamicin sulfate.

Cellular cytotoxicity assay
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The cytolytic activity of CTLs was tested in standard °'Cr-release assays. Autologous EBV* B cell
cells (2 x 10%/2 ml, 24-well) were pulsed with YLQ wild type (YLQPRTFLL) or mutant peptide
(YFQPRTFLL) or a negative control peptide (GVIMMFLSLGVGA, a non-immunogenic yellow
fever virus peptide), respectively, at a concentration of 1pg/ml overnight. On the next day, cells
were harvested, resuspended in 100 pl medium and labeled with 150 uCi of Na’'CrO*
(PerkinElmer) at 37°C for 3 hours. After four washes, autologous EBV* B cells were added to
round bottom 96-well plates that contained titrated numbers of wild type or mutant YLQ peptide
specific PBMCs, generated as described under “Flow cytometry assays following 10-12d in vitro
stimulation” (in duplicates). Subsequently, plates were centrifuged at 200 g for 5 minutes. After 5
h of incubation at 37°C, the supernatants were collected, and the radioactivity was determined in
a y-counter (Packard). The percentage of specific release was determined as follows: [CTL-
induced release (cpm) — spontaneous release (cpm)]/[maximum release (cpm) — spontaneous

release (cpm)] x 100.

Tetramer sorting, Hashtag labelling and single-cell RNA sequencing

PBMCs were harvested after 10-12d of in vitro expansion (as described under “Flow cytometry
assays following 10-12d in vitro stimulation™) with either YLQ wild type (YLQPRTFLL) or
mutant peptide (YFQPRTFLL) and counted using TruCount tubes (Becton Dickinson) on a FACS
Fortessa (Becton Dickinson). Cells were centrifuged at 400xg for 5 minutes at 4°C and washed in
ice-cold FACS buffer (DPBS (Gibco) containing 1% Octaplas® LG, blood group AB
(Octapharma). All staining and washing steps were performed on ice. After centrifugation, the cell
pellet was resuspended in 50 pul FACS buffer and stained with HLA-A*02:01 YLQ wt

(YLQPRTFLL) tetramer in PE at 10 pg/ml for 20 minutes. Cells were washed with ice-cold FACS
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buffer followed by staining with FITC anti-human CD8 (SK1, Becton Dickinson) for 20 minutes.
Cells were washed with ice-cold FACS buffer, resuspended in 200 pl FACS buffer and dead cells
were counterstained with 2 pg/ml 4°,6-diamidin-2-phenylindol (DAPI) (Sigma-Aldrich). Cell
sorting was performed on a FACS Aria II Cell Sorter (Becton Dickinson). For each patient tetramer
positive and tetramer negative cells of both wt peptide expanded and mutant peptide expanded
cultures were sorted into 50 pl sorting buffer (DPBS (Gibco) with 0,08% bovine serum albumin
(BSA) (Sigma-Aldrich). Cells were centrifuged and the supernatant was carefully discarded
leaving 50 pl behind. To this residual 50 pl, 1 pl (0.5 pg) TotalSeq™-C0251 anti-human Hashtag
Antibody 1 to 4, respectively, (394661, 394663, 394665, 394667, all BioLegend) was added and
incubated for 20 minutes on ice. Cells were washed in 1 ml ice-cold sorting buffer and centrifuged
and taken up in 1 ml sorting buffer. Cells were counted again using TruCount tubes.

For each patient volumes corresponding to 22,000 cells of each condition were pooled and
centrifuged again. The cell pellet was resuspended in 80 pl sorting buffer and stored on ice until

further preparation for sequencing.

Single-cell RNA-seq was performed on the live samples using the 10x Genomics Chromium
Single Cell Controller with the Chromium Single Cell 5’ v1.1 kit following the manufacturer’s
instructions. After cDNA amplification TCR enrichment and enrichment of feature barcoding
sequences from the hashtag-antibodies were performed according to instructions by 10X
Genomics manufacturer’s guidelines for VDJ and feature barcoding enrichment. After quality
control, libraries were sequenced on the [1lumina NovaSeq sequencing platform using the SP flow
cell in 2x150bp paired-end mode at the Biomedical Sequencing Facility (BSF) of the CeMM

Research Center for Molecular Medicine of the Austrian Academy of Science.
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Primary analysis was done using the CellRanger v5.0.1 software (10X Genomics). Alignment to
the human reference transcriptome (refdata-gex-GRCh38-2020-A for gene expression and
vdj GRCh38 alts_ensembl-5.0.0 for VDJ analysis) was performed by the BSF. Hashtag Oligo
identification was performed with the CITE-seq software (65) and demultiplexing was done with
custom Python scripts by the BSF. We used the R statistics software to perform all further analysis
using the Seurat package version 3.9.9.9038 (66). Briefly, CellRanger outputs from both patients
were jointly loaded into R to perform quality control (removing cells with less than 1,000 genes,
mitochondrial content more than 10%, as well as all cells without [negatives] or with two
conflicting hashtag labels [doublets]). Preliminary clustering revealed two outlier clusters of cells
shared across all conditions with higher number of counts (Fig. S5) which dominated the variance
and were removed from downstream analysis. Patient-dependent batch effects were then removed
by integration with Seurat’s FindIntegrationAnchors and Integrate data (nfeatures=2000,
dims=1:30). The dataset was then normalized (function NormalizeData, ScaleData) to generate
corrected, log-transformed relative cell counts. Integrated data was used for low-dimensional
projection using UMAP (67) based on the top 10 principal components and for clustering cells
(resolution = 0.6). Differential gene expression analysis was performed using the FindMarkers
function (method: MAST). The adjusted p-values returned by FindMarkers were further subjected
to Bonferroni correction for the two tests applied (YLQ+ vs. YLQ- and WT YLQ+ vs. MUT
YLQ+). For plotting, P-values smaller than 1033 were capped to 10-3°. The results of the
differential expression analysis on raw counts (|log2 fold-change| > 0.25) are reported in Table S7.
Gene signatures for cytotoxic, viral, unhelped, IFN-y and exhaustion responses were obtained from

Kusnadi et al. (38), and enrichment was evaluated using R package AUCell (68).
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For T cell clonotype analysis, the results from CellRanger were loaded into R and processed using
the scRepertoire package and custom code. Clonotype identity was determined by the amino acid
sequence of the assembled receptor sequences and we focused our analysis on the five most

frequent clonotypes for each of the two individuals (Table S8).

Statistical Analysis

Statistical analysis of differences between the wild type and mutant CD8" T cell responses for
ELISpot and ICS was done with Wilcoxon matched-pairs signed rank test. For comparison of >1
mutant responses, a Generalized Equation Estimations (GEE) model with peptide (fixed factor)
and patient (random factor) was used. For analysis of CTL killing assays 2-way ANOVA followed
by Dunnett’s multiple comparison test was used. Differential gene expression analysis was
performed using the FindMarkers function (method: MAST). The adjusted p-values returned by
FindMarkers were further subjected to Bonferroni correction for the two tests applied (YLQ+ vs.

YLQ- and WT YLQ+ vs. MUT YLQ+).
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Figure S5. Quality control plots for scRNA-seq analysis and outlier clusters

Table S1.

Table S2.

Table S3.

Table S4.

Table S5.

Table S6.

Table S7.

Table S8.

Table S9.

Wild type epitopes investigated in this study

Samples with epitope mutations at allele frequency >0.02 (Excel spreadsheet)
Peptides used in the study and their % rank predicted by netMHCpan v4.1

Tm values for peptides tested in DSF assay

Characteristics of HLA-A*02:01/HLA-B*40:01 positive patients

HLA genotypes

Overview of ELISpot results for wild type peptides

DEGs from scRNA-seq analysis (Excel spreadsheet)

Top clonotypes from TCR sequencing (Excel spreadsheet)

Table S10. Acknowledgments for sequences downloaded from GISAID (separate PDF file)

Table S11. Raw data (Excel spreadsheet)

25

49



10

11

12

13

14

15

16

17

18

19

20

21

References and Notes:

10.

X. Zhang et al., Viral and host factors related to the clinical outcome of COVID-19.

Nature (2020), doi:10.1038/s41586-020-2355-0.

N. Vabret et al., Immunology of COVID-19: current state of the science. Immunity (2020),

doi:10.1016/j.immuni.2020.05.002.

D. Mathew et al., Deep immune profiling of COVID-19 patients reveals distinct

immunotypes with therapeutic implications. Science (80-. ). 369, eabc8511 (2020).

N. Le Bert et al., SARS-CoV-2-specific T cell immunity in cases of COVID-19 and

SARS, and uninfected controls. Nature (2020), doi:10.1038/s41586-020-2550-z.

K. McMahan et al., Correlates of protection against SARS-CoV-2 in rhesus macaques.

Nature (2020), doi:10.1038/541586-020-03041-6.

P.J. Goulder, D. I. Watkins, Impact of MHC class I diversity on immune control of

immunodeficiency virus replication. Nat Rev Immunol. 8, 619—630 (2008).

J. E. Schmitz et al., Control of viremia in simian immunodeficiency virus infection by

CD8+ lymphocytes. Science (80-. ). 283, 857-860 (1999).

R. Thimme et al., CD8(+) T cells mediate viral clearance and disease pathogenesis during

acute hepatitis B virus infection. J Virol. 77, 68—76 (2003).

K. Falk, O. Rotzschke, S. Stevanovié, G. Jung, H.-G. Rammensee, Allele-specific motifs
revealed by sequencing of self-peptides eluted from MHC molecules. Nature. 351, 290—

296 (1991).

H.-G. Rammensee, K. Falk, O. Rétzschke, MHC molecules as peptide receptors. Curr.

26

50



10

11

12

13

14

15

16

17

18

19

20

21

11.

12.

13.

14.

15.

16.

17.

18.

19.

Opin. Immunol. 5, 35-44 (1993).

J. Braun et al., SARS-CoV-2-reactive T cells in healthy donors and patients with COVID-

19. Nature (2020), doi:10.1038/s41586-020-2598-9.

T. Sekine et al., Robust T cell immunity in convalescent individuals with asymptomatic or

mild COVID-19. Cell (2020), doi:10.1016/j.cell.2020.08.017.

A. Grifoni et al., Targets of T cell responses to SARS-CoV-2 coronavirus in humans with
COVID-19 disease and unexposed individuals. Cell (2020),

doi:10.1016/j.cell.2020.05.015.

L. Schulien et al., Characterization of pre-existing and induced SARS-CoV-2-specific

CD8+ T cells. Nat. Med. (2020), doi:10.1038/s41591-020-01143-2.
J. M. Dan et al., bioRxiv, in press, doi:10.1101/2020.11.15.383323.

A. Sette, S. Crotty, Adaptive immunity to SARS-CoV-2 and COVID-19. Cell (2021),

doi:10.1016/j.cell.2021.01.007.

A. Poran et al., Sequence-based prediction of SARS-CoV-2 vaccine targets using a mass
spectrometry-based bioinformatics predictor identifies immunogenic T cell epitopes.

Genome Med. (2020), doi:10.1186/s13073-020-00767-w.

A. Grifoni et al., A Sequence Homology and Bioinformatic Approach Can Predict
Candidate Targets for Immune Responses to SARS-CoV-2. Cell Host Microbe (2020),

doi:10.1016/j.chom.2020.03.002.

A. S. Shomuradova et al., SARS-CoV-2 Epitopes Are Recognized by a Public and

Diverse Repertoire of Human T Cell Receptors. Immunity. 53, 1245-1257.e5 (2020).

27

51



10

11

12

13

14

15

16

17

18

19

20

21

22

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

A. Nelde et al., SARS-CoV-2-derived peptides define heterologous and COVID-19-

induced T cell recognition. Nat. Immunol. (2020), doi:10.1038/541590-020-00808-x.

L. Schulien et al., Characterization of pre-existing and induced SARS-CoV-2-specific

CD8+ T cells. Nat. Med. (2020), doi:10.1038/s41591-020-01143-2.

A. P. Ferretti et al., Unbiased Screens Show CD8+ T Cells of COVID-19 Patients
Recognize Shared Epitopes in SARS-CoV-2 that Largely Reside outside the Spike

Protein. Immunity. 53, 1095-1107.e3 (2020).

A. Tarke et al., Comprehensive analysis of T cell immunodominance and
immunoprevalence of SARS-CoV-2 epitopes in COVID-19 cases. Cell Reports Med.,

100204 (2021).

H. Pircher ef al., Viral escape by selection of cytotoxic T cell-resistant virus variants in

vivo. Nature. 346, 629-633 (1990).

P. J. Goulder et al., Evolution and transmission of stable CTL escape mutations in HIV

infection. Nature. 412, 334-338 (2001).

A. L. Cox et al., Cellular immune selection with hepatitis C virus persistence in humans. J

Exp Med. 201, 1741-1752 (2005).

K. Deng et al., Broad CTL response is required to clear latent HIV-1 due to dominance of

escape mutations. Nature. 517, 381-385 (2015).

K. R. Mccarthy et al., bioRxiv, in press (available at

https://doi.org/10.1101/2020.11.19.389916).

A. J. Greaney et al., Complete Mapping of Mutations to the SARS-CoV-2 Spike

Receptor-Binding Domain that Escape Antibody Recognition. Cell Host Microbe. 29, 44-

28

52



10

11

12

13

14

15

16

17

18

19

20

21

22

30.

31.

32.

33.

34.

35.

36.

37.

38.

57.¢9 (2021).

P.-A. Koenig et al., Structure-guided multivalent nanobodies block SARS-CoV-2

infection and suppress mutational escape. Science (80-. )., eabe6230 (2021).

F. F. Gonzalez-Galarza et al., Allele frequency net database (AFND) 2020 update: gold-
standard data classification, open access genotype data and new query tools. Nucleic Acids

Res. 48, D783-D788 (2019).

B. Reynisson, B. Alvarez, S. Paul, B. Peters, M. Nielsen, NetMHCpan-4.1 and
NetMHClIIpan-4.0: improved predictions of MHC antigen presentation by concurrent
motif deconvolution and integration of MS MHC eluted ligand data. Nucleic Acids Res.

48, W449-W454 (2020).

Y. Shu, J. McCauley, GISAID: Global initiative on sharing all influenza data — from
vision to reality. Eurosurveillance. 22 (2017), doi:10.2807/1560-

7917.ES.2017.22.13.30494.

M. Toebes et al., Design and use of conditional MHC class I ligands. Nat. Med. 12, 246—

251 (2006).

D. T. Blaha et al., High-Throughput Stability Screening of Neoantigen/HLA Complexes

Improves Immunogenicity Predictions. Cancer Immunol. Res. 7, 50-61 (2019).

K. Gao, R. Oerlemans, M. R. Groves, Theory and applications of differential scanning

fluorimetry in early-stage drug discovery. Biophys. Rev. 12, 85-104 (2020).

F. H. Niesen, H. Berglund, M. Vedadi, The use of differential scanning fluorimetry to

detect ligand interactions that promote protein stability. Nat. Protoc. 2,2212-2221 (2007).

A. Kusnadi et al., Severely ill COVID-19 patients display impaired exhaustion features in

29

53



10

11

12

13

14

15

16

17

18

19

20

21

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

SARS-CoV-2-reactive CD8 + T cells. Sci. Immunol. 6, eabe4782 (2021).

D. M. Altmann, R. J. Boyton, SARS-CoV-2 T cell immunity: Specificity, function,

durability, and role in protection. Sci. Immunol. 5, eabd6160 (2020).

T. H. Hansen, M. Bouvier, MHC class i antigen presentation: Learning from viral evasion

strategies. Nat. Rev. Immunol. (2009), , doi:10.1038/nri2575.

A. Alcami, U. H. Koszinowski, Viral mechanisms of immune evasion. Trends Microbiol.

(2000), , doi:10.1016/S0966-842X(00)01830-8.

P.J. R. Goulder, D. I. Watkins, HIV and SIV CTL escape: Implications for vaccine

design. Nat. Rev. Immunol. (2004), , doi:10.1038/nril1417.

Y. Zhang et al., bioRxiv, in press, doi:10.1101/2020.05.24.111823.

G. Liu, B. Carter, D. K. Gifford, Predicted Cellular Immunity Population Coverage Gaps
for SARS-CoV-2 Subunit Vaccines and their Augmentation by Compact Peptide Sets.

Cell Syst. (2020), doi:10.1016/j.cels.2020.11.010.

U. Sahin et al., COVID-19 vaccine BNT162b1 elicits human antibody and TH1 T cell

responses. Nature. 586, 594-599 (2020).

K. S. Corbett et al., SARS-CoV-2 mRNA vaccine design enabled by prototype pathogen

preparedness. Nature. 586, 567-571 (2020).

K. Ttokawa, T. Sekizuka, M. Hashino, R. Tanaka, M. Kuroda, Disentangling primer
interactions improves SARS-CoV-2 genome sequencing by multiplex tiling PCR. PLoS

One. 15, €0239403 (2020).

I. Faé, S. Wenda, C. Grill, G. F. Fischer, HLA-B*44:138Q : Evidence for a confined

30

54



10

11

12

13

14

15

16

17

18

19

20

21

22

49.

50.

51.

52.

53.

54.

55.

56.

deletion and recombination events in an otherwise unaffected HLA-haplotype. HLA. 93,

89-96 (2019).

S. Andrews, FastQC - A quality control tool for high throughput sequence data.
http://www .bioinformatics.babraham.ac.uk/projects/fastqc/. Babraham Bioinforma.

(2010), (available at http://www.bioinformatics.babraham.ac.uk/projects/).

H. Li, R. Durbin, Fast and accurate short read alignment with Burrows-Wheeler

transform. Bioinformatics (2009), doi:10.1093/bioinformatics/btp324.

N. D. Grubaugh et al., An amplicon-based sequencing framework for accurately

measuring intrahost virus diversity using PrimalSeq and iVar. Genome Biol. 20, 8 (2019).

H. Li et al., The Sequence Alignment/Map format and SAMtools. Bioinformatics. 285,

2078-2079 (2009).

A. Wilm et al., LoFreq: a sequence-quality aware, ultra-sensitive variant caller for
uncovering cell-population heterogeneity from high-throughput sequencing datasets.

Nucleic Acids Res. 40, 11189-11201 (2012).

H. Li, A statistical framework for SNP calling, mutation discovery, association mapping
and population genetical parameter estimation from sequencing data. Bioinformatics

(2011), doi:10.1093/bioinformatics/btr509.

A. Popa et al., Genomic epidemiology of superspreading events reveals mutational
dynamics and transmission properties of SARS-CoV-2. Sci. Transl. Med. (2020),

doi:10.1126/science.abe2555.

P. Cingolani et al., A program for annotating and predicting the effects of single

nucleotide polymorphisms, SnpEff. Fly (Austin). 6, 80-92 (2012).

31

55



10

11

12

13

14

15

16

17

18

19

20

21

22

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

P. Cingolani et al., Using Drosophila melanogaster as a model for genotoxic chemical
mutational studies with a new program, SnpSift. Front. Genet. (2012),

doi:10.3389/fgene.2012.00035.

F. Wu et al., A new coronavirus associated with human respiratory disease in China.

Nature. 579, 265-269 (2020).

K. Niespodziana ef al., PreDicta chip-based high resolution diagnosis of rhinovirus-

induced wheeze. Nat. Commun. 9, 2382 (2018).

D. Gallerano et al., HIV microarray for the mapping and characterization of HIV-specific

antibody responses. Lab Chip. 15, 1574-1589 (2015).

D. N. Garboczi, D. T. Hung, D. C. Wiley, HLA-A2-peptide complexes: refolding and
crystallization of molecules expressed in Escherichia coli and complexed with single

antigenic peptides. Proc. Natl. Acad. Sci. 89, 3429-3433 (1992).

C. S. Clements et al., The production, purification and crystallization of a soluble
heterodimeric form of a highly selected T-cell receptor in its unliganded and liganded

state. Acta Crystallogr. Sect. D Biol. Crystallogr. 58, 2131-2134 (2002).

M. Fairhead, M. Howarth, in Methods in Molecular Biology (2015;

http://link.springer.com/10.1007/978-1-4939-2272-7 12), pp. 171-184.

J. D. Altman et al., Phenotypic Analysis of Antigen-Specific T Lymphocytes. Science (80-

). 274, 94-96 (1996).

M. Stoeckius et al., Simultaneous epitope and transcriptome measurement in single cells.

Nat. Methods. 14, 865-868 (2017).

T. Stuart et al., Comprehensive Integration of Single-Cell Data. Cell. 177, 1888-1902.¢e21

32

56



10

11

12

13

14

15

16

17

18

19

20

21

22

(2019).

67. L. Mclnnes, J. Healy, J. Melville, UMAP: Uniform manifold approximation and

projection for dimension reduction. arXiv, 1-18 (2018).

68.  S. Aibar et al., Identification of expression patterns in the progression of disease stages by

integration of transcriptomic data. BMC Bioinformatics. 17, 432 (2016).

Acknowledgments: We would like to thank the Biomedical Sequencing Facility at CeMM for
assistance with next-generation sequencing. We thank Ursula Sinzinger, Amelie Popovitsch and
Maja Zabel for excellent technical assistance, Regina Sommer for helping us with UV -irradiation
equipment and Judith Leitner for providing reagents used in cytotoxicity assays. We would like to
thank Laura Domnanovich from the FACS Core Unit at CCRI for performing the tetramer sort;
We thank Lukas Flatz, Giulio Superti-Furga, Martin Jager, Laura Antonio Herrera, Dietmar Zehn
and Rolf Zinkernagel for valuable feedback and comments. We thank the NIH Tetramer Core
Facility for providing tetramer reagents that were used in preliminary experiments. We thank
Sebastian Maurer-Stroh for providing help to generate the acknowledgment table for sequences

downloaded from GISAID (Table S10).

Funding: BA was supported by the Austrian Science Fund (FWF) DK W1212. MS and AL were
supported by DOC fellowships of the Austrian Academy of Sciences (No. 24813, No. 24158 and
No. 24955 respectively). VG, VM and JBH received support from the Vienna Science and
Technology Fund (WWTF, LS14-031). JHA was supported by the Medical-Scientific fund of the
Mayor of the federal capital Vienna [grant COVID003]. W.F.P. was supported by the Medical-

Scientific fund of the Mayor of the federal capital Vienna [grant COVID006]. C.B. and A.B. were

33

57



10

11

12

13

14

15

16

supported by ERC Starting Grants (European Union’s Horizon 2020 research and innovation
program, grant agreement numbers 679146 respectively 677006). This project was funded in part
by two grants from the Vienna Science and Technology Fund (WWTF) as part of the WWTF

COVID-19 Rapid Response Funding 2020 awarded to A.B. and R.G., respectively.

Competing interests: We declare that the research was conducted in the absence of any

commercial or financial relationships that could be construed as a potential conflict of interest.

Data and materials availability: Raw BAM files were submitted for inclusion in the COVID-19
Data Portal hosted by the European Bioinformatics Institute under project numbers PRJEB39849
and PRJEB42987. Consensus virus sequences are deposited in the GISAID database. The pipeline
used for calling low  frequency  mutations is  available on  GitHub
(https://github.com/Bergthalerlab/SARSCoV2 Code). Single-cell RNA-seq data has been
deposited at the European Genome-phenome Archive (EGA), under accession number
EGASO00001005060. Processed single-cell RNA-seq data are available via Gene Expression
Omnibus (GEO) under accession number GSE166651. The R code used for the analysis for single-

cell RNA-seq data will be shared via GitHub (https://github.com/cancerbits).

34

58



10

11

12

13

14

15

16

17

18

19

20

21

22

Figure Captions

Fig. 1. Nonsynonymous mutations are detected in SARS-CoV-2 CTL epitopes. A) Allele
frequency of low-frequency mutations detected in 27 CTL epitopes. Epitopes are indicated on the
right. The heatmap to the left indicates change in % ranks predicted by netMHCpan 4.1(32). Bar
plots below the large heatmap indicate viral loads as Ct values. B) Allele frequency of mutations
in specified epitopes. Regions present in two epitopes are depicted separately. C) Frequency of
global fixed mutations in CTL epitopes. D) Venn diagram depicting overlap between global fixed
mutations and low-frequency variants. E) Mutations in CTL epitopes arise late in infection.
Mutation frequency over time of two patients which were longitudinally sampled. Shown are
variants that lead to nonsynonymous mutations in CTL epitopes. Patient 1 was sampled multiple
times on the same day for some time points. Dashed lines indicate the detection limit for calling

low-frequency mutations.

Fig. 2. Epitope variants lead to diminished MHC-I binding. A-E) Decreased thermostability of
mutant peptide MHC-I complexes. Negative first derivative of relative fluorescence units (rfu)
plotted against increasing temperatures. Curves for wild type peptides are black, mutated peptides
are colored. The minimum point of the curves represents the melting temperature of peptide-MHC-
I complexes. Dashed lines indicate SD. n=2-3 technical replicates. F) Tetramers featuring mutated
peptides are unstable at 37°C. FACS plots showing staining of in vitro expanded PBMCs stained
with tetramers containing wild type (top) or mutant (bottom) peptides incubated at 4°C (blue) or

37°C (red).
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Fig. 3. SARS-CoV-2 epitope mutations are associated with decreased CTL responses. A)
Experimental overview. B) CTL responses against wild type epitopes. PBMCs were isolated from
HLA-A*02:01 or HLA-B*40:01 positive SARS-CoV-2 patients (black, n=35, 5, 3, or 13
respectively, or pre-pandemic controls with unknown HLA status (white, n=7), expanded 10-12
days with indicated peptides, and stained with wild type tetramers. Boxes show median + 25 and
75™ percentile and whiskers indicate 10™ and 90™ percentile. C-E) T cells expanded with mutant
peptides do not give rise to wild type peptide-specific CTLs. PBMCs were isolated as in B),
stimulated with wild type or mutant peptides and stained with tetramers containing the wild type
peptide. (n=27, 25, and 2 patients per epitope). F) Representative FACS plots for C-E. G-I) Impact
of mutations on CTL response. PBMCs expanded with wild type or mutant peptides as indicated,
were analyzed for [IFN-y-production via ICS after restimulation with wild type or mutant peptide
(n=14, 8, and 4 patients per epitope). J) Representative FACS plots for G-1. K) Ex vivo IFN-y
ELISpot assays from PBMCs stimulated with the YLQ peptide or the corresponding mutant (n=7,
PBMC:s obtained 2.7 + 0.8 weeks after symptom onset) or the MEV peptide (marked in gray) or
corresponding mutant (n=1, PBMCs obtained 3 weeks after symptom onset). Two or three wells
were evaluated per sample and peptide. Patient ID is as indicated in Table S6. L) CTL killing
assay. PBMCs from 4 patients were expanded with wild type or mutant YLQ peptide, mixed with
autologous EBV™ B cells that were pulsed with wild type or mutant YLQ peptide and specific
killing was assessed (n=2 per patient). Error bars represent mean + SD. Significance is indicated
as *P<0.05, **P<0.01, ***P<0.001, ****P<(0.0001, tested by Wilcoxon matched-pairs signed

rank test (C,D,E,G,H,[,K) or 2-way ANOVA followed by Dunnett’s multiple comparison test (L).
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Fig. 4. Single cell transcriptomics and TCR sequencing of CD8" T cells reveals distinct
transcritptional profiles in response to mutant peptide. A) Experimental setup. PBMCs were
expanded for 10-12 days in the presence of wild type or mutant YLQ peptide, sorted for YLQ
tetramer-positive and tetramer-negative CD8" cells, labeled with barcoded antibodies (TotalSeq
anti-human Hashtag) and subjected to single-cell RNA sequencing (figure generated with
BioRender.com). B) Percentages of YLQ tetramer-positive CD8* T cells in response to wild type
or mutant peptide expansion from the two donors analyzed. C-D) UMAP plots displaying an
embedding of single-cell transcriptomes in 2-dimensional space. The cells are colored according
to their clusters (C), or experimental condition (D). E) Distribution of clonotypes for both patients
and the indicated conditions. The top 5 clonotypes are colored. Connecting lines show clonotypes
shared between conditions. F) Top 15 TRAV and TRVB genes. G) Volcano plot displaying
differentially expressed genes between wild type-positive and mutant-positive cells. P-values of 0
were capped to 103 (indicated by gray dotted line). H) Violin plots showing expression levels in
tetramer-negative and tetramer-positive cells expanded with mutant or wild type peptide.
Expression levels given as log-normalized relative read counts (RC). All plots in C-H show

combined data from both patients.
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Fig. S1. Supplementary figures for bioinformatic analysis S1A) Coverage and read numbers of
all sequenced samples. S1B) Mutation counts for specific residues of the epitopes. anchor = anchor
residues, auxiliary = auxiliary residues, none = no special residue. S1C-S1E) netMHCpan binding
predictions for the 27 wildtype epitopes to HLA-A*02:01, HLA-A*02:06 and HLA-B*40:01,
respectively. S1F) change in netMHCpan binding predictions for the mutant epitopes to HLA-

A*02:01. S1G-S1H) Total counts and frequency of fixed epitope mutations in the global samples.
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Fig. S2. Controls and additional DSF assay results S2A) Positive controls for the DSF assay.

The black curve represents the complex of MHC and an UV cleavable peptide that was exposed

to UV light, the blue curve represents the complex of MHC and an UV cleavable peptide not

exposed to UV and the green curve represents the complex of MHC and an UV cleavable peptide

exposed to UV light, prior to addition of another peptide. S2B) Bar graphs displaying Tm values
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of peptide-MHC complexes for assay controls S2C) DSF curves for all wildtype peptides tested.
S2D) Bar graphs displaying Tm values of peptide-MHC complexes for all wildtype and mutant
peptides tested. S2E) Additional controls for the DSF assay. Two positive controls (CMV and
TAX peptides), as well as two negative controls (HLA-B epitopes) complexed with HLA-
A*02:01. S2F-S2K) DSF data for additional mutant peptides tested. Curves for wildtype peptides
are black, mutated peptides are colored. The minimal point of the curves represents the melting
temperature of peptide-MHC-I complexes. S2L) Additional negative control for the assay. A
HLA-B*40:01 epitope and its mutant forms were complexed with HLA-A*02:01. Dashed lines
for curves and error bars in bar-graphs represent mean + SD. n=2-3 technical replicates for all

graphs.
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Fig. S3. Supplementary figures for PBMC analysis S3A) Intracellular cytokine staining of
PBMCs from COVID-19 patients (black, n=18, 5, 22 and 15) or pre-pandemic controls with
unknown HLA status (white, n=6) after 10-12 days in vitro expansion and restimulation with
wildtype peptides as indicated. Boxes show median = 25" and 75% percentile and whiskers indicate
10" and 90™ percentile S3B) Representative FACS plots of the ICS shown for the YLQ epitope
and an unstimulated control. S3C) Peptide titrations for three wildtype peptides and respective
mutants. Peptides were tested in logio and logioo dilutions in ICS assays. n=1 technical replicate.
S3D) Representative ex vivo ELISpots for YLQ shown from two COVID19 patients and two

healthy donors. Patient IDs are as indicated in Table S6. n=2-3 technical replicates. S3E) Negative
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controls for cytotoxicity assay. PBMCs from 4 patients were expanded with wildtype or mutant
YLQ peptide and co-cultured with autologous EBV* B cells that were pulsed with a nonsense
peptide as negative control (n=2 technical replicates for each patient). All error bars represent

mean = SD
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Fig. S4. Supplementary figures for scRNA-seq experiment. S4A) Gating strategy for sorting
tetramer-positive and tetramer-negative CD8" T cells S4B-D) UMAP plot displaying cells in 2-
dimensional space. The cells are colored according to patient (B), to the number of cells with the
same TCR as a measure for expansion (C), or the signature score (AUCell score) for the cytotoxic
gene signature (D). S4E) Volcano plots displaying differentially expressed genes between
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tetramer-positive and tetramer-negative. P-values of 0 were capped to 10-3° (indicated by grey
dotted line) S4F) UMAP plot showing the signature score (AUCell Score) for the exhaustion gene
signature.S4G-S4K) Violin plot showing expression levels in cells expanded with mutant or
wildtype peptide. Expression levels given as log-normalized relative read counts (RC). All plots

in B-K show combined data from both patients.
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Fig SS. Quality control plots for scRNA-seq analysis and outlier clusters. A) Preliminary t-
distributed Stochastic Neighbor Embedding (t-SNE) of single cells showing clusters in 2-
dimensional space before removal of outliers. B) Differences between Cluster 8 and the rest of
the cells dominate the variance in the data set, as reflected by each cell’s values along the first
component (PC 1) of a Principal Component Analysis (PCA). The plot shows PC 1 Values for
each cell in the same t-SNE as in A. C-E) Quality control plots indicating outlier characteristics
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of cluster 8 (shown in blue color). C) Number of genes per cell plotted against percentage of
mitochondrial genes. D) Number of genes per cell plotted against counts per cell. E) Number of
counts per cell plotted against percentage of mitochondrial genes. F-H) Same as C-E, but after

removal of clusters 8 and 12.
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Table S1. Wildtype epitopes investigated in this study.

Protein

Start
AA

End
AA

Sequence

Short

HLA

netMHCpan
rank

Reference

ORF1ab

ORF1ab

ORF1ab

ORF1ab

825

3639

3710

3732

269

386

417

424

691

821

958

976

996

1000

1185

833

3647

3718

3740

277

395

425

433

699

829

966

984

1004

1008

1193

FGDDTVIEV
FLLPSLATV

TLMNVLTLV

SMWALIISV

YLQPRTFLL
KLNDLCFTNV
KIADYNYKL

KLPDDFTGCV

SITAYTMSL
LLFNKVTLA

ALNTLVKQL

VLNDILSRL

LITGRLQSL

RLQSLQTYV

RLNEVAKNL

FGD
FLL

TLM

SMW

YLQ
KLN
KIA

KLP

SII

LLF

ALN

VLN

LIT

RLQ

HLA-
A*02:01
HLA-
A*02:01
HLA-
A*02:01,
HLA-
A*02:06
HLA-
A*02:01,
HLA-
A*02:06,
HLA-
B*52:01
HLA-
A*02:01
HLA-
A*02:01
HLA-
A*02:01
HLA-
A*02:01,
HLA-
A*02:06
HLA-
A*02:01
HLA-
A*02:01
HLA-
A*02:01,
HLA-
A*02:06
HLA-
A*02:01,
HLA-
C*01:02
HLA-
A*02:01
HLA-
A*02:01
HLA-
A*02:01

0.401

0.0047

0.0398

0.0603

0.0129

0.3539

0.0671

0.3198

0.2998

0.1053

0.2258

0.028

1.9126

0.0622

0.2303

(10)
(10)

(12)

(/1)

(12)
(10)
(12)

(11,12)

(11, 12)
(12)

(11,12)

(11, 12)

(11, 12)
(10, 12)

(11, 12)

13

78



=

= X =

Z Z 2z 2z Z

1192

1220

20

26

61

89

112

159

219

316

322

338

1200

1228

27

34

70

97

121

167

227

324

331

346

NLNESLIDL

FIAGLIAIV

FLAFVVFL
FLFLTWICL
TLACFVLAAV

GLMWLSYFI

YLGTGPEAGL
LQLPQGTTL
LALLLLDRL
GMSRIGMEV

MEVTPSGTWL

KLDDKDPNF

NLN

FIA

FLA
F:F
TLA

GLM

YLG
LQL
LAL
GMS

MEV

KLD

HLA-
A*02:01
HLA-
A*02:01,
HLA-
A*02:06
HLA-
A*02:01
HLA-
A*02:01
HLA-
A*02:01
HLA-
A*02:01,
HLA-
A*02:06
HLA-
A*02:01
HLA-
A*02:01
HLA-
A*02:01
HLA-
A*02:01
HLA-
B*40:01,
HLA-
B*44:03
HLA-
A*02:01

0.2624

0.2409

1.4245

1.5782

2.2459

0.4829

1.0066

1.1552

10.4342

0.4967

0.2638

0.3328

(11,12

(10-12)

(10)
(10)
(/1)
(/1)

(10)
(11)
(11)
(11)
)

(10)

14

79



Table S2. Samples with epitope mutations at allele frequency >0.02.
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Table S3. Peptides used in the study and their % rank predicted by netMHC-pan v4.1. <0.5 strong

binder, 0.5-2 weak binder, >2 non-binder.

AA sequence | Variant | Residue | A*02:01 # A*02:06 B*40:01 | Source
YLQPRTFLL | Wildtype = NA 0.0129 0.0382 3.8259 JPT Peptide
Technologies GmbH
YFQPRTFLL | Mutant anchor 1.8892 2.3099 4.3899 JPT Peptide
Technologies GmbH
KLPDDFTGC | Wildtype | NA 0.3198 0.3235 35 JPT Peptide
\4 Technologies GmbH
KLPDEFTGC | Mutant unknown | 0.2982 0.3191 35 JPT Peptide
\" Technologies GmbH
KLPTDFTGC | Mutant unknown | 0.298 0.319 35 JPT Peptide
\Y Technologies GmbH
SIHAYTMSL | Wildtype | NA 0.2998 0.1634 8.8673 JPT Peptide
Technologies GmbH
PIIAYTMSL | Mutant unknown | 5.7413 5.9459 35 JPT Peptide
Technologies GmbH
CHAYTMSL | Mutant | unknown | 2.7464 2.1016 31.75 JPT Peptide
Technologies GmbH
STIAYTMSL | Mutant unknown | 1.1866 0.2433 5.6769 JPT Peptide
Technologies GmbH
LLFNKVTLA | Wildtype | NA 0.1053 0.2926 18.9231 | JPT Peptide
Technologies GmbH
LFFNKVTLA | Mutant anchor 5.1733 7.321 23.3333 | JPT Peptide
Technologies GmbH
TLACFVLAA | Wildtype | NA 2.2459 4.1687 62.5 JPT Peptide
\Y Technologies GmbH
TLACFVPAA | Mutant none 1.6344 4.3485 49 JPT Peptide
\Y Technologies GmbH
TLACFVLAA | Mutant none 17.5355 | 19.9102 | 39.5 JPT Peptide
F Technologies GmbH
GLMWLSYFI | Wildtype | NA 0.4829 1.3444 35 JPT Peptide
Technologies GmbH
GFMWLSYFI | Mutant anchor 11.8902 | 19.8449 |33 JPT Peptide
Technologies GmbH
LQLPQGTTL | Wildtype | NA 1.1552 0.1519 0.6958 JPT Peptide
Technologies GmbH
LQLPQGTTS | Mutant anchor 17.8 6.8687 10.4104 | JPT Peptide
Technologies GmbH
LALLLLDRL | Wildtype | NA 10.4342 | 5.4673 19.5455 | In-House
LVLLLLDRL | Mutant anchor 4.6341 2.2488 22.6667 | In-House
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Table S4. Tm values for peptides tested in DSF assay

Peptide HLA tested = Tm (°C) Average Tm (°C) SD
CMVp A*02:01 53.80 0.2
KIADYNYKL A*02:01 52.20 0.2
KIAYYNYKL A*02:01 47.20 0
KLPDDFTGCV | A*02:01 52.80 0
KLPTDFTGCV | A*02:01 46.40 0
KLPDEFTGCV | A*02:01 51.60 0.4
LLFNKVTLA A*02:01 52.60 0.2
LFFNKVTLA A*02:01 30.60 0.2
LQLPQGTTL A*02:01 31.60 0
LQLPQGTTS A*02:01 30.80 0
MEVTPSGTWL | A*02:01 30.60 0.6
(A2)

IEVTPSGTWL | A*02:01 30.40 0
MEVTPSGTWF | A*02:01 30.80 0
MEVTPSGTWS | A*02:01 31.20 0.4
RLNEVAKNL A*02:01 47.20 0
RLNVVAKNL | A*02:01 29.80 2.2
SIHAYTMSL A*02:01 54.20 0.2
CIIAYTMSL A*02:01 33.40 0.6
PIIAYTMSL A*02:01 38.40 0
STIAYTMSL A*02:01 47.60 0
YLQPRTFLL A*02:01 59.20 0
YFQPRTFLL A*02:01 40.40 0
GLMWLSYFI A*02:01 54.20 0.2
GFMWLSYFI A*02:01 31.40 0.2
TLACFVLAAV | A*02:01 49.60 0.4
TLACFVLAAF | A*02:01 32.20 0.6
TLACFVPAAV | A*02:01 55.00 0.2
LALLLLDRL A*02:01 22.00 10.87
LVLLLLDRL A*02:01 14.27 9.99
MEVTPSGTWL | B*40:01 55.73 0.38
IEVITPSGTWL | B*40:01 54.53 0.5
MEVTPSGTWF | B*40:01 52.27 0.19
MEVTPSGTWS | B*40:01 46.00 0
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Table S5. Characteristics of HLA-A*02:01/HLA-B*40:01 positive patients

Number of patients 37

Sex [n (%)] Female 12 (32.4)
Male 25 (67.6)

Age [years] Range 2291
Median 69

Sample collection date
Interval symptom onset to sample collection [weeks]

Chronic comorbidities [n (%)]

Invasive ventilation [n (%)]

Death [n (%)]

03/2020-11/2020

Range 1-16

Hypertension | 21 (56.8)

Lung disease | 3 (8.1)

Diabetes 15 (40.5)
14 (37.8)

5(13.5)
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Table S6. HLA genotypes

Patient ID | HLA-A | HLA-A | HLA-B | HLA-B | HLA-C | HLA-C
002 02:01 23:01 37:01 44:03 04:01 06:02
003 02:01 11:01 35:01 40:01 04:01 -

004 01:01 02:01 08:01 35:02 04:01 07:01
005 02:01 - 38:01 - 12:03 -

011 02:01 - 13:02 40:01 03:04 06:02
013 02:01 24:02 51:01 55:01 01:02 14:02
014 02:01 11:01 40:02 52:01 02:02 12:02
017 02:01 29:02 39:01 53:01 06:02 07:02
022 02:01 32:01 07:02 51:01 07:02 14:02
032 02:01 25:01 15:01 51:01 01:02 03:04
033 02:01 29:02 13:02 44:03 06:02 16:01
036 02:01 24:02 13:02 15:01 03:03 06:02
040 02:01 30:01 13:02 51:01 06:02 15:13
041 02:01 03:01 07:02 51:01 07:02 15:02
042 02:01 68:01 07:02 38:01 07:02 12:03
043 02:01 23:01 27:02 51:01 02:02 04:01
044 01:01 02:01 37:01 44:02 01:02 06:02
047 02:01 29:01 07:05 35:03 04:01 15:05
048 02:01 31:01 13:02 37:01 06:02 -

049 02:01 24:02 07:02 51:01 07:02 14:02
050 02:01 24:02 51:01 58:01 03:02 15:04
055 02:01 33:03 15:01 40:01 03:03 03:04
056 24:02 29:02 08:01 40:01 03:04 07:01
058 01:01 02:01 15:01 51:01 03:04 15:02
059 02:01 32:01 15:01 57:01 01:02 06:02
060 02:01 26:01 18:01 38:01 07:01 12:03
061 02:01 32:01 18:01 35:01 04:01 07:01
063 02:01 24:02 35:02 39:01 04:01 12:03
064 02:01 11:01 13:02 35:03 06:02 12:03
066 02:01 29:01 07:05 35:03 04:01 15:05
067 02:01 - 07:02 15:01 01:02 07:02
068 02:01 - 27:05 40:01 02:02 03:04
069 02:01 26:01 27:05 51:01 02:02 14:02
070%* 2% *Donor HLA-typed by flow cytometry

081 23:01 31:01 40:01 51:01 03:04 12:03
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083
085

02:01
02:01

30:01
68:01

08:01
08:01

13:02
44:05

06:02
07:01

07:01
07:02
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Table S7. Overview of ELISpot results for wildtype peptides

Protein | Startaa @ End aa Sequence Short SARS-CoV-2 | Pre-pandemic
patients controls
[positive/tested | [positive/tested
()] (Y0)]
S 269 277 YLQPRTFLL YLQ 2/13 (15%) 0/5 (0%)
S 417 425 KIADYNYKL KIA 0/10 (0%) 0/5 (0%)
S 424 433 KLPDDFTGCV KLP 0/10 (0%) 0/5 (0%)
S 691 699 SHAYTMSL Sl 5/13 (38%) 0/5 (0%)
S 821 829 LLFNKVTLA LLF 0/10 (0%) 0/5 (0%)
S 1185 1193 RLNEVAKNL RLN 0/13 (0%) 0/5 (0%)
M 61 70 TLACFVLAAV TLA 0/12 (0%) 0/5 (0%)
M 89 97 GLMWLSYFI GLM 1/14 (7%) 0/5 (0%)
N 322 331 MEVTPSGTWL MEV 1/3 (33%) 0/5 (0%)
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Table S8. Differentially expressed genes from scRNA-seq analysis
Table S9. Top clonotypes from TCR sequencing

Table S10. Acknowledgments for sequences downloaded from GISAID
Table S11. Raw data

23

88



4. Discussion

4.1 General discussion

An essential characteristic of SARS-CoV-2 is its capability to subvert host immune responses.
This has been shown for innate responses, where the virus efficiently suppresses IFN-I
responses (Lei et al., 2020; Xia et al., 2020). More recently, several studies have shown that
novel SARS-CoV-2 variants are less sensitive to neutralization by antibodies, causing
concerns about ongoing vaccination efforts (Greaney et al., 2021; Gupta, 2021; Liu et al.,
2020; McCarthy et al., 2021). In this study, we demonstrated that naturally occurring, low-
frequency mutations can alter CD8" T cell epitopes and, consequently, diminish CD8" T cell
responses against these mutated epitopes. The mechanisms behind this reduction in CD8" T
cell responses are associated with decreased stability of the peptide-MHC-I complex, as
demonstrated by cell-free in vitro assays. This was consolidated by staining with MHC-I
tetramers complexed with wildtype and mutant peptide. Cells could be stained with mutant
containing tetramers at low temperatures, which was abolished at physiological temperatures,
likely due to disintegration of the complex. Such a decrease in peptide-MHC-| stability did not
lead to the formation neoepitopes, because the mutant epitope cannot be efficiently
presented. This is in line with our TCR sequencing data, where T cell clones greatly overlap
between wildtype and mutant stimulated T cells. Importantly, a recent pre-print reported similar
results, further strengthening the notion that single amino-acid mutations can affect CD8* T
cell responses (Qiu et al., 2021). Of note, the sequences that we analysed in our study were
sampled before July 2020, at a time where vaccinations have not started yet. It would be
interesting to compare mutations with possible effects on T cell responses from populations
with high vaccination rates. Such an approach would even allow to compare the rates of
mutations within the S gene, against which vaccine-induced responses are targeted and the
rest of the viral genome. This could allow to draw some conclusions on potential selection

pressures exerted by global mass vaccination strategies.
4.2 T cell selection pressure

T cell immunity is often impaired in chronic infections like HIV-I and HCV due to sequence
variation in viral epitopes (Timm and Walker, 2015). One key component of this is the concept
of viral quasispecies, which describes a “cloud” of viral variants that is present in the host at
the same time (Lauring and Andino, 2010). External selection pressures have a strong effect
on the quasispecies and restrict the sequence space that can be explored (Lauring and

Andino, 2010). In HIV-l and HCV infections selection pressure by CD8" T cells has been
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shown to play a crucial role in shaping the viral quasispecies (Timm and Walker, 2015). This
was achieved by comparing the rate of non-synonymous mutation within T cell epitopes and
other regions of the genome, combined with functional characterization of these mutants (Cox
et al., 2005; Timm et al., 2004). However, such viral escape mechanisms do generally not
occur in acute infections (Grifoni et al., 2021). It needs to be mentioned that the study
presented in this thesis does not allow to draw conclusions about T cell selection pressures
that might be exerted on SARS-CoV-2.

There are several ways this could be addressed in future studies. One possibility resembles
the strategy described above for HCV: sequencing the viral genome at different timepoints of
infection and the comparison of mutation rates within and outside of CD8" T cell epitopes. A
prerequisite for this approach is the prior knowledge of the HLA repertoire of each infected
individual, since the HLA repertoire defines the epitope repertoire that can be presented
(Neefjes et al., 2011). However, such data was not available to us for the current study, as
viral sequences were derived from samples obtained via an epidemiological surveillance
system. In an ideal scenario such a study would be carried out in a prospective setting, where
participants are sampled at the beginning of infection, as well as at later timepoints, combined
with sequencing of their HLA loci. Although more than 1000 T cell epitopes have been
identified with various methods, this list might still be incomplete and potentially biased for
some HLA isotypes (Grifoni et al., 2021). In addition, some epitopes might be more important
for the T cell response as others, which also needs to be considered when investigating

potential T cell related selection pressures.

A second strategy to investigate if T cells exert selection pressure on SARS-CoV-2 is to
compare the rate of epitope mutations for specific HLA isotypes in regions with high allele
frequency for these HLAs in comparison to regions with low HLA allele frequencies. This
approach is challenging for several reasons: First, the distribution of HLAs is complex and few
HLA isotypes and populations would allow for such a comparison. Second, international travel,
although restricted, can strongly influence the viral strains present in a geographic region.
Third, escape mutations might develop in single individuals, but could not get fixed or be
passed on to the next host, because the mutation might have an advantage intra-host, but a
disadvantage in transmission. To conclude, additional studies will be required to answer the
question whether the observed mutations that evade T cell responses occurred due to

selection pressure exerted by T cells or not.
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4.3 Quantitative and qualitative differences of wildtype and mutant

peptide-stimulated T cells

Upon T cell expansion we observed a decrease in the numbers of cells expanded in the
presence of mutant peptide. TCR sequencing on the single-cell level revealed that the same
T cell clones expand in the presence of wildtype and mutant peptides. Thus, the investigated
mutation did not lead to the generation of neo-epitopes that could trigger the activation of novel
T cell clones. However, if and how other mutations might affect the expansion of T cell clones
remains to be investigated. Two recent studies investigated the TCRs of T cell clones reacting
to the YLQ epitope from several individuals (Ferretti et al., 2020; Shomuradova et al., 2020).
These studies revealed that for some epitopes TCRs are shared between individuals. Of note,
the two most prominent V genes of TCRA and TCRB, respectively, that were identified in our
study were also reported in these studies. These results further highlight that there is a public
TCR recognising the YLQ epitope. However, we also identified additional V genes present at
lower abundance, suggesting that there are additional TCRs capable of recognising this
epitope. Such public TCRs have been shown to play a crucial role in the response against HIV
and their abundance was associated with better virus control (Price et al., 2009). It is tempting
to speculate that mutations in epitopes recognized by such public TCRs could have
implications for viral evasion of CD8" T cell responses in multiple individuals. It remains to be
determined if public TCRs are found for additional epitopes and if and how mutations in these

epitopes affect T cell immunity.

In addition to the quantitative differences observed upon T cell expansion, our unbiased single-
cell RNA sequencing (scRNA-seq) approach also revealed qualitative differences in the cells
that responded to the mutant peptide. For example, cells stimulated with mutant peptide had
higher expression of lymphotoxin-beta (LTB), which plays a crucial role in the development
and maintenance of T cell responses (Gommerman et al., 2014). Interestingly, LTB signalling
to DCs leads to an induction of IFN-beta, thus promoting antiviral immunity (Ng et al., 2015;
Summers deluca et al., 2011). Increased IFN-I signalling might also explain the higher levels
of certain ISGs, such as IFITM1 and IFITM2 that were observed in cells stimulated with mutant
peptide (Schoggins et al., 2011). This might represent a compensatory mechanism, by which
weakly activated cells try to achieve better activation. Interestingly, granzyme K (GZMK) was
also expressed at higher levels in mutant peptide stimulated T cells. In contrast to granzyme
A, GZMK is not cytotoxic in vivo, but has pro-inflammatory properties (Bouwman et al., 2021;
Joeckel et al., 2011). Furthermore, it has recently been shown to be a hallmark of aging T cells
(Mogilenko et al., 2021). In this study the authors showed that GZMK expressing aged T cells

have clonally expanded and shared some characteristics with exhausted T cells, including
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decreased expression of effector molecules (Mogilenko et al., 2021). It is unlikely that the
changes that were observed in our study reflect immune aging, but the observed overlap is
interesting and might hint towards shared mechanisms behind T cell aging and expansion with

a suboptimal MHC-I epitope.

The fact that we observed quantitative and qualitative differences upon stimulation with mutant
peptides is in line with the fact that weak TCR ligands induce distinctive signalling events and
have various outcomes on T cell activation (Edwards and Evavold, 2011). Various escape
mutants for different viruses have been shown to act as T cell antagonists and thus not only
prevent T cells from reacting to the mutant epitope, but also render them unable to react to
the wildtype epitope at the same time (Bertoletti et al., 1994; Frasca et al., 1999; Klenerman
et al., 1994; Kubota et al., 2000). This has implications for emerging escape mutations in vivo,
as already low frequencies of such mutations might affect T cell responses also against the
wildtype epitopes. To what extent the mutant epitopes described in this thesis represent TCR

antagonists remains to be determined.
4.4 Epitope mutations and the importance for antiviral immunity

On average, we identified mutations in 1.56 tested epitopes for individuals that had at least
one mutation. Of note, most epitopes included in our study are HLA-A*02:01 epitopes, which
is the most common HLA in the Austrian population (Gonzalez-Galarza et al., 2019). However,
on average individuals are able to recognize 17 SARS-CoV-2 MHC-I epitopes (Tarke et al.,
2021a). This raises the question to what extent mutations in one or a few of these epitopes
affect T cell immunity to SARS-CoV-2. In this context it is important to note, that while
theoretically, many epitopes can be recognized, immune responses to many viral infections
are often dominated by a few epitopes, to which the majority of responses are generated. This
concept of immunodominance has been described for lymphocytic choriomeningitis virus
(LCMV), cytomegalovirus (CMV), Influenza A virus, HBV, HCV, HIV-I and also SARS-CoV-2
(Akram and Inman, 2012; Tarke et al., 2021a; Yewdell, 2006). The YLQ epitope, which much
of this thesis is focussed on was also reported to be a dominant epitope (Shomuradova et al.,
2020; Tarke et al., 2021a). If the immune response is largely dominated by one epitope,
mutations in this epitope could promote viral escape. It has been described in HIV-I infection,
that some escape mutations are associated with disease progression (Kelleher et al., 2001).
However, in elite suppressors, which can effectively control HIV-l, escape mutations also
accumulated, but some of these mutations could still trigger an efficient T cell response (Bailey
et al., 2006). Additionally, in a recent study from our lab we describe escape mutations in the

murine infection model LCMV, where mutations in a dominant T cell epitope accumulated
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(Smyth et al., 2021). Upon infection with a virus carrying this escape mutation the responses
against the remaining epitopes were not affected and as a result, no differences in viral load
or disease severity were observed between infection with wildtype and mutant virus (Smyth et
al., 2021). In lights of this it is unlikely that mutations in few T cell epitopes will affect the overall

response to SARS-CoV-2 infection.

Additionally, the large HLA diversity on the population level would make it very hard for such
escape mutations to establish and be transmitted, as it is likely that the next infectee has a
different set of HLAs and thus recognizes different epitopes (Gonzalez-Galarza et al., 2019;
Grifoni et al., 2021).

Furthermore, the rapid proliferation and transmissibility of SARS-CoV-2 enable it to be
transmitted before the original host can mount an efficient T cell response, which takes few
days to develop, while transmissions often occur before the onset of symptoms (Chen and
John Wherry, 2020; Grifoni et al., 2021). Thus, escape mutations might arise in individual
patients, but are unlikely to be passed on and establish in new viral lineages on the population

level.

The situation might look a bit different in the light of ongoing vaccination efforts. Currently, all
EMA approved vaccines contain only the S gene of SARS-CoV-2 (Forni and Mantovani, 2021;
Krammer, 2020). Thus, T cell responses following vaccination can only target epitopes in the
S gene, and it has been demonstrated that per HLA allele individuals react to 1.6 epitopes per
antigen on average (Tarke et al., 2021a). Assuming 4 different HLA-A and HLA-B alleles per
individual, this results in around 6 epitopes recognized per individual upon vaccination with an
S containing vaccine. This highly reduces the number of epitopes that need to be changed in
order to escape the T cell response. Additionally, high vaccination rates might increase the
selection pressure on the population level and could potentially lead to the selection of variants
that are less efficiently recognized by T cells. To date, all circulating variants still induce robust
T cell responses (Geers et al., 2021; Redd et al., 2021; Riou et al., 2021; Tarke et al., 2021b).
However, a recent preprint that analyzed more than 300.000 genomes sampled during the
first year of the pandemic across the world, found that epitopes for certain HLA types
accumulated specific mutational patterns, providing evidence for potential selection of such
mutations (Hamelin et al., 2021). Of note, some mutations that were identified in this preprint

were also identified in our study and demonstrated to induce decreased T cell responses.
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4.5 New SARS-CoV-2 variants and potential immune escape

The SARS-CoV-2 lineage B.1.1.7, now denominated Alpha, first emerged in the United
Kingdom in September 2020 and then quickly spread to and beyond the rest of Europe (Gupta,
2021) (Meng et al., 2021) This variant was associated with increased infectivity (Hamelin et
al., 2021). Importantly, pseudovirus containing S protein from the Alpha variant showed
decreased neutralization against serum derived from individuals that received the mRNA
vaccine from Pfizer/Biontech (Collier et al., 2021). Furthermore, the mutation E484K in S was
reported to be acquired in some cases of Alpha infection, which is also present in other SARS-
CoV-2 variants and was associated with reduced neutralization by monoclonal antibodies
(Wang et al., 2021a). Similarly, Alpha variant carrying the E484K mutation showed reduced
neutralization by vaccine-induced serum as compared to Alpha alone (Collier et al., 2021). In
addition to the Alpha variant new variants independently emerged in South Africa and Brazil,
named Beta and Gamma, which were both associated with increased infectivity, (Faria et al.,
2021; Tegally et al.,, 2021). Both these variants are characterized by a great number of
mutations, including the shared mutations K417T/N, E484K, N501Y (which is also seen in
Alpha) in S (Faria et al., 2021; Tegally et al., 2021). This convergent evolution within a short
timeframe might indicate altered selection pressures. Indeed, a recent preprint suggests that
there was a global shift in selection pressures in October 2020 that coincided with the
establishment of these variants (Martin et al., 2021). What exactly caused this shift in selection
pressure is still unclear, but one possibility is an increase in seropositivity and thus immunity
against the virus in the population (Martin et al., 2021). At the time of emergence of these
variants global vaccinations have not started yet or were only about to pick up speed. In fact,
both the Beta and Gamma variant show decreased neutralization by vaccine-induced, as well
as convalescent sera (Cele et al., 2021; Wang et al., 2021a). More recently, an additional
variant Delta arose, that is associated with even higher transmissibility and also reduced

neutralization by vaccine-induced sera (Wall et al., 2021b, 2021a).

There is ample evidence that certain newly emerged variants are associated with decreased
neutralization by antibody responses. T cell responses might be important to still confer
protection in the context of decreased antibody responses. Thus, a crucial question is if and
how the mutations found in these variants affect T cell responses. Although some mutations
lie withing T cell epitopes, overall T cell responses against the discussed variants are still
intact (Geers et al., 2021; Riou et al., 2021; Tarke et al., 2021b). Nevertheless, some studies
have highlighted the possibilities that some variants could lead to decreased T cell responses,
further showing the importance for ongoing surveillance of viral variants for potential immune
escape (Pretti et al., 2021; de Silva et al., 2021).
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4.6 Immunosuppressed patients as incubators for new variants

In most patients SARS-CoV-2 causes acute infection, with the majority of individuals clearing
the virus within 2-3 weeks post symptom onset (He et al., 2020; To et al., 2020; Zou et al.,
2020). In this period some degree of intra-patient variability for virus mutations is seen (Popa
et al., 2020). However, a growing number of reports indicates that immunosuppressed patients
can carry infectious virus for extended periods of time (Agarwal et al., 2020; Avanzato et al.,
2020; Choi et al., 2020; Clark et al., 2021; Damiano D’Ardes et al., 2020; Kemp et al., 2021).
Growing concern about such long-term infected patients arose with reports that the Alpha
variant could have first developed in an immunosuppressed patient (Kemp et al., 2021).
Additional studies highlighted the ongoing viral evolution in long-term infected individuals
(Avanzato et al., 2020; Choi et al., 2020; Clark et al., 2021; Kemp et al., 2021). Since these
patients cannot mount an immune response on their own, treatment often encompassed the
administration of convalescent serum or monoclonal antibodies targeting SARS-CoV-2.
However, this was associated with the occurrence of recurrent deletions and other mutations
that were shown to decrease the neutralisation by these antibodies (Kemp et al., 2021;
McCarthy et al., 2021). We obtained serial sequences from a patient that was virus positive
from September 2020 until March 2021. In this patient we could observe increased
frequencies of insertions and deletions in the S gene that coincided with treatment with
convalescent serum (unpublished data). Together with data published by others this raises
concerns about the selection of antibody escape mutations via treatment of

immunosuppressed patients with serum or antibodies.

If and how T cell escape mutations could accumulate in patients that are long-term positive
for SARS-CoV-2 remains to be determined. However, in our long-term infected patient we
identified potential escape mutations for the HLA-B*07:02 (the patient carries the HLA-B*07:02
allele) epitope SPRRARSVA. Additional functional readouts need to be performed to confirm
that the observed mutation can evade T cell responses. It is unclear how T cell escape
mutations can be selected in a patient that has consistently low numbers of T cell in the blood.
To further investigate if T cell responses directed against SARS-CoV-2 are present in this

patient functional T cell readouts are required.

Another possibility for the accumulation of mutations in immunosuppressed patients is that
drugs that are used in immunosuppressed might have an effect on the mutation rate of SARS-
CoV-2. Many of these patients have an underlying malignant disease and drugs that are used
to treat these often interact with or are analogs of nucleic acids and might affect viral

replication. Additionally, some drugs that are used to suppress the immune system or to treat
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other virus infections, like HIV-I have similar modes of action like the chemotherapeutics
mentioned. To investigate this hypothesis, we are currently setting up a screening strategy to
test the potential of such drugs to change the mutation rate of SARS-CoV-2 (unpublished
data).

4.7 Conclusion and outlook

To conclude, the work presented in this thesis provided the first evidence that naturally
occurring single amino-acid mutations in SARS-CoV-2 have the potential to subvert CD8" T
cell responses. The mutations we investigated reduced the binding to MHC-I and thus, mutant
peptides cannot be efficiently presented to CD8" T cells. As a result, CD8" T cells stimulated
with mutant peptide show quantitative and qualitative differences as compared to cells

stimulated with wildtype peptide.

Until today, there is no strong evidence for the accumulation of such mutations that subvert T
cell responses in circulating SARS-CoV-2 variants. However, some reports suggest that
mutations present in SARS-CoV-2 variants could affect T cell responses (Pretti et al., 2021;
de Silva et al., 2021). As global vaccination efforts progress, this might introduce additional
selection pressures in the future that could lead to the accumulation of some mutations in

certain populations.

As an outlook, there is the need for the implementation of global surveying mechanisms to
detect potential immune escape early on. Such global variant monitoring will allow to quickly
react to local outbreaks of variants that might evade the immune system. Additionally, it will
inform how to adapt future vaccines to increase immunogenicity, or which variants to include
in next generation vaccines. Lastly, to induce a T cell that is as broad as possible and makes
the emergence of complete escape variants unlikely it could be beneficial to include additional
SARS-CoV-2 proteins — or full-length SARS-CoV-2 — in future vaccines.
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T cells kill SARS-CoV-2 infected cells
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5. Materials and Methods

The materials and methods relating to this thesis are described in the “Materials and Methods”
section of the published manuscript “SARS-CoV-2 mutations in MHC-I-restricted epitopes

evade CD8+ T cell responses”. See also page 37 — 48 in section 3.2 of this thesis.
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