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Summary

For centuries, vaccines have played an important role to induce protective immune responses against
infectious diseases. Over the past decade, therapeutic vaccines have been developed to direct the
immune system against cancer cells. Whereas, prophylactic vaccination focusses largely on the
induction of pathogerspecific Bcell derived antibodies, therapeutic vaccination mainly aims to induce
cancerspecific T cell responses. With the COWDpandemic,T cells have however also gained

increasing significance in infectious disease.

In this thesischaracterization ofintigenspecific T cellesponses waapplied to (i) define a peptide
warehouse for cliicalapplication inchronic lymphocytic leukemidCLL)(ii) to develop a optimized

protocol forCD4 T cell priming using monocytterived dendritic cells (MoDCahd (iii) to uncover
Severe Acute Respiratory Syndrome Coronavirus 2 (SARY spikespecific T cell responses

followingdifferent Coronavirus disease 2019 (COY@)vaccirationregimens

(), Naturally and frequently presented Gpecific human leukocyte antigen (Hid$tricted peptides

were identified by comparative mass spectromebgsed immunopeptidome analyses of primary
patient samples. The resulting Gipecific antigens were shown to be recognized by preexisting, and
de novoinduced T cells in CLL patients and healthy volunteers, respectively. This tumor antigen
selection process allowed for the generation of a premanufisexd warehouse for the construction of
personalized HLA clasahd HLA classtéstricted multipeptide vaccines that are being evaluated in

a first clinical trial for the treatment of CLNG@T04688385 The presented workflow may provide the
basisfor the development of broad personalized T delsed immunotherapy approaches as it is easily

transferable to other tumor entities.

(i) To prove immunogenicity of HLA claseesitricted peptides, the second chapter of this thesis
focused on the optimizatioof thede novapriming of CD4T cells using MoDCs. A preliminary protocol
was available in our group; however, it was not yet set up functionally. Through modifications in the
MoDC maturation cocktail, the time of MoDC coincubation with peptides andehep for the CD4T

cell stimulation with MoDCs, successfied novopriming of specific CD4I cells was achieved for all

tested peptides and donors.

(i) With the COVIR9 pandemic, several vaccines were rapidly developed to protect the population
aganst severe disease outcome after infection with SAR®2. The last chapter of this thesis focused

on the characterization of induced T cell responses after vaccination with different vaccination
regimens after 4 weeks and 6 months, as well as the etfeatbooster vaccine dose compared with
SARE0VM2 T cell responses in convalescents and prepandemic donors. Frequent, divers and

multifunctional spikespecific T cell responses were shown for donors of all vaccination regimens that
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were comparable to resmses seen in convalescent donors and were significantly increased compared
to crossreactive T cell responses in prepandemic donors. T cell responses remained stable over time
and did not significantly benefit from a booster vaccination dose. Howevar;, déicreasing over 6
months after vaccination, antipikeantibodytiters significantly increased through the application of

a booster vaccine dose.

Together, vithin this thesis, an extensive analysis was conducted to characterize aspgeific T cell
responses within the frame of both prophylactic and therapeutic vaccination, providing a
comprehensive elucidation of cellular immune responses pertaining to diverse €O\ accine
schedules as well as the validation of a peptide warehouse facilitasiryaspective evaluation in a

therapeutic vaccine trial for CLL patients.



Zusammenfassung

Impfstoffe spielen seit Jahrhunderten eine wichtige Rolle, um schiitzende Immunreaktionen gegen
Infektionskrankheiten auszuldsen. In den letzten zehn Jahren wuldmapeutische mpfstoffe als
entwickelt, um das Immunsystem gegen Krebszellen zu richten. Wahrend sich die prophylaktische
Impfung weitgehend auf die Induktion erregerspezifischer Antikorper konzentriert, zielt die
therapeutische Impfung hauptsachlich alie Induktion krebsspezifischerZElFAntworten ab. Mit

der COVIEL9 Pandemie haben -Zellen jedoch auclyegenInfektionskrankheiten zunehmend an

Bedeutung gewonnen.

In dieser Arbeit wurde die Charakterisieruigtigenspezifischer #ZeltAntworten genutt, um (i) ein
PeptidWarenhausfur die klinische Anwendung bei chronischer lymphatischer Leukamie (CLL) zu
definieren, (ii) ein optimiertes Protokoll fur das Priming von CDZellen unter Verwendung von
Monozytenabgeleiteten dendritischen Zellen (MoDEsu entwickeln und (iiilSchweres Akutes
Respiratorisches Syndre@oronaviru2 (SARE0V2) spikespezifische -EellAntworten nach
verschiedenen Impfschemata gegere €oronaviruKrankheit2019 englisch Coronavirus Disease

2019,COVIEL9) aufzudecken.

(i) Durch vergleichende massenspektrometrische Immunopeptidomanalysen von primaren
Patientenproben wurden natirlich und haufig vorkommende, auf humane LeukozytenamfigeA)
prasentierte Peptide identifiziert, die fur CLL spezifisch sind. Die darauslti\zenden CLL
spezifischen Antigene wurden sowohl von bereits vorhandenen als auctievanvoinduzierten F

Zellen bei ClLPRatienten bzw. gesunden Freiwilligen erkannt. Dieses Verfahren zur Auswahl von
Tumorantigenen ermdglichte die Erstellung einegyedertigtenWarenhause$iir die Generierung/on
personalisierten HL-Klassd- und HLAKlassdl-restringierten MultiPeptidimpfstoffen, die in einer

ersten klinischen Studie zur Behandlung von CLL untersucht werden (NCT04688385). Der hier
vorgestellte Abeitsablauf kdnnte die Grundlage fiur die Entwicklung einer breit angelegten
personalisierten Zeltbasierten Immuntherapie bilden, da er leicht auf andere Tumorentitaten

Ubertragbar ist.

(i) Zum Nachweis der Immunogenitat von F{lAssdl-restringierten Peptidenlag der Fokusles
zweiten Kapitek dieser Arbeit auf dr Optimierung desde novoPrimings von CD4T-Zellen unter
Verwendung von MoDCs. In unserer Gruppe stand ein vorlaufiges Protokoll zur Verfligung, das jedoch
noch nicht funktionelanwendbamwar. Durchdie Optimierungles MoDEReifungscocktails, d®auer
der Koirkubation von MoDCs mit Peptiden und des Setups fir die Stimulation vohTeZadlen mit
MoDCs konnte fur alle getesteten Peptide und Spender ein erfolgrettshasvoPriming spezificher

CD4 T-Zellen erreicht werden.



(iif) Nach dem Ausbruch der COMI®Pandemie wurden in kurzer Zeit mehrere Impfstoffe entwickelt,

um die Bevolkerung vor schweren Krankheitsfolgen nach einer Infektion mitGARSzu schiitzen.

Das letzte Kapitel dser Arbeit befasste sich mit der Charakterisierung der induziertael
Reaktionen nach der Impfung mit verschiedenen Impfschemata nach 4 Wochen und 6 Monaten sowie
mit der Wirkung einer Auffrischungsimpfstoffdosis im Vergleich zu den-SARET-ZellReaktionen

bei Rekonvaleszenten und préapandemischen Spendern. Bei Spendern aller Impfschemata wurden
haufige, vielfaltige und multifunktionale spispezifische -ZellAntworten nachgewiesen, die mit den

bei rekonvaleszenten Spendern beobachteten Antwowrtergleichbar waren und im Vergleich zu den
kreuzreaktiven ZellAntworten bei prapandemischen Spendern signifikant erhoht waren. ZielfT
Reaktionen blieben im Laufe der Zeit stabil und profitierten nicht signifikant von einer
Auffrischungsimpfung. Nadem die TZellAntworten tber 6 Monate nach der Impfung abgenommen

hatten, stiegen die Aripike-AntikdrperTiter jedoch durch eine Auffrischungsimpfung signifikant an.

Im Rahmen dieser Arbeit wurde eine umfassende Analyse zur Charakterisierung der
antigenspezifischen -ZeltAntworten sowohl im Rahmen einer prophylaktischen als auch einer
therapeutischen Impfung durchgefiihrt. Dies ermdglichte eine umfassende Aufklarung der zellularen
Immunantworten im Zusammenhang mit verschiedenen C&@npfschemata ewie die
Validierung eines Peptid/arenhauses, das dessen prospektive Bewertung in einer therapeutischen

Impfstoffstudie fir CL-Patienten erleichtert.



Introduction

The immune system

The human body is constantly confronted with cellular alterations pathogens able to induce
disease. The immune systemith its many different cell types and molecules, is responsibletfer
protection against malignancieand pathogernducedinfections. To successfully defend the body,
the immune system orchestratedé detection of the pathoges or altered celldollowed by a

protective responsesynergistically mediated e innate and adaptive immunitd, 2).

The innate immunity provides the first line of defense against a variety of pathogens, such as viruses,
bacterig and fungi. It react rapidly within minutesto hours, but therefore has the disadvantagef
beingpathogenunspecific in its response. The innate immune system includes physicatie.skin,
mucosl membranes) and chemical barriers (elgsozyme, defensins in body fluids), the complement
system Jlymphoid cell recruitment to the site of infection through chemokines and cytokarastheir

activation following pathogen detection through conserved pattern recogni@n

The adaptivammune systemis crucialto target arising malignant cells pathogensthat overcame
the innate immune systemhereas,the adaptiveimmune response requires more time, it is very
specific, can recognize a broader spectrum of pathogens and alteratiadsis able to develop an
immunologic memory leading to a faster response in case ofesgosure. Themain acting
components ofhe adaptive immune system are the B anigmphocytes Following maturation in the
bone marrow, B cells express unigue B cell receg®@Rand are actiated once thé specific antigen

is detected Subsequentlyproliferation is induced as well as the differentiation into memory B cells
and antibodyproducing plasma cells. Due to their ability to produce antibodies, Barellsey players

of the humoralimmune response. T cells on the other hand are the important players of the cell
mediated immune responsd@hey originate from the bone marroand mature in the thymus. T cells
are activated and able to rapidly proliferate when a specific antdgnived peptide, presented by an

antigenpresenting cell (APC) or an infected cell, is recognized by the T cell recepto@(TBLR)

For successful antigen presentation to the T cells, a®lisresssurface proteins called major
histocompatibility complex (MHC humansalso known ashuman leukocyte antigen (HLAJLA
molecules can be dividedtm two categoriesdue to their $ructure and functionality HLA class |
(including HLAA, HLAB, and HLAC) present peptides from endogenous protesmsiare expressed by
every nucleated ce(b), while HLA class Il moleculé@acluding HLAP, HLADQ and HLADR)present
peptides originating fronexogenous antigenand are traditionally described to bexpressedon
professional APQJ). Forenhanceddiversty all individuals carry two alliel variants, also known as
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allotypes,for each of the HLA class | and HLA class Il genes. The difiéreratilotypesillow for the

binding of peptides with different sequence motifs defined by specific anchor amino ac&l£5(e.

HLA class | molecules are composed of a tak@®eain heavy chain andi a-microglobulin lighthain.
Themoleculesare loada& with antigenic peptids of 8-12 aas derivedfrom proteasomal degradation
of cytoplasmic proteing the endoplasmatic reticulurand transported tathe cell surfacewhere they
can be recognized kyeptide-specificTCRs of CD8ytotoxicT lymphocytes (CTL&ig.). HLA class |l
moleculeson the other handare heterodimeisformed by theUl y R éhigi&Following exogenous
antigenendocytosis and fusion with a lysosontee antigen is cleaved by proteasekhe resulting
peptide containing vesicldase with vesicles containing HLA class 1l moled¢hlgsare blocked by an
invariant chain. Theeptides (generally 925 aa) then takethe place of the invariant chain and fold
into the HLA binding groov@he now loaded MHC class Il molecules inviicles aretranspoted to
and fus with the cell membrandFig. 1) This HLA classgéptide comples recognized by the TCR of
CD4T helper (#) cells(5, 9, 10.

Presentation
to T helper
Presentation cells

to cytotoxic

o
S E
£
T cells E%
Q=
2 / g3
J U HLA HLA \
class | class Il
HLAclass| )7 S
peptides f;i;‘_’, ~ A géf_",
| /&
5
I AT LA class i
| peptides
‘b I
Proteasome | ‘ ?& —
! Proteases Protein
%
Protein Endosome
APC

Figure1: Protein processing and peptide loading onto HLA class | and HLA classlélcules Endogenous proteins are
degraded intoshort peptides by proteasomes and loaded ortaman leukocyte antigen (HLA)ass | molecules then
transported to the antigen presenting cell (APC) surflaceantigen presentation to cytotoxic T celBxtiacellular proteins

are engulfed and cleaved into peptides by proteases in the endosome. After the fusion with compartments containing HLA
class I, the peptides are loaded onto the molecules and transported to the cell surface for presentation to €dilslpEhis

figure was created with BioRender.
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For successfudctivation T cells requireseveral signalffom APCssuch as dendritic cells (DCshe

first signal is theantigenrecognition of HLAresented peptides by specific TCRRse second signal is
mediated bythe interaction of cestimulatory molecules, such as CD28 present on the T cell surface
with CD80 or CD86 found on the surface of ARL T he final signal essential for T cell activation is
obtained through cytokine secretidie.g, type linterferons(IFNsyand interleukin(IL}12) ofthe APCs
(12). Onceall three signals argresent T cellscan proliferate and differentiate into th different

effector phenotypes, whicimediateimmune regulation and cytotoxicitfig. 2)

APC

T cell

HLA |
TCR class |l i“;;

Il

CD28 CD80

Signal 3

Figure2: Three signals areaquired for T celhctivation. The first signal consists of the interaction of the T cell receptor (TCR)
with the peptideloaded human leukocyte antigen (HLA) molecule and is the main activating signal. Costimulatory molecules,
such as CD28 on T cells and CD80 on antigeemtiag cells (APC) make up the secondary signal required for cell survival.
The third signal necessary for T cell differentiation is mediated by cytokines (€.8),ritleased by the APC and sensed by

the T cell. This figure was created with BioRender.

Immune response to malignant and infectious diseases
Tumor immunology

Cancer is the most frequent cause of human death after cardiovascular diseases, with continuously
increasing numbers of newly diagnosed patients every year due to changing demographics and
environmental factors. Cancer originates from malignant cellulandformation followed by
uncontrollable proliferation ands driven by either endogenous or exogenous factors. Endogenous

causes arise through genome instability at cellular and molecular level, while exogenous mutagens
include environmental factors sucts alcohol, smoking and obesity as well as virus infections (e.g.,

human papilloma virus) and ionizing radiatigt®® ¢ KS aKIFffYFN]J & 2F Ol yOS
Hanahan consist of ten main physiological changes and requirements for tumorigenesis. The latter
comprise sustaining proferative signaling, evading growth suppressodgeregulating cellular
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metabolism, resisting cell death, enabling replicative immortality, inducing or accessing vasculature,
activating invasion and metastasis, avoiding immune destruction, genome instalpititynutation,

and tumor promoting inflammatiofil3).

First observations in the field of tumor immunology were made in 190Pday Ehrlich, postulating

that the body possesses a safety mechanism able to recognize and eliminate pathogens and malignant
cells(13, 14. Almost 50 years later, Burnet and Thomas proposed the concept of immunosurveillance
RSAONAOGAY3A GKIFIG aavYlftt |0Odzydz FdAz2ya 2F (dzy2NJ
immune systen{15, 16. This theory was later confirmed and extended by Dunn et al., who introduced
the concept of immunoeditingl7). The latter comprises three stages: eliminati@quilibrium and
escape. The elimination phase corresponds to the above mentioned immunosurveillance, where the
immune system can efficiently defend against malignancies. However, single mutated cells overcome
that process and evade the asitimor immuneresponse. The equilibrium phase can last for years,
while some tumoicell precursors are eliminated, others more resistant to the immune system can
arise. During the escape phase, the resistant cells that cannot be contained by the immune system

start prdiferating uncontrollably.
Immunotherapyfor malignant disease

hyOS OFYyOSNI Aada RAFIy2aSR aSOSNIt GKSNILASA FNB |
cancer therapy include i) surgery, ii) radiation therapy and iii) chemotherapy. §r@angse after the

invention of anesthesia in 1846 and was the first therapeutic method to remove entire tumors
together with the lymph nodes; its success however was limited by cancer metd$8sig Radiation

GKSNF LR gFa dzaSR T2N) OF yOSNI R 8¢ 2RA &0 2 FRNE NB& G
the late 19" century(19). iii) Chemotherapy is cytotoxic for neoplastic cells, but its success is limited

by drug resistance of the tumor celfg0). Those three treatment methods are often applied in
combination, and chemotherapy as well as radiation approaches have greatly improved since their first
therapeutic application. However, the lack of specificity is a major disadvantage, and the
accompanyig offtarget damage of healthy tissues inevitably causes strong side effects in already

weak patientg21).

Immunotherapy makes the fourth pillar of cancer therapy. Research advances in the field of
immunology have allowed for new ways to direct immune responses against cancer to avaigeff
effects. Several classes of immunotherapies are available that inclogikinesii) monospecific and
bispecific antibodiesiii) immune checkpoint inhibitorgICl) iv) engineered T cells (e.g., chimeric
antigen receptor (CAR) T cells), and v) cancerinex(22). i) The application of the recombinant

cytokine IFN' was the first kind of immunotherapy used in the clinics for the treatrradrtairy cell
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leukemia, followed by recombinant-R_for metastatic renal cancer. Cytokines induce lymphocyte
activation and directly limit tumor growth through their asroliferative or preapoptotic activity

(23). The exclusive application of cytokine has shown limited success and is therefore often combined
with other immunotherapeutic approachesi) Monospecific antibodies, such as the a@b20
antibody Rituximab used for the treatment ofd@ll malignancies, first approved in 1997, can mediate
complementdependent cytotoxicity and antibodgependent cellular cytotoxicity once binding their
target mokcule(24, 25. Bispecific antibodies mainly intend to direct T cells to tumor cells by binding
an extracellular molecule of the T cell as well as an antigen on the tumor cell surface therebyifailitat
tumor recognition and T cell activatigR6). The first approved bispecific antibody was Blinatumomab

for the treatment of acute lymphoblastic leukemia that combines binding of CD3 on T cells with binding
to CD19 expressed on Blis(27). iii) ICI are immunomodulators able to block the immune checkpoints
such as programmed cell death 1 protein {PDand cytotoxic T lymphocy&ssociated proteirt
(CTLA4). The first approved checkpoint inhibitor was Ipilimumab, an-@atLA4 monoclonal
antibody, followed by the monoclonal antibodies Pembrolizumab and Nivolumab targetidd 23D

iv) Engineered T cells are autologous T cells from a patient that are isolated and either genetically
modified for improved tumor recognition, e.g., a@D19 CAR T cells, or simplyamdgedin vitro, e.g.,

TIL (tumor infiltrating lymphocyte) cell therapy for melanoma, before being transferred back to the
patients(23, 29. v) Cancevaccines include several methods to prime the immune system to recognize

tumor antigens and will be addressed in more detail later in this introduction.

Most immunotherapeutic approaches depend on the identification and selection of suitable tumor
antigens, whickcan be either i) HL-\dependent or ii) HLAlependent. i) HLAndependent tumor
antigens are generally molecules that are overexpressed or esgulesxclusively on the surface of
malignant cellse.g. CD19 or CD20 in B cell malignandibese antigens are relevant as targets
therapeutic approaches such amnospecific obispecific antibodksas well as CAR T c€BS). ii) The
HLAdependent tumor antigenare presented as peptides on malignant cellshiad Such antigens
should ideally be tumor specifice., not presented on healthy somatic celairthermore, they must
be recognized by T cells in order to induce a strong T cell response in the phAtiaot. antigens can
be divided into three groups: Tumor-associated antigens (T&Arom nonmutated gene products
that arise in tumor cells thragh altered gene expression or protein procesgBig 39. 2. Neoantigens
derived from tumorspecific mutationg32, 33 and 3.0Oncoviral antigens derived from viral proteins

that exhibitoncogenic propertie§32).

Different strategies are available for the identificati@f tumor antigensWhereas,the socalled
reverse immunology, based on genome and transcriptome anal#Bspredicts algorithrbased

HLApresentedtumor antigens, the isolation of HLA ligands and their negesctrometric analysighe
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so-called immunopeptidome analysis) allofes a direct investigation of tumor antigens on the cell
surface(35). Since numerous studies in recent years have shown that changes at the genome or
transcriptome level are not directly reftted in the immunopeptidomé36), a directidentification of

the HLApresened antigens provides insights otihe natural occurrence of the targetdor

immunotherapeutic approachem the tumorcells.

Neoantigens areelevantsince they are completely tumor exclusiged peripheral tolerance has no
influence on the T cells recognizing these antig@% Peripheral tolerance is the suppression of an
immune response to seldntigens, which serves to prevent autoimmune disedSgbut also hinders
cancer inmunity. However,the disadvantageof neoantigenss, on the one hand, their individual,
patient-specific presentatiorf38), since only a few tumor entities have a universal mutation pattern
On the other hand, only a fraction of tumspecific mutations is presented as neoantigens via HLA
molecules on the cell surface and is therefore visible and targetable by the immune @&ern
contrast to neoantigens and oncoviral antigens that are highly immunogenic as foreign arf@igens
non-mutated TAAs usually require the addition of adjuvants or costimulants to overcome the

peripheral tolerance of T cells to these overexpressed tumor anti@fhs
Immunologyof infectious disease

Pathogens spread through different modes of transmission, such as for exdroplet spread (e.qg.,
common cold),bodily fluids é.g., human immunodeficiency viruHI\)) or spores (e.g., Bacillus
anthracig (41, 42. Mucosal surfaces are theost abundantpoint of entry for those pathogenthat

can either colonize on epithelial surfaces after adhesion or pass thiieghto infect the underlying
tissues. While many microorganisms acéeared by thénnate immune response, the adaptive immune
systemtakes over once the innate defenses are overpowdredduce a strongermore pathogen
specific response to prevent pathogen spreading @maacuteinfection. The innate immune system
keeps supporting the adaptive immune response by presenting pathsgecific antigens and
generating an inflammatory milieu through the production @ftokines.To resolve an infectign
phagocytes and opsonizing antibodies clear extracellular infectious particles, while effector T cells

remove intracellular infectious residués, 5).

After an effective adaptive immune response, most pathegeluced infectionsresolve without
enduring pathology. Nevertheless, some infectious ageatspersistand establish latency, giving
them the ability toresurface one the immune system is weakenedin response to different stimuli
(5, 43. This is observed for the Herpes simplex virus tyyger example, that replicates in mucosal
epithelial cells following first infection, thenfiltrates sensory neuronsandultimately persistsdtently

in neuronal cell bodiemvisible to the patrolling immune syste@4).
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To clear the body from a pathoggtie interplay ofboth effector mechanismghe cellular and the
humoral responsef the adaptive immune systerig required The induction of antibody secretids
important in removingrvirusesand preventinghem from entering host cell§s). In case oEbola virus
infected patients for example, an early and strong antiviral antibody resporgedalfor surviva)
irrespectiveof T cell responsg@b). In other casessuch as foMycobactenimtuberculosighat resides
insideinfectedmacrophage, T cells are essential for pathogen cleara(@®). Determining which of

the effector mechanisms plays a greater role in host protection against different pathogens is

paramount for protective measures, such as immunization to prevent infection.
Vaccination in malignant and infectious diseases

For centuries, vaccinations have played an essential role in the prevention of infectious diseases by
training theadaptiveimmune systemgenerally Bellsthat produce antibodiego recognize andlear

certain pathogeng5). Nowadays, this principle is also usedsfzecifically induc& cellsthat target

tumor cells(47). An important role isattributed to the HLAmoleculespresening peptides from
intracellular and extracellular foreign or altered proteins, drgthe case of an infection or in a tumor

cell. In generaltumor vaccines aretherapeutic whereas vaccines for infectious diseasese

prophylactic(48).

Historically,to developvaccines for the prevention dffectious diseasg researcherscreered for
organisms with attenuated pathogenicity (e.cabies vaccine)pr usedneutralizedorganisms (e.g.

polio vaccing trying to induce a protective immune resportbeis avoiding disease contraction. Later

on, vaccines were applied using more processes including inactivated toxinsbéeigrial), viral
vectors, subunit and conjugate vaccines (containing a part of the target pathogen). Nowadays, many
different vaccinatiom concepts are available to administer the seleciatectious and malignant

diseaseantigens for specific stimulatioof the immune systents, 49.
Riborucleic acid vaccines

One mwssible delivery vehicle faumor andinfectious diseasantigensis through messengeRNA
(mRNAYaccination.The mRNAencodngthe correponding antiges, can be injected using carriers,
such as lipid nanoparticles, to improve stabil{0). Thesecan betaken up byAPCs through
endocytosisin the successfully transfected cetlse RNAis translated and transcribed to the encoded
target antigensThe antigens ar¢hen further processed into peptiddsy the celsand presented to T
cells via HLAs, resulting in an antiggrecific immune respong®1). RNA does not migrate into the
nucleus but remains in theytoplasm of the cells, thuscannot be integrated into the genome, which
minimizes the risk of vacciAaduced cell degenetmn. RNAvaccinesare easy and relatively

inexpensive to produce and therefoodfer the possibility of personalized vaccine product{h, 59.
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Oneexamplefor targetingmalignant disease, & personalized neoantigdmased RNA vaccirbat is
being tested in patients witHocally advanced ometastatic tumorsin combination withthe ICI
Atezolizumabin a phase | trial (NCT03289962jter the start of the COVHD9 pandemiat the end of
2019, the first mMRNA vaccine was availalsideremergency use authorization in December 2(23),

encoding for the priusion-stabilized spike protein of S&Ro\2 (54, 55.
Vectorbasedvaccines

To make use of the natural immunogenicity of viruses, replicaticampetent virus vectors cape
engineered tanfect APC$ make themexpress either tumor antigesor infectious diseasproteins.
Through thesubsequenpresentation of tumor or infectious disease antigen the immune system
antigenspecific B and T cells can be induced to cartiraor cellsor prevent infection Several viruses
have beenengineered for use agectors over the past years, including adenoviruses, poxviruses,
cytomegaloviruses, herpesvirusesdretroviruses(56-58). A current example for the application of a
vector-based vaccine approach in cancer is a clinical trial evaluating a chimpanzee adenovirus vector
encoding 20 patienspecific tumor neoantigensfor patients with advanced solid tumors
(NCT03639714Vectorbased vaccines were also broadly applieccombatCOVIBELY9, with the use

of the AZD1222 chimpanzee adenoviwector vaccine that expresses the spike protein gene of SARS
CoV2 (59).

Peptidebasedvaccine

Peptide vaccinationi,e., the direct application of HL-presenedtumor- or pathogenspecificantigens,
offers several advantages. Firstly, the peptides, which are o2y 8mino acids long, are easy and
inexpensive to produce, and secondly, no additional processing of the peptides needs to take place in
the patient. Multiple peptides can be apptl simultaneously to cover multipkeimor or pathogenic
antigens and prevent a stalled "immune escape" due to loss of individual antig@®. Since each
person expresses individual HLA molecules, it should be noted that the peptitdion must be
adapted to the patierindividual HLAallotypes In addition to the production of vaccines restricted to
certain HLA allotypes, there is the possibility of a completely personalized vaceineach patient
receives a personalized pegdi mixture.Pre-produced peptide warehouses according to a modular
system allow for a costffective and less timeonsuming assembly of completely individualized
vaccine (61, 62. Both HLAclass 4 and class dtestricted peptides can bécluded in the vaccine
formulation, and a combination of both is possible arehsonable toactivae both cytotoxic and
helper T cells equally and proeichn efficient immune responsé0). Multivalent long peptide
sequences can also be vaccinated whiah befurther processedn vivoby APC$o both HLA class |

and class Il epitopes.
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The effi@acy of a peptide vaccine depends strongly on the adjuvant administergether with the
seleced antigens, since peptides alonshow poor immunogeniity (63). The role of an adjuvant
includes protection of the peptide and prevention of immediate degradation, efficipteke by APCs,

and activation of APCfor optimalsubsequent antigeispecific T célactivation and expansio(60).

The pevention of early degradation of the peptide can be achieved by application in oil solutions,
liposomes, or nanoparticles. Commonly used adjuvants that optimize peptide uptake and activation of
APCsare granulocytanacrophage colongtimulating factor (GMCSF) s well asTolkike receptor
agonistg60).

Peptidebased vaccination concepts have been evaluated in recent years for numerous tumor entities
and viral disease1, 64, 6%. A wide variety of peptide antigens and adjuvants have been used. For
example, studies in melanoma and glioblastomeestigating the use of personalized peptide vaccines
based on neoepitopes demonstrated the induction of strormzell responses and first indications of
clinical efficacy61, 62. In addition, a phase | peptide vaccination studygsin HLAA*02-restricted
peptide derived from IDO5 demonstrated lotagting disease stabilization in patients with metastatic
non-small cell lung cancg€66). For viral diseases, such as Influenza and C@%/IEtrong induction of

T cell responses that are essential for disease control were observed in several @dad&s
Specific considerations ondrapeuticcancervaccires

Vaccines for the prevention of infectious diseases are generally highly inganivoandare usually
administeredto healthy people. For tumor vaccines howewtie immunogenicity is reduced and the
immune system of the patients receiving the vaccinefien weakened. Thereforeniaddition to the
selection of optimal tumor antigensdjuvantsand application strategies, the timing of application in

the context of tumor treatment is crucial for the success of tumor vaccines.

An optimal effectorto-target cell ratio iscentral for vaccineefficacy in malignant diseaseMeaning

that sufficient functional T cells must be available to eliminate the tumor cells pre@&t In
particular, the adjuvant situatioim which a large proportion of tumor cells have been eliminated after
previoussurgery, chemotherapyr radiation, is a promising settir{§8, 69. Activation of the patient's
immune system after vaccination can combat residual tumor cells and thus prevent recurrence.
Regardinghe required functionality of the immune system, the geal immunosuppression caused

by the tumor, but also the immunosuppressive effaat many tumor therapies should be considered.
Radiation and chemotherapy, for example, have been described to redeei fopulations by up to

80% (70, 7). In this case, a sufficiertime interval between initial neoadjuvant treatment and

immunotherapy an assessmentfahe immune statugrior to vaccinatiorare necessaryOver the past

17



years, combinatorial approaches have been gainiegearch interest using immunostimulatory

agents or ICI together with cancer vacci(é, 73.

Tumor vaccination offers the potential of tated immunotherapyallowing for personalizatiowith

few side effectsEspecially in the adjuvant setting aftanitial reduction of tumor burden, tumor
vaccines can make a decisive contributioncemcertherapy and prevention of recurrences in the
future. Furthermore, an optimized selection of suitable tumor antigens, adjuyant$ application
strategies will improve the clinical efficacy of tumor vaccines in the future and enable their

introduction into clinical routine.
Malignant and infectious diseass addressed in this thesis
Chronic lymphocytic leukem(@LL)

CLL is a hematological malignancy that affects the lymphoid lineage and is one of the most common
types of leukemia. CLL commonly affects elderly patients with a median age of onset of 7@gpdars
males are more susceptible than females. The disease is characterized by the accumulation and clonal
proliferation of mature CD5B cells in the blood, lymph nodes, and bone mari@4). The 5year

survival rate has improved to 86.1 % due to novel treatment methods and is higher than for most other

cancer typeg75).

Chromosomal alterations are often observed in CLL patients, wittndr80% of patients carrying a
trisomy 12 or deletions in chromosome 13 (del(13g14), approx. 55% of patients), 11 (del(11q)) or 17
(del(17p)). Highrisk patients include patients with TP53 mutation and del(17p) mutations. Another
mutation that is relevanin CLL patients affects timmunoglobulin heawhain variable region gene
(IGHV). Patients with leukemic clones that have a mutated IGHIL{M, have an improved prognosis
compared to patients with unmutated IGHV-QLL) clone§6).

Two clinical staging models aaeailable for CLL called Rai and Binet classification. Both describe three
prognostic groups with low intermediate and highrisk disease. However, nowadays, the CLL
International Prognostic Index (CGIRI), integrating genetic alterations, has become thmost
important prognostic score, using four categories with differestear overall survival (OS). For the
low-risk group treatmentfree monitoring is indicated (watch and wait strategy) with-gear OS of
93.2%. The intermediatask group has a-gea OS of 79.3% and is not recommended to receive
treatment except for highly symptomatic cases. For the Higk groupwith a 5year OS of 63.3%,
therapeutic intervention is recommended with the exception for asymptomatic cases. And finally, the
very highrisk group with a low fear OS of 23.3% is advised to be treated using novel antibody or

small molecule approaches instead of chemotheréfgly, 77.
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Standard therapy changed from conventional chemoimmunotherapy regimens to inhibitors that
RANBOGt& AYyKAOAG /[[ OStft aradylrftiay3dar a@OR). I a (KS
This change led to increased OS, however many patients still experience relapse originating from few
persisting CLL cells, also known as minimal residual disease (MRD). Many trials are ongoing to find a
curative treatment by Bminating MRD to further increase lHexpectancy while maintaining life

quality.
Severe acute respiratory syndrome coronavirus 2 (SAR3)

SARE0V2 emerged in December 2019 causing a global pandemic with unprecedented transmission.

The positivesen® singlestranded ribonucleic acid (RNA)irus belonging to the family of
coronaviruses, expresses spike proteins on its surface that are essential for host cell penetration by
binding to the angiotenshaonverting enzyme 2 (ACE2) receptor expressed inamueells in various

tissues(79). Followid NBOSLIi2NJ 6 AYRAY3d | yR OStfdzA I NJ AYFAL OGN

cellular machinery to further replicate and spread to surrounding cells (H@0)3)

The associated coronavirus disease 2019 (CQ¥)rads to symptoms that resemble common cold
symptoms, such as fever, sore throat, shortness of Wreabugh, and fatigue, but also unique
symptoms including loss of taste or smell. Increased neutrophil counts and reactive oxygen species
release, cytokine release syndrome, as well as higher antibody titers targeting different components
of SARE 02 hawe been shown to be associated with severe CaMbase$81). Severe disease can

lead to pneumonia and acute respiratory distress syndrome (ARDS) that are potentially followed by
organ failure and deat(82). Highrisk individuals include the elderly, as well as people with underlying

medical conditions including diabetes, immunosuppression and heart cond{88hs

Many public health measures were taken to reduce the spread of -8EAR3 such as the mandatory
wearing of a medical face maé#d), and social distancin®5). In order to treat patients with severe
COVIEL9 or avoid severe disease in high risk groupsFibed & Drug Administratiod-DA approved
drugs such as Remdesivir, targeting the RNA polymerase and therebyimghvirial RNA transcription,

or Paxlovid, inhibiting the SAR®V2 main protease and subsequently viral replicat{86). Great
progress wamade in vaccine development, leading to the approval of first vaccines targeting the spike
protein of SARE0V2 with new technologies one year after the outbreak. These vaccines were
broadly applied and approved to reduce CO¥®severity, transmissiomnd infection(87). Despite

the great achievements through vaccination and treatment options, it is still crucial to understand the

nature of the immune responses against SARS?2 after vacination and infection.
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Figure 3: Infection and replication mechanism of SAR®/2. After the spike protein binds the host receptor angiotensin
converting enzyme 2 (ACE2) and host factor TMPRSS2, viral uptake is promoted and viral genomic RNAdsandcoat
released. This results in the immediate translation of viral proteins. The viral polymerase protein replicase replicatak the
RNA, while the structural proteins are translocated into the endoplasmatic reticulum (ER) following translatiaplithéed

positive sense RNA that binds nucleocapsid proteins found in the cytoplasm can then bud inteGaégERtermediate
compartment (ERGIC) that already carries the structural proteins. The infected cell secretes assembled mature virions
through exocytosi$80, 89. This figure was created with BioRender
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Aim of the thesis

The immune system is essential to prevent malignant and infectious dseag&rent vaccine
approaches allow tprimethe immune system to recognize and remove either tumor cells or infected
cells. For Cl. therapeutic success has greatly improved over the past years swthll molecules like
NHzi 2y Qa Ge@NBAAYS (AYylFaS AYyKAOGA (lZehd toddnydisedsd y 3
relapse. Ths, the development of nevilow side effecimmunotherapeutic approaches targeting MRD
are indispensableOne aim of this thesis was to design a peptide warehouse, composed of CLL
associated T cell epitopes, for peptidased immunotherapy in CLTherefore, novel Ckissociated
HLA class-land HLA class-iéstricted peptides were identified by mass spectrometrgised
immunopeptidome analysis of CLL cells amsted forimmunogenidy. Since HLA class Il:peptide
complexes cannot beeasilyrefoldedin vitro to functional monomerdor de novoCDA4T cellpriming
experimentsto prove immunogenicity of potential peptide warehouse candidates, the second aim of

this thesis was to establishmonocytederived DC primingrotocol.

During the COVIEL9 pandemic, several different vaccimeoducts were developedresulting in
different vaccination regimenfor the population These vaccines, aiming for reduced transmission
and infection rates, relied on known (e.g., vector vacciagssyell as new (MRNA vaccine) vaccination
concepts, most of them targeting the spike protein of S@RS2. Thethird aim of this thesis was to
analyze the differences BARSC0V2-specificT cell responses depending thre vaccinatiorregimen

and number ofeceivedvaccinedosesin healthy volunteers.

In this thesisthe main focusvaslaid on the characterization of T cell responses induced by peptide

candidatedor peptide-based vaccination in CLL or by vaccination with different GO¥iccines
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Abstract

Antigenspecific immunotherapiesin particular peptide vaccines, depend on the recognition of
naturally presented antigens derived from mutated and unmutated gene products on human
leukocyte antigens, and represent a promising Jide-effect concept for cancer treatment. So far,
the broad application of peptide vaccines in cancer patients is hampered by challenges o&tithe
costintensive personalized vaccine design, and the lack of neoepitopes from -specific
mutations, especially in lonmnutational burden malignancies. In this diy we developed an
immunopeptidomeguided workflow for the degn of tumorassociated ofthe-shelf peptide
warehouses for broadly applicable personalized therapeutics. Comparative mass spectrbasetdy
immunopeptidome analyses of primary chronic lympitic leukemia (CLL) samples, as representative
example of lowmutational burden tumor entities, and a dataset of benign tissue samples enabled the
identification of highfrequent nornmutated CLL associated antigens. These antigens were further
shown to berecognized by prexisting andde novoinduced T cells in CLL patients and healthy
volunteers, and were evaluated as pm@anufactured warehouse for the construction of personalized
multi-peptide vaccines in a first clinical trial for CLL (NCT04688385)wdtkflow for the design of
peptide warehouses is easily transferable to other tumor entities and can provide the foundation for

the development of broad personalized T dedlsed immunotherapy approaches.

Introduction
The breakthrough clinical succest T cellbased immunotherapy approaches, including immune
checkpoint inhibitors, CAR T cells, bispecific antibodies, and adoptive T cell transfer, has recently
revolutionized the treatment of solid tumors and hematological malignancies. However, soraptpati
do not respond to available therapies at all, others only temporarily calling for further efficacy
improvement of T celtentered immunotherapies. Peptideased approaches, which rely on the
specific immune recognition of tumassociated human leukgte antigen (HLApresented peptides,
represent promising alternatives with low side effects. Targeting mutadienived neoepitopes by
vaccination in melanomag a highmutational burden tumor entity ¢ has demonstrated
immunogenicityand first clinical efficacfl). However, only a minority of mutations at the DNA level
is translatedand naturally processed to Hipkesented neopitopes targetable for T cel(, 3. Non
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mutated tumorassociated antigens, arising through differential gene expression or protein processing
in tumor cells, might supplement or even substitute neoepitope targeting innawational burden
malignancies. Whereas a hugamber of clinical studies have shown immune responses, including
strong CD8T cellresponses, to vaccines targeting nomutated tumor antigensso far, all performed

trials failed to show maningful clinical result44-10). Nonetheless, severatudies showed a
pathophysiological relevance of these tumor antigens, correlating spontaneousxjating as well as
immune checkpoint inhibitemduced T cell response&rgeting normmutated tumor antigens with
improved clinical outcome of malignansi€l1-14). Therefore, the usage of novel technologies and
methods, to unravel and resolve the underlying issaled limitations of normutated antigenbased
vaccines might enable that T cell responseaduced or boosted by these vaccinesay result in
clinical effectiveness in the futuf@b).

One issue of former peptideaccine trials was theelection of normutated tumor antigens that were

not proven to be naturally presented on the tumor cell surface of the individual patients. For multiple
2F (GKS FLILX ASR GOflFaaAirolféd Gdzy2N) ydiAa3aSya yz20S¢
assaiated presentation on mRNA level, and limited or even lacking presentation on cell surface HLA
(16-22).

In recent years, characterization of naturally presented mutated andmotated tumor antigens was
refined using direct, mass spectrometrgsed analyses of the entiref HLA ligands termed the
immunopeptidome(13, 2025). While mass spectrometric identification of neoepitopes remains rare
with inter-individual heterogeneity and requirestime- and costintensive fully personalized vaccine
design (1), distinct panels of higfrequent nonmutated tumorassociated antigens have been
previously identified(13, 2G24). Such panels could enable the construction oftbé-shelf pre
manufactured peptide warehouses for the designbobadly applicable personalized therapeutics,
such as multpeptide vaccines or products for adoptive T cell transfer, that could be assembled based
on patientindividual characteristics. To evaluate this concept in chronic lymphocytic leukemia (CLL) as
representative example of an immunogenic, lowtational burden malignancy{26, 27, we here
developed a widely applicable workflow for the immunopeptidosguided design of such a
warehouse, that provides the basis for the selection of personalized-pejitide vaccine cocktailfor

a firstin-man clinical trial (NCT04688385).

Materials and Methods

Patients and Bod Samples

Peripheral blood mononuclear cells (PBMCs) from CLL patients as well as PBMCs from healthy
volunteers (HVs) were isolated by density gratigentrifugationand stored at80°C until further use

for subsequent HLA immunoprecipitation or T 4®lked assays. For immunopeptidome analysis,
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PBMCs from CLL patientswk ¢ KA GS 0 f 2 2 600 26l Were Qsediziifdorened gonsent X
was obtained in accordanceith the Declaration of Helsinki protocol. The study was performed
according to the guidelines of the local ethics committees (373/2011B02, 454/2016B02,
406/2019B02). HLA typing of CLL patient samples was carried out by the Department of Hematology
and Onology, Tubingen, Germany. Patient characteristics of the immunopeptidome cohort (n = 61)
are provided in Tabl&Ll. Sample characteristics of the immunogenicity cohort (n = 51) are provided in

Table22.

Isolation of HLALigands

HLA class | and HLA classdlecules were isolated by standardmunoaffinity purification(28) using

the panHLA class-dpecific monalonal antibody W6/32, the pahILA class-Hpecific monoclonal
antibody Ti39, and the HLARspecific monoclonal antibody L243 (all produceti@use) to extract
HLA ligands.

Analysis of HLA Ligands by Liquid Chromatogra@oupled Tandem Masg8ctrometry (LEMS/MS)
Isolated peptide samples were analyzed as described previfig29. Peptides were separated by
nanoflow highperformance liquid chromatography. Eluted peptides were analyzed in an enline
coupled LT@rbitrap XL or Orbitrap Fusion Lumos mass spectrometer (both Thermo Fisher, Waltham,

Massachusetts, USA).

Data Rocessing

Data processing was performed as described previo{isy 29. The Proteome Discoverer (v1.3,

Thermo Fisher) was used to integrate the search results of the SequestHT search enigisifl) of
Washington)(30) against the human pteome (Swis$’rot database, 20 279 reviewed protein
sequences, September 27th 2013) accompanied with recurrent somatiasSatiated mutations in

61 different proteins (Tabl&3) as described in the literatur@®l, 32 and assigned in the COSMIC
database (http://cancer.sanger.ac.u33) without enzymatic restriction. Precursor mass talece

glra asSid (2 p LIV CNIX3IYSYd YlLaa (G2t SNIyOS 461 a a
FYR nodnu 51 F2NJ2NDBAGNI LI ALISOGNF OhNDBAUGNI L) Cdza A 2
modification. The false discovery rate (FD&stmated by thePercolator algorithm 2.0434) was

limited to 5% for HLA classand 1% for HLA classphesented peptides. HLA class | atatimn was

performed using SYFPEITHI(B%) and NetMHCpan 4.(36, 37.

Peptide §nthesis
Peptides were produced by the peptidgnthesizer Liberty Blue (CEM, Kabptfort, Germany) using
the 9fluorenylmethyltoxycarbonyl/tertbutyl strategy(38). Peptides for the peptide warehouse were

selected with regard to a subsequent good manufacturing practice (GMP) and manufacturing license
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conform production process, including peptide length restriction of 20 amino acids, avoiditejne

containing peptides as well as peptides with histidine or proline at tteri@inus.

SpectrumValidation
Spectrum validation of the experimentally eluted peptides was performed by computing the similarity
of the spectra with corresponding synthetpeptides measured in a complex matrix. The spectral

correlation was calculated between the MS/MS spectra of the eluted and the synthetic p&p@ide

Amplification of Peptide-Specific T Cells and Interfereg (IFNg Enzymelinked mmunospd

(ELISpot) ssay

PBMCs from CLL patients were treated withglml antthuman PBL monoclonal antibody (CD279,

catalog nol4-279980, Invitrogen, Carlsbad, CA, USA) and 1 pg/mitamtian CTLA monoclonal

antibody (CD152¢atalog nol6-1529-82, Invitrogen) for one hour before pulsing with 1 pg/ml or 5

pg/ml per HIA class | or HLA class Il peptide, respectively. Negative control peptides with the respective
HLA restrictions were also used for stimulation: YLLPAIVHI forAHRA (source protein:
DDX5_HUMAN), KYPENFFLL forA1RA (source protein: PP1G_HUMAN), TPGPGAL for HEB*07

(source protein: NEF_HV1BR) and ETVITVDTKAAGKGK for HLA class Il (source protein: FLNA_HUMAN).
Cells were cultured for 12 days adding 20 U/r2 [Novartis, Basel, Switzerland) on days 2, 5, and 7

(13, 22. Peptidestimulaed PBMCs were analyzed by {§HELISpot assay on day 3, 40Q. Spots

were counted using an ImmunoSpot S6 analyzer (CTL, Cleveland, OH, USA) and T cell responses were
considered positive when $0 spots/500000 cells were counted, and the mean spot count was at

least threefold higher than the mean spot counf the negative control.

Refolding
Biotinylated HLA:peptide complexes were manufactured as described previdlisiynd tetramerized

using PEEonjugated streptavidin (Invitrogen) at a 4:1 molar ratio.

Induction of Peptide-Specific CD8T Cellswvith Artificial AntigenPresenting €lls (aAPCs)

Priming of peptidespecific cytotoxic T lymphocytes was conducted using aAPCs as described
previously (42). In detail, 80000 streptavidircoated microspheres (Bangs Laboratories, Fishers,
Indiana, USA) were loaded with 200 ng biotinylated HLA:peptide monomer and 600 ng biotinylated
anti-human CD28 monoclonal antibody (clone 9.3hamse production). CDg cells were culted

with 4.8 U/pl IL 2 (R&D Systems, Minneapolis, MN, USA) and 1.25 ng/ml IL 7 (PromoKine, Heidelberg,
Germany). Weekly stimulation with aAPCs (2D aAPCs per 1 x410D8 T cells) and 5 ng/ml{12

(PromoKine) was performed four times.
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Cytokine andTetramer Saining

The functionality of peptidespecific CD8T cells was analyzed by intracellular cytokine staining (ICS)

as described previous0,43® / St fa 6SNB LlzZ aSR gAGK mn >3IkYf 2
with FITC anthuman CD107a (BioLegend, San Diego, CA, USA) for one hour before incubating with 10
>AKYE . NBFIIIRRANA QK Z6 {({AFRWIG [ 2dzA &% ah I rklinLakes YR wmn
NJ, USA) for 126 h. Staining was performed using aqua fluorescent reactive dye (Invitrogen),
Cytofix/Cytoperm (BD), REy7 anthuman CD8 (Beckman Coulter, Brea, CA, USA), Pacific Blue anti
human tumor necrosis factdTNF), and PE a#tuman IFNg(Biolegend) monoclonal antibodies. PMA

and ionomycin (SigmaAldrich) served as positive control. Negative control peptides were used as
described for the ELISpot assays. The frequency of pegtideific CD8T cells after aARRased

priming was deermined by PECy7 anthuman CD8 monoclonal antibody and HLA:peptide tetramer

PE staining. Cells of the same donor primed with an irrelevant control peptide and stained with the
tetramer containing the test peptide were used as negative control. The mpgimias considered

successful if the frequency of peptidgpecific CD8¢ OSf f & & | AT calls witthivthe viale / 5y
single cell population and at least thréald higher than the frequency of peptidgpecific CD8T cells

in the negative control. ie same evaluation criteria were applied for ICS results. Samples were

analyzed on a FACS Canto Il cytometer (BD).

Software and Statistical Aalysis

An inhouse Python script was used for the calculation of FDRs ed<Shtiated peptides at different
presentation frequencieg13). Overlap analysis was performed wgiBioVenn44). The population
coverage of HLA allotypes was calculated by the IEDB population coverage tool (www.igdb.org)

46). Flow cytometric data was analyzed using FlowJo 10.0.8 (Treestar, Adblagdn, USA). All

figures and statistical analyses were generated using GraphPad Prism 9.0.2 (GraphPad Software, San

Diego, CA, USA).

Results
Mass SpectrometrBased ldentification of Naturally Presented GRAksociated Atigens
In the first step of our wikflow for the definition of an ofthe-shelf peptide warehouse (FijA), we
comprehensively mapped the immunopeptidome of 61 primary CLL samples (n = 52 for HLA class I, n
= 49 for HLA class TlableSl). We identified a total of 5854 unique HLAlassl ligands representing
10854 source proteins, obtaining 96% of the estimated maximum attainable source protein coverage
(Fig 1B). The number of identified unique peptides per patiemtged from 527 to $30 (mean )35,
Table4). For HLA class I, vadentified 70525 different peptiles (range 574.0,392, mean 342 per
sample Table4) derived from &)74 source proteins, achieving 85% of maximum attainable coverage
(Fig SLA).
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Figure 1: Comparative immunopeptidome profiling identifies Classociaeéd antigens.(A) Mass spectrometnbased
workflow for the design of a Cldssociated immunopeptidomederived peptide warehousé€B)Saturation analysis of source
proteins of HLA clasgplesented peptides. Number of unique source protein identificatiorms\shas a function of cumulative
immunopeptidome analysis of CLL samples (n = 52). Exponential regression allowed for the robust calculation of the
maximum attainable number of different source protein identifications (dotted line). The dashed red liresddyai source
proteome coverage achieved in the CLL con@JHLAA*02,-A*24, and-B*07 allotype coverage within the CLL cohort (n =

61). The frequencies of individuals within the CLL cohort carrying up to three HLA allotggesy ére indicated agay bars

on the left yaxis. The cumulative percentage of population coverage is depicted as black dots on theax@h(D, E)

Overlap analysis dD) HLAA*02- and (E)HLA class-testricted peptide identifications of primary CLL samples (D, n £30

n = 49) and benign tissue samples (D, n = 351 including 1621RA E, n = 312)F, G)Comparative immunopeptidome
profiling of (F)HLAA*02- and (G)HLA class-firesented peptides based on the frequency of Hégtricted presentation in
immunopeptidomes of CLL and benign tissue samples. Frequencies of positive immunopeptidomes for the respective HLA
presented peptides (axis) are indicated on thegxis. To allow for better readability, Hipfesented peptides identified in

< 5% of the samples within the respective cohort were not depicted. The box on the left highlights the subset of CLédassociat
antigens that show Cldxclusive higHrequent presatation. 1Ds, identifications.

For the identification of broadly applicable nomutated CLiassociated antigens, we focused on
antigens presented by the common allotypes HA*Q2, -A*24, and-B*07. In total, 87% (53/61, 61%
A*02", 28% A*24, 28% B*07) of CLL patients in our cohort carry at least one of the selected HLA class
| allotypes (F.1C). In comparison, 76% of patients included in a previous CLL peptide vaccination trial
(NCT02802943), 68% of the European population, and 61% of the world popwatiy one or more

of these HLA allotypes (Fi§LB-D). Allotypespecific immumopeptidome analysis revealed 535
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unique HLAA*O2- (range 823,723, mean 1,21 persample), 5,280 unique His24- (range 134
1,926, mean D42 per sample), and, B30 unique HAB*07-restricted (range 222,933, mean 1,40

per sample) petides derived from 5,020, 3,813, and86 source proteins achieving 89%, 85%, and
86% of the estimated maximum attainable protein coverage, respectivelySHgs and TableS4).

For comparate immunopeptidome profiling we utilized a dataset of benign hematological and non
hematological (www.hldigandatlas.org) tissue samples (n = 351 for HLA class I, n = 312 for HLA class
I) including 162 HL-A*02*, 39 HLAA*24", and 63 HLB*07" samplescomprising 97738 unique HLA
class 4 and 168060 HLA class-presented peptides. Overlap analysis of the total HLA class |
immunopeptidome of the CLL cohort with thertign tissue cohort revealed &3,6 peptides to be
exclusively presented on CLL samsp@d never on benign tissue samples.(&i#l). Allotypespecific
overlap analysis with the entirety of benign tissterived immunopeptidomes revealed 2,774 HLA
A*02-, 1,440 HLAA*24-, and 1450 HLAB*07-presented peptides detected exclusively on CLLpbasn
(Fig 1DandFig Sl1,J). For HLA classoerlap analysis identified 4214 peptides to be Cldxclusive

(Fig 1E). At a targetlefinition FDR of < 1%, a total of 393 HLA A*Q@B8 HLAA*24-, and 127 HLA
B*07-restricted ligands with allotypspecfic representation frequencies up to 73%,%,Land 60%,
respectively, and 870 HLA classtéstricted peptides with frequencies up to 59% were identified (Fig.
1F,G, FigSlK,LandFig ).

The Role of Neoantigens in thenmunopeptidome of CLL

In addition to the identification of higfrequent nonmutated tumorassociated peptides, we
screened our CLL cohort for naturally presented neoepitopes derived from commeas$tidiated
point and frameshift mutations (95 point and 3 frameshift mutationghin 61 different genes
representing 85 different mutation sites, Tal$8). Even though these mutations potentially provide
HLA binding motifs for several HLA allotypes, no naturallypgtégented neoepitopes were identified

in our immunopeptidome anages. Of note, we were able to identify wilghbe peptides derived from
57161 (93%) mutatiofbearing proteins in benign and/or CLL immunopeptidomes with an average of
15 and 11 HLA classand HLA class-presented peptides per protein, respectively. Howwe only
17/85 (20%) mutation sites are covered directly by wylde peptides as most of the recurrent €LL

laa20AFGSR Ydzil GA2ya INB £20FGSR Ay 4GRIN] aLRidaé

without any detectable HL-Aresented peptidesKig 2A,B).
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Figure2: Immunopeptidome coverage of common CLL mutation sites and spectral validation ch&idciated peptides.

(A, B)Hotspot and dark spot analysis by HLA class | (ab@awésk and HLA class Il (belowaxis) peptide clustering. All
identified HLA class &nd HLA classpresented peptides of the CLL and benign tissue immunopeptidomes were mapped to
their amino acid positions within the respective source protein. Representative examples are shdApX&01 andB)

DNS2A. Represertan frequencies of amino acid counts for the respective amino acid positiarigx were calculated and

are indicated on theJaxis. The red lines highlight the analyzed mutation sites of recurrera€3dciated mutationgC, D)
Representative exampleasf the validation of the experimentally elutd€)HLA classtestricted peptide Pdoyand (D) the

HLA class-testricted peptide PRusing synthetic isotopéabeled peptides. Comparison of fragment spectra (m/z on the x
axis) of peptides eluted from primary CLL patient samples (identification) to their corresponding synthetic peptides
(validation). The spectra of the synthetic peptidee mirrored on the saxis. Identified band yions are marked in red and

blue, respectively. The calculated spectral correlation coefficients are depicted on the right graph, respectively. aa, amino
acid; npep, NUMber of peptides.

Definition of PeptideWarehouse

For the setup of a broadly applicable peptide warehouse, we focused on the 532utated peptides

LINS &4 Sy SR 0 ématghed) GBIt sathfles Gomprising 82-At@-, 105 HLAA*24-, 127 HLA
B*07-, and 218 HLA clasgdistricted peptides (@blesh-8). For HLA class Il, 184/218 (84%) peptides
showed length variants (> 50% overlap) that were presented on benign samples and were therefore

omitted.

To enable the peptide warehouse production for clinical application, further selection steps]ing
approval of producibility, solubility, and stability of target antigens under GMP conditions, delineated
a 1l4peptide panel (Table 1) comprising 9 HLA clg&sfor each allotype) and 5 HLA claggskricted
CLLEexclusive highrequent target aatigens. Experimentally acquired spectra of the selected peptide
identifications were validated by comparison of mass spectrometric fragment spectra using isotope
labeled synthetic peptides (FigC,DandFig S3).
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Table 1: Immunogenicity of Cldssociatel warehouse peptides

In vitro

Peptide Source  HLA Peptide AIIotyp_e— T cell . CD8Tecell F_unct|ona1_ll_ty of
Sequence . L specific responsein ~~ . """ peptide-specific Tcells
ID protein restriction length priming in S .
frequency CLL HVs after in vitro priming
Plao2 VIAELPPKV IGHM  A*02 9 47% 0/19 (0%) 3/3 TNE
P 202 ALHRPDVYL IGHM  A*02 9 40% 0/19 (0%) 3/3 TNE
P3a02 TLDTSKLYV RGRF1 A*02 9 37% 0/19 (0%) 3/3 IFNg" TNE
Plazs GYMPYLNRF SWP70 A*24 9 56% 0/14 (0%) 3/3 IFNg' TNE
P2n24 KYSKALIDYF AFF3  A*24 10 50% 0/14 (0%) 2/3 IFNg" TNE
P3u24 RHTGALPLF SIIL3  A*24 9 50% 0/14 (0%) 3/3 IFNg" TNE CD107a
Plgo7 SPRVYWLGL CL17A B*07 9 53%  4/14 (29%) 3/3 IFNg' TNE CD1074&
P 2307 RPSNKAPLL EHMT1 B*07 9 47% 0/14 (0%) 3/3 IFNg' TNE CD1074
P3s07 LPRLEALDL TLR9  B*07 9 40%  4/14 (29%) 3/3 IFNg' TNE CD1074&
Pl GSSFFGELFNQNPE CHST2 class I 14 59%  4/10 (40%) - -

P2 QPPDWLQGHYLVVRYEI CHST2 class Il 18 29%  5/10 (50%) = =
P3 YPDRPGWLRYIQRTPYS SGCE class I 19 27%  2/10 (20%) - -
P4 DHAQLVAIKTLKDYNNPC ROR1 class Il 18 24% 0/10 (0%) = =
P LLLILRDPSERVLSDY HS3S1 class I 16 24%  3/10 (30%) - -

ID, identification; HVs, healthy volunteers.

Warehouse Peptides Show Riexisting andDe Novolnducible Immune Responses in Clatiénts

and HVs

In the final step, selected peptide targets were analyzed for their immunogeriieitytheir potential

to induce antigerspecific T cell responses. Using adBSedin vitro priming of naive CD8 cells of
HLAmatched HVs, we confirmed induction of piele-specific CDS8T cells for all 9 HLA class | peptides
in at least 2/3 HVs (Fi8A, FigH4A,B, Table 1). Intracellular cytokine and degranulation marker staining
revealed induction of multifunctional peptidgpecific T cells for 7/9 (78%) peptid€sy 3B, FigHAC,D,
Table 1). Moreover, IFYELISpot assays, using PBMCs from-rhitéhed CLL patients, revealed
preexisting peptidespecific memory T cells targeting 2/9 (22%) and 4/5 (80%) HLA -céask HLA
class Hestricted warehouse peptides up to 29% and 50% of CLL patient samples, respectively (Fig
3C,D, Fig® and Table 1). In total, we validated 13/14 (93%) of the preselected naturally presented
CLL associated HLA classitl HLA classiiéstricted peptides as immunogenic, with eithgre-existing

or de novo inducible immune responses,nueiling these as ideal targetfor peptidebased

immunotherapy approaches.
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Figure 3: Immunogenicity analyses of Classociated peptides. (ARepresentative example of ER3specific tetramer
staining of CDST cells after 4 cycles of aAB&sedin vitro priming.Graphs show single, viable cells stained for CD8 and PE
conjugated multimers of indicated specificity. The upper panel displays-feBamer staining of T cells primed with &3

The lower panel (negative control) depicts dgaetramer staining of T cells from the same donor primed with an-HLA
matched irrelevant control peptidéB) Functional characterization of induceddgaspecific CDST cells aftein vitroaAPE

based primindyy intracellular cytokine (IFN TNF) and degranulation marker (CD107a) staining. Representative example of
IFNgand TNF production as well as CD107a expression after stimulation with the pepsidledPipared to an HL-Aatched
negative control peptide(C, D)Representative examples of preexisting T cell responséStaLAB*07- and (D) HLA class
Il-restricted peptides as evaluated by HGELISpot assays after-tiayin vitroexpansion using PBMC samples of CLL patients
(C, UPNO064; D, UPNO066). Datapresented as scatter dot plot with mean. FSC, forward scatter; Neg, negative control; Pos,

positive control.

Discussion

We present a noveWorkflow for the immunopeptidomicguided design of ofthe-shelf peptide

warehouses, here applied to CLL as a representative cfrlatational burden tumor entities. The
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mass spectrometrpased characterization of highequent, nonmutated, tumorassociated, and
immunogenic antigens natally presented on primary CLL samples enables the development of a
personalized peptiddased immunotherapy in a timend costeffective manner and can be easily
transferred to other tumor entities.

The treatment landscape for CLL has faced profound gdswith the development and clinical
success of targeted therapies in the past ye@a 49> Ay Of dzZRAy 3 GKS . NHzi2y Qa
inhibitor ibrutinib (49). However beside the combination of ar€D20 antibodies and venetoclax, all
novel substances require continuous treatment bearing the risk of therapy resistance and
accumulation of side effects. Current efforts are now focusing on the further and earlier elimiétio
minimal residual disease (MRD) to allow for reduced treatment duration and the therewith associated
side effects, as well as the achievement of leging remission and potential cure in the future. The
favorable immune effecteto-target cell ratis in the MRD setting and the immunogenicity of 6l

27) suggest that this malignancy ghit be effectively targeted by peptidegased immunotherapy.

For the clinical application of such approaches three different strategies have been proposed. (i)
Stratification, applying an invariant drug product to every patient, seems unsuitable duepatieat-
individual HLA allotypes. Therefore, such an approach must focus on very common HLA allotypes
thereby excluding a substantial proportion of patients. In addition, as shown by us and others, even in
allotype-matched patients of the same entity, peastation of tumorassociated peptides is not given

in 100% of tumors, calling for more personalized approaches of target sel€1ipB0). However, the

broad applicability of (ii) completely individualized peptide vaccine concepts is hampered, since these
are based on timeand costintensive patientspecific identification and selection processand on
demandde novadrug production(1, 5, 5. The approach dfii) peptide warehouse design, comprising

a collection of pradefined and pe-manufactured higkifrequent tumorassociated peptides, enables

the subsequent compaosition of patiespecific vaccine cocktails based on individual character{8tics

10, 52.

In recent years, multiple peptide vaccination approacivese focused on the targeting of neoepitopes

from tumor mutations as prime tumespecific targets. For tumor entities with high mutational
burden, such as melanoma, high immunogenicity and first signs of clinical efficacy have been
demonstrated(1, 53. However, only a minority of mutations at the DNA sequence level is translated
and processed to narally presented HLAestricted neoepitopes that can be targeted by T célls

16, 54, 5%. This is in line with our data demonstrating the lack of naturally presemé@éntigens in

the immunopeptidome of CLL. Together with recent immunopeptidomic stugiés 21, 56 we
showed that HLAoresented peptides are not randomly distributed across protein sequences but
NI 6 KSNJ) aK2¢g aK2GaLlRide €20 GA 2y dasfodiatediNtians giéi | G A 2 v d
f20FrGSR Ay AGaRIFN)] aLkRiéaed 2F GKS AYYdzy2LISLIWAR2YSZ
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HLApresented peptides, explaining the rare detection of neoepitopes especially in low mutational
burden entities. The underlying reasons faetoccurrence of such hotspots and corresponding dark
spots still remain ambiguous but might include differential proteasomal cleavage, peptide processing,
and HLAbinding(16, 56, 57. Thus, the role of heoantigemased T cell responses in tumor entities with
low-mutational burden remains obscure, calling for the application of alternative targets in peptide
based immunotherapy approachét3). Nonmutated tumor peptides, arising through altered gene
expression or protein processing in the tumor cells have beggested as vaccine targets for many
years(4-10, 13, 58, 59 However, although numerous clinical trials reported pepsgecific T cell
induction upon vaccination with nemutated tumor antigens, no correlation with clinical activity was
shown and no meaningful clinical results were achie{#ed0). Nevertheles, there are two main
points that prompt us and others, despite former disappointing clinical data, to use novel technologies
and methods to unravel and resolve the underlying issues and limitations emuteited antigen

based vaccines: (i) Several stigdieport on the existence of spontaneous preexisting T cell responses
targeting nonmutated tumor antigens and their correlation with beneficial clinical outcome,
suggesting a pathophysiological relevance of these immune respims®#(11-14) and (ii) recent

data show that immune checkpoint inhibitomediated T cell responseare not only targeting
neoepitopes bit also noAmutated tumor antigen$60-62).

Several unmet issues that hamper the development of effective peptide vaccines have been identified
in recent years and need to be considered and addressed during future peptide vaccine design. These
include target antigen selection, time points of applica, and selectiorof combinatorial drugg15,

63). Within this study we aimed to address one obvious and often discussed issue of ¥auigration

trials, where peptide selection included nomutated tumor antigens that were never proven to be
naturally presented on the tumor cell surface of the individual patients. For multiple of the applied
GOt laaArolfé G dzy 2 NJ | ywvédh & Gigtoited yorradeBdn of tymeabsediaed 4 K 2
presentation on mRNA level, and limited or even lacking presentation on the immunopeptidome level
(16-22) highlighting that the immunopeptidome is an independent complex layer formed by the
antigen presentation machinery, and does not necessarily mirrerttAnscriptome or proteome.
Therefore, it is essential to use direct methods of peptide target identificé6idn This can be realized

by mass spectrometripased analysis of the entirety of naturally presented HLA ligands, termed the
HLA ligandome omimunopeptidome of cancer cell®5). In recent years, we and others worked
intensively on the characterization of such naturally presented tuassociated peptides based on

the direct isolation of HLA classahd class dpresented ligands from turmacells and the subsequent
identification by mass spectromet(f1-24, 66, 67. Our approach allowed the identification of distt

panels of higHrequent normutated tumor peptides across multiple donors.
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In addition to cytotoxic CDg cells, CDO4I cells play important direct and indirect roles in argcer
immunity (68) and therefore are indispensable for vaccination approaches. Consequently, the here
described workflow comprises target selection of multiple HLA claaad H.A class 4bresented
peptides to prevent antigen loss and reduce the risk of immune escape, which often occurs under
therapeutic pressurg€69, 70. Furthermore, the promiscuous binding motifs of HLA class Il molecules
enable a broad allotypeéndependent application of these peptides.

Moreover, thedetection of preexisting memory T cell responses targeting our warehouse peptides
underscores the pathophysiological relevance of our selected antigen targets for immune surveillance
in CLL.

Further limitations of peptide vaccines in general, and in paldicof normutated antigen vaccine
peptides, comprise tumor evasion, immuediting and immune cell exhaustiofr1). Increased
numbers of regulatory T cellsig) have been associated with a worse outcome of vaccination, both in
mice and patient§72, 73. In addition, peripheral tolerance limits the available T cell repertoire
capable of recognizing cancer cells with high affinity. T cell recruitment is often impaired by an
immunosuppressive tumor environme(it4) and the aberrant tumor vasculature actively suppresses
the access of cancepecific T cell{75), which limits therapeutic vaccine efficacy. Therefore,
combinatorial approaches to further improve vaccinduced effects are currently being investigated.
These include strategies to deplete or modulatgs{7, 7680) as well as the development of modified,
so-called heteroclitic, vaccine peptides to enhance Haffinity T cells(81, 8. Furthermore, to
overcome limited T cell function and recruitment, combinatorial approaches with immune checkpoint
inhibitors (83, 849 as well as with direct or indirect microenvironment modifiers, such as MEK or PARP
inhibitors as well as VE@#&rgeting antibody or inhibitor-based therapies, are already evalua(@8).

The importance of a rational selection@imbinatorial drugs was recently demonstrated in a phase Il
peptide vaccination studg6), which failed to confirm the vacciAraduced immune responses and
clinical outcome reported in the preceding phase Il t(i@l Here, the combination of the peptide
vaccine withthe tyrosine kinase inhibitor sunitinib, for which a negative impact on T cell responses
was described87), was suggested as an underlying reason. In contrast, a supporting and positive effect
on T cdl functionality was proven for other tyrosine kinase inhibitors, such as ibru{B®0),
suggesting this BTK inhibitor as a potential combination drug for peptide vaccines in CLL patients.
Together, this study presents a mass spectrombtged workflow for the design of an
immunopeptidomederived offthe-shelf CLiassociated peptide warehouse, which is currently being
evaluated within a first personalized mufieptide vaccine trial in comiation with the novel adjuvant
XS1591)in CLL patients under ibrutinib treatment (iIVXS15CLLO1, NCT04688385). Integrating next
generation developments and insights, in terms of antigen selection, interaction of tumor cells with

the immune system and rational selection of combination therapies, we aim to contribute a further
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step on the way to clinically effective peptide vaccinations with this study. Our warehouse design
concept is further easily transferable to other tumor entitiesiabling the construction of broadly
applicable peptide warehouses, which provide the foundation for the development of intkcost

effective personalized T cdlhsed immunotherapy approaches.
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Optimization of CD4 *+ T cell priming using
monocyte -derived dendritic cells

Introduction

In order to combat cancer, several immunotherapeutic approaches have been developed over the
years to direct the immune system against tumor c€lls One lowside effect approach to induce
tumor-targeting T cells is peptideased vaccination. However, to induce clinically effective responses
the antigen selection is crucial. To determine if HLA clamsd HLA class-iéstricted peptides are
suitabk targets for peptidébased vaccination approaches, immunogenicitg., recognition of the
peptide by T cellseeds to be provelR, 3. As described in the first chapter of this tredFNgELISpot
assays after 1-8ayin vitroexpansion using PBMCs of cancer patients as well as of healthy volunteers
represent one approach for immunogenicity screening to reveakpisting peptidespecific memory

T cells. Another approach is tle rovoinduction of peptidespecific T cells from naive T cells. For HLA
class ‘restricted peptidesjn vitro priming with aAPCs allow to demonstrate immunogenicity of a

specific peptide bge novainduction of peptidespecific CDST cells.

In contrast toHLA class HLA class 1l moleculssowhigh promiscuitywith regard to peptide binding,

that results in a broadepeptide presentation with less strict HLA restricti@n4). Thus,oneHLA class

Il peptide could induce CD7 cell responses in patients witlifferent HLA class Il allotypes. Since HLA
class Il typing of healthy volunteer and patient samples is a time and cost factor, and commercially
available MHC classrmionomers are restricted to a limited number of alleles not guaranteeing TCR
crossrecognition (5), an alternative option consists in the priming of naive CD4cells using

autologous monocytalerived dendritic cells (MoDCs).

This chapter fogses on theestablishmentof a MoDCGbasedpriming protocol for the induction ofde

novopeptide-specific CD4T cells, to prove the immunogenicity of a fusion protdérived peptide.
Materials and Methods

PreliminaryMoDC Priming Protocol
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PBMC Isolatiorand CD14Cell Separation

On day one, PBMCs from healthy donors were isolated by density gradient centrifugation arid CD14
cells were separated by performing magnetic activated cell sorting (MACS) using CD14 MircoBeads
(Miltenyi Biotec) as elscribed by the manufacturer. CD1#lls were cultured in T cell medium (TCM;
IMDM with 1% penicillistreptomycin, 0.05 % gentamycin, 0.05% 0.1 hécaptoethanol, 5 %
Seraclot Human Serum) containing 10 U/ri2 (R&D Systemsnd 2.5 ng/ml K7 (PromcCel). While

CD14 cells were cultured in TCM containing 100 ng/ml granulocyéerophage colony stimulating

factor (GMCSF) and 40 ng/mHL(MoDC CytoBox, Miltenyi Biotec).

Isolation of naive CD4T cells

On day 3, the CD1dells were harvested before performing a CD4ell MACS using the naive CD4
cell isolation kit Il (Miltenyi Biotec) as described by the manufacturer. In one well chwellLplate,
1x10 CD4 T cells were cultured in 1 ml of TCM containing 10 UI(R&D Systemsind 2.5 ng/ml
IL-7 (PromdCel). The CDA4cell fraction was frozen and stored &0°C for the use as APCs in case

MoDCs were insufficient for a total of 4 rounds of stimulation.
Differentiation and maturation of MoDCs

On day 4, CDI4ells were differentiated by restimulation with the MoDC Cytobox cytokines, adding
100 ng/ml GMCSF and 40 ng/ml-4L (Myltenyi Biotec). On day 8, MoDCs were medurFor
maturation, the CD14cells were harvested, centrifuged and cultured in TCM contgidi00 ng/ml
GM-CSF, 50 ng/ml# (Myltenyi Biotec), 10 ng/ml TNPromoCel), 1 pug/ml ProtaglandinEPGE,

R&D Systemsand 5 pg/ml Resiquimod (R848&D System)dor 1824h.

Culture of CDHT cells

On days 5, 8, 12, 19, 26 and 33, CD4ells were fed with 1 ml of TCM containing 10 U/rd (R&D
Systemsand 2.5 ng/ml &7 (PromcCel).

Loading of MoDCs with peptide and CDHcell stimulation

On day 9, the matured MoDCs were harvested and counted to calculate the required amouri2GsMo

for T cell stimulation. Different MoDC to T cell ratios were used, 1:10 and 1:100, for the stimulation
with one peptide. The calculated amount of mature MoDCs was resuspended in 1 ml TCM containing
10 pg of the test peptide and incubated for 24 h. Témaining MoDCs were frozen for the repeating

stimulations.
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On days 15, 22 and 29, MoDCs were thawed in thawing medium (IMDM with 1% penicillin
streptomycin, 0.05 % gentamycin, 0.05% 0.1 k& captoethanol, 3ug/ml DNAse), centrifuged and
incubated for ateast 10 minutes in fresh thawing medium before resuspension in TCM and incubation
for 24h. If not enough MoDCs were available, GBH#s were thawed to be used for the last peptide
stimulation. On days 16, 23 and 30, M&Dwere loaded with peptides akescribed for day 9. When
using CD%ells, cells were irradiated with 20 Gy prior to peptide loading.

On days 10, 17, 24 and 31, peptidaded MoDCs were washed twice with TCM before resuspension
in 1 ml of TCM containing 5 ng/mt1R PromoCe)l The MDCs were transferred to the a&ell plate
containing the CD4T cells for stimulation. Figure 1 represents a schematic summary of the MoDC

priming protocol.

Day 1
PBMC isolation + CD14 MACS
CD14" cells CD14 cells
Day1+4 MoDC differentiation CD4 MACS
Addition of GM-CSF and IL-4 Addition of IL-2 and IL-7 Day 3
] Freezing of CD4 neg. cells for
MoDC maturation last stimulation cycle if needed
Day 8 (100 ng/ml| GM-CSF
50 ng/ml IL-4 Feeding of naive CD4' T cells Day 5 + 8
10 ng/ml TNF Addition of IL-2 and IL-7
1 pg/ml Prostaglandin E2
5 ug/ml Resiquimod) - -
. CD4' T cell stimulation 5:},;110/17/
. N Addition of IL-12
MoDCs for stimulation N
Da}'gsc?/m/ Harvested/thawed and loaded
23 - +
with peptides (24h, 37°C Feedmg of CD4' T cells _/ Days 12/19/
/ Pep $( ) Addition of IL-2 and IL-7 26/33
Freezing of MoDCs for next :
N 2-3 cycles of stimulation ICS Days 38

Figurel: Schematic summary of the MoDC priming protocol.

MoDC Inspector FACS Staining

In orderto assess if the differentiation and maturation of MoDCs was successfuf 2olCs were
collected before and after addition and incubation with the MoDC maturation cocktail. Staining was
performed using Zombie Aqua (1:200 dilution, BioLegend), Humatoéic D Biosciences, Franklin
Lakes, USA), Alexa Fluor 700 otinan CD14 (1:40 dilution), APC/Cy7 -#wntinan CD40 (1:100
dilution), FITC antiuman CD80 (1:40 dilution), Brilliant Violet 605 dntman CD86 (1:400 dilution)
and Brilliant Violet 711 antiuman HLADR (1:100 dilution, BioLegend).flAorescence minus one
(FMO) control was included for each fluorochrome and condition. MoDC samples were analyzed on a
FACS LSRFortessa (BD)datd analyzed using FlowJo 10.7.1 (Be gating strategy depicted in
Figure S1.
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Intracellular Cytokine Staining and Surface Marker Staining of Mgidithed CDAT cells

Thede novainduced peptidespecific CD4T cells were characterized by intracellular cytokine and cell
surface marker staining. 2x101x1C cells were transferred to a 9évell plate, pulsed with 10 pg/mi

of peptide and incubated with FITC ahtiman CD107a (1:100 dilution, BioLegend) for one hour before
adding 10 pg/ml Brefeldin A (Sigmddrich, Saint Louis, USA) and 10 pg/ml GolgiStop (BD) and
incubating for 1216h. Staining was performed usiagua fluorescent reactive dy&:400,Invitrogen),
Cytofix/Cytoperm (BDAPC/Cy7 anthuman CD4 (1:100 dilution), PE/Cy7 dntman [E2 (1:400
dilution), PE anthuman IFNg (1:200 dilution), PacificlBe antthuman TNF (1:120 dilution) and APC
anti-human CD154 (1:100 dilution, BioLegem\A and ionomycin (Sigra#edrich) served as positive
control. As regative contrgl the HLA class -testricted FLNA_ _HUMAJMerived peptide
ETVITVDTKAAGK®#&s used.The priming was considered successful if the frequency of peptide
specific CB' cytokinesecreting or cell surface marker expressing T éellsa X ndMeell2 ¥ / 5
within the viable single cell population and at least thfell higher than the frequencgf cytokine
secretingCDt" T cells in the negative control. Samples were analyzed on a FACS Canto Il cytometer

(BD)anddata was analyzed using FlowJo 10.7.1 (BRg gating strategy is depicted in Figure S2.

Results
CD4 T CellPrimingUsing thePreliminaryMoDC Priming Protocol

For the application of the HLA class -féstricted, fusion proteirderived peptide
KREIFDRYGEEVKEFLAKERAIBPRKACA) in a clinical trigs, immunogenicity had to be proven.
Therefore, MoDC priming was performed idalthy donos using thepreliminarypriming protocol.
To confirm protocol functionality, the mutated peptidd KKMWKSPNGTIQNILGGIDHZ2 R140Q),
which had proven to be immunogenic in previously performed ELISpot aaysasapplied as
positive control However, in none of the primingxperiments independent of MoDC to T cell ratio,

an induction of peptidespecific CD4T cells could be observed (TablaridFig. 2).

Tablel: Tested peptides, responses and donors with theeliminary MoDC priming protocol.
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After priming with MoDCs loaded witKREIFDRYGEEVKEFLAKANERINne and surface marker
staining revead background cytokine secretion in the negative control, theas detectable
independently of the MoDC tocell ratio of 1:10 and 1:100 (Fig. 2AdB, respectively) with no visible

peptide-specific cytokine secretioas exemplarily shown in Figure 2
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Figure 2: Intracellular cytokine and surface marker staining of a MoDC priming with the peptide
KREIFDRYGEEVKEFLAKAKED.RepBsentative example of the flow cytometrpsed analysis of CB7Z cells from a
healthy volunteer primed with MoDCs loaded witRRIFDRYGEEVKEFLAKAKED (upper panels) ysielinth@arypriming
protocol. Results are shown for CDH cells primed with a MoDC to T cell ratio of 1:Apgnd 1:1008). The lower panels
show the negative controls consistingkiREIFDRY GEEVKEFLAKpitEEN CDAT cells stimulated with a negative peptide.

Since the performed MoDC priming assays usingtbeiously describedhethod did not result irde
novoinduction of peptidespecific CD4T cells after several attempts, difent aspects of the priming

experimentwere adaptedfor protocol optimization.
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Optimizationof MoDC Maturation Cocktalil

The generation of functional MoDCs is the most relevant factor for successful priming‘of C&I$.
After the separation of the CD14dells from PBMCs, the obtained monocytes are stimulated with GM
CSF and 44 to differentiate them into immature DCs as commonly done. The maturation of MoDCs
however, can be achieved by activating several different pathwaydéleditate maturation (7). The
alternatively tested maturation cocktail only included 100 ng/mI-GBF, 50 ng/ml#.and 100 ng/ml
lipopolysaccharide (LPS, Invivogen) compared t@thBminaryprotocol including 100 ng/ml G SF,

50 ng/ml 14, 10 ng/ml TNF, 1pug/ml P&&nd 5ug/ml Resiquimod. To validate the maturation of
MoDCs the expression of different cell surface markers (CD14, CD40, CD80, CE3g, Trabke 2)
were analyzed in differentiatedmmature, and mature MoDCs matured with the two different

cocktails.

Table2: Cell surface marker expression expected in differentiatetmature and mature MoDCs.
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In mature MoDCs the expression of CD14 is decreased compared to the expression in differentiated
MoDCs, independent of maturation protocol (Fig. 3A). CD40 is known to be upregulated on activated
DCs(8). Interestingly, its expression is highest in MoDCs matured with LPS, followed by the
differentiated MoDCswhereasMoDCs matured with th@reliminaryprotocol have the lowest CD40
expression level (Fig. 3B). Thestmnulatory molecule CD80 is expressed on the mature MoDCs,
although maturation with LPS shows a slight advantage compared t@rédaninary maturation
protocol (Fig. 3C). The costimulatory molecule CD86 was only expressed highly in LPS matured MoDCs
compared to the differentiated MoDCs, while MoDCs matured withptediminaryprotocol did not

show any expression level (Fig. 3D). {BIERAexpression & observed for all MoDCwhile it was
increased in mature MoD@s particularwhen using LPS for maturation (Fig. 3E). These observations
indicate an advantage in using LPS for MoDC maturation compared toréliminary maturation

cocktail.

56



Optimization of MoDC Peptide_oading

When MoDCs start the maturation process, they develop the ability of improved antigen uptake until
it decreases again after 20 to 4({R). Following thepreliminary protocol, MoDCs received the
maturation cocktail for 18 to 24h and were subsequently loaded with peptides for 24h. Therefore, the
optimal timing of antigen uptake for the MoDCs might be exceeded, which could be further improved.
Other groups evaluated sexal MoDC coincubation timeframes with peptides, reporting T cell
activation already after a coincubation of one ha0). We therefore decided to decrease the

duration of coincubation to 2h to avoid the loss of antigen uptake ability of the MoDCs.
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Figure3: Cell surface marker expression in MoDCs matured with different maturation cocktdite differences in cell
surface marker expressioncluding CD144), CD40g), CD80@), CD86M)) and HLADR E) were assessed by flow cytometry
using the MoDC Inspector staining, to distinguish differentiated immature MoDCs (orange) from MoDCs matured with the
preliminary protocol (red) or with LPS (blue) in comparison to fluorescence minus one (FMO) controthenitidicated
surface markers.

After four stimulations with MoDCs matured either with tpeeliminary protocol or using LPS, and
loaded with peptides during 2h, the priming of CD'4cells still failed. Nevertheless, the intracellular
cytokine and cell s@imce marker staining revealed thahe frequency of peptidespecific CB"

cytokinesecretingT cellsdid increase up to twdold (Fig. 4). However, this increase observed using
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LPS for MoDC maturation did not reach the thfell increase infrequency of ptide-specific
cytokinesecretingCDB4* T cells in the negative controéquired to fulfill the criteria for successful

priming.

The obtained results showed the advantage of using LPS for MoDC maturation, as well as shorter
duration of MoDC coincubation thi peptides, compared to th@reliminary protocol. Nonetheless

further optimization appeared to be necessary to complete the criteria for a successful priming.
Optimization of Simulation Settings

Since adjusting the MoDC maturation protocol and the duration of peptide loading showed only
limited improvement, the stimulation setting was reconsidered. prediminaryprotocol required the
experiment to be performed in a 2&ell plate, however, thesplates have a great volume and might
not be the optimal priming environment. For aAB&sed CDST cell primingexperimentsas described

in the first chapter of this thesis, the stimulation of the CD&sells is performed in round bottom 96

well plates,allowing for better contact between the aAPCs and the T cells due to the smaller volume
and stacking resulting from the round bottom. This knowledge, together with reports from other
groups(11, 12 also using 9&vell plates for MoDC experiments, led to the change of layout, from 12
to 96-well plates for the stimulation of CDZ cells. Two diffent CD4 T cell densities were tested
with either 100.000 or 500.000 cells seeded per well. The MoDC to T cell ratios previously used (1:10
and 1:100) were conserved, with the additional testing of a 1:50 ratio. The usewél®plates also

allowed forthe stimulation in multiple replicates.

Intracellular cytokine and cell surface marker staining analysis of TBells stimulated with peptide
loaded MoDCs in a 96ell plate shoved successfutle novopriming of peptidespecific CD4T cells
(Fig. 5, Fig.6, Fig., 33g. SandTable 3). FOKREIFDRYGEEVKEFLAKAKEDIMing was successful
independent of the used MoDC to CD4cell ratios. The results for the setting with a MoDC to T cell
ratio of 1:10 were enhanced in the settimgth a 1:100 ratio, with most cytokine secretion and cell
surface marker expression seen for the 1:50 ratio (CD1U784%, 2.58% and 5.38%, respectively;
CD154 1.34%, 2.18% and 1.73%, respectively:dFM.06%, 0.81% and 0.71%, respectively: IFN
g/TNF: 0.04%, 0.47% and 0.49%, respectively;"TOIF4%, 1.41% and 1.61%, respectively; figdb
Fig. 6).
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Figure 4: Intracellular cytokine and surface marker staining of a MoDC priming with the peptide
KLKKMWKSPNGTIQNILGGR/B Exemplary floveytometry-based analysis of CP# cells from a healthy volunteer primed
with MoDCs loaded with KLKKMWKSPNGTIQNILGGTVF (upper panels) ps@lgniharypriming protocol A) or LPS for
MoDC maturationE). Results are shown for CDBcells primed witla MoDC to T cell ratio of 1:100. The lower panels show
the negative controls consisting of KLKKMWKSPNGTIQNILG@GT&FCDAT cells stimulated with a negative peptide.

For CDAT cell priming using MoDCs loaded WKthbKKMWKSPNGTIQNILGGiT¢FL:100 MoD@ T

cell ratio did not result in peptidspecific cytokine secretion (Table 3, Fig.6, Fig. S3 and S4).
Interestingly, peptidespecific cytokine secretion was seen for the 1:10 T cell to MoDC ratio only when
using 500.000 CD7 cells per stimulated wedhd not when using only 100.000 CD<4ells. In general,
priming with MoDCs loaded witKLKKMWKSPNGTIQNILGGEg#ted in the rather weak and
monofunctional induction of CDZ cells (Table 3, Fig.6, Fig. S3kigdS4).
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Figure 5: Intracellular cytokine and surface marker staining of a MoDC priming with the peptide
KREIFDRYGEEVKEFLAKAEE@Med in a 96well plate. Representative example of the flow cytometmased analysis of

CD4 T cells from a healthy volunteer primed with MoDCs loadedh WREIFDRY GEEVKEFLAKAKED (upper three panels
stimulated with indicated MoDC to T cell ratios) using the optimized priming protocol, including LPS in the MoDC maturation
cocktail, the shorter coincubation of MoDCs with peptides and the stimulation of 10@0& T cells in a 96vell plate. The

lower panels show the negative controls consisting of KREIFDRYGEEVKEFpAKAKEIDA T cells stimulated with a
negative peptide.
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Figure6: Frequencies and functionality of de novo primed €Dr cellsusing MoDCs in a 9%ell plate. A-C Functional
characterization of de novo induced CDZ cells after 4 rounds of priming with MoDCs loaded wif (
KREIFDRYGEEVKEFLAKAKEB, §hHI(KKMWKSPNGTIQNILGGTVF iwvelbplate stimulating 100.000%( B) or 500.000

(O CDAT cells per well, respectively, using surface marker (CD107a and CD154) as well as intracellular cytokiné_staining (
2,IFNgand TNF). Scatter dot plots show the calculated frequencies of surface marker expressing or cytokine secréting CD4
T cells for healthy volunteer J371 for wells stimulated with a MoDC to T cell ratio of 1:10, 1:50 and 1:100. Each dot depicts
the calculated fequency for one positive test well. Each setting was tested in 3 wells.

Table3: Peptides and responses after priming of C4cells with the optimized protocdior donor J371
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The use of LPS for MoDC maturation, the shact@ncubation of MoDCs with peptide together with
the stimulation of CD4T cells in 98vell plates instead of 1%vell plates allowed for the successtié¢
novoinduction of peptidespecific CD4T cells. However, this result was obtained in a single donor

with only two test peptides and therefore required further validation.
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Validation ofthe Novel MoDC Priming Protocol

To validate that the optimization of the MoDC priming protocol led to improved" Tx4Il priming
compared to thepreliminaryprotocol, it was tested with another donor using two other test peptides.

The optimized priming protocol comprised the seeding of 500.000 T@4lls per well in a 9&ell

plate on day 3 after isolation, the use of 100 ng/ml @®8F, 50 ng/ml 4 and 100 ng/ml LP&s
maturation cocktail for the MoDCs on day 8 and the loading of the MoDCs with peptide for only 2h on
days 9,16,23 and 30 right before T cell stimulation (Fig. 7). All other steps, as well as cytokine dilutions

and media were used as described in greliminary protocol.

Day 1

IPBMC isolation + CD14 MACS|

cp14* cM CD14" cells

Day 1+ 4 MoDC differentiation CD4 MACS
Addition of GM-CSF and IL-4 Addition of IL-2 and IL-7 Day 3
1l Freezing of CD4 negq. cells for
MoDC maturation last stimulation cycle
bay s (100 ng/ml GM-CSF _ L
50 ng/ml IL-4 Feeding of naive CD4'T cells Day 5 + &
100 ng/ml LPS) Addition of IL-2 and IL-7
| l
MoDCs for stimulation CD4' T cell stimulation Days 9/16/
5’;}’;3/16’ Harvested/thawed and loaded Addition of IL-12 23/30
with peptides (2h, 37°C) J
b Feeding of CD4* T cells Days 12/19/
Freezing of MoDCs for next Addition of IL-2 and IL-7 26733
2 cycles of stimulation J,
ICS | Days 38

Figure7: Schematisummary of theoptimized MoDC priming protocol.

The test peptides were the prostaspecific HLAlass Hestricted peptidesDTGQVFQVSHSFPHPL
(PSA) antMLLRLSEPAEL(H3A). The priming was performed using the previously tested TTE&

to MoDC ratios of 1:10, 1:50 and 1:100, and resulted in succetshbvopriming of peptidespecific
CD4 T cells for the ratio of 1:10 for both peptides and for the ratio of 1:ftOOMMLLRLSEPAEKTD (Fig.
8, Table 4). As exemplarily shown BFGQVFQVSHSFPHBEMg avloDCto CD4 T cellratio of 1:10
during stimulation, peptidespecific cytokinesecreting and cell surface marker expressing dDeells
reached high frequencies, thi 1.07% of H2*, 3.24% of CD107a6.86% of CD1547.32% IFN,
14.33% TNFand 7.28% of IFy/TNF cells (Fig.9). These results allowed to validate the optimized
MoDC priming protocol.
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Table4: Donor and peptides usd for the validation of the optimized MoDC priming protocol.
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Figure3: Frequencies and functionality of de novo primed €0 cellsusing the optimized MoDC priming protocod, B,
Functional characterization ofe novoinduced CD#T cells after 4 rounds of priming with MoDCs loaded wih (
DTGQVFQVSHSFPHPLY Bndl(L RLSEPAELTD in av@8 plate stimulatings00.000 CDH4T cells per well, using surface
marker (CD107a and CD154) as well as intracellular cytokine staibinglKNg, and TNF. Scatter dot plots show the
calculatedfrequencies of surface marker expressing or cytokine secreting TPdlls for healthy volunteer J420 for wells
stimulated with a MoDC to T cell ratio of 1:10 (n=4), 1:50 (n=3) and 1:100 (n=17). Each dot depicts the calculated frequency
for one positive ¢st well.

Discussion

Proving the immunogenicity of a peptide is essential for the selection of suitable targets for peptide
based vaccination approaches. For HLA clesstiicted peptides, as described in the first section of
this thesis, aAPCs are uséar HLA classHéstricted peptides, MoD®ased priming experiments are

a broadly applicable, cosfffective and autologous approach for the inductiondef novopeptide-
specific CD4T cells. This method was tested in our laboratory; however, it wagxtensively set up

and did therefore require optimization.
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Figure9: Validating the optimized MoDC priming protocdRepresentative example of the flow cytometrpsed analysis of

CD4 T cells from a healthy volunteer primed with MoDCs loaded with DTGQVFQVSHSFPHPLY (upper panels) using the
optimized priming, using 500.000 CDH cells/well in a 96vell plate. The CD4T cell to MoDC ratio is of 1:10. The lower

panels show the negativeontrols consisting of DTGQVFQVSHSFRptithed CD4 T cells stimulated with a negative

peptide.

Whereaghe preliminaryMoDC priming protocol for CD# cells was tested several times to prove the
immunogenicity of the fusion proteiderived peptideKREIFRY GEEVKEFLAKAKBDeptidespecific

CD4 T cell induction could be seen using intracellular cytokine and surface marker staining. As a
control for protocol functionality, the peptidkLKKMWKSPNGTIQNILGG@F®Hously shown to be
immunogenic irELISpoassayg6) was used in the same MoDC priming assays but also failed to induce

de novopeptide-specific CD4T cells. This confirmed the necessity of protocol optimization.

Usinga preliminaryprotocol as base for optimization, several aspaotse modified In literature, it is
common to start with the separation of CD1dells from PBMCs, and to stimulate tbétained
monocytes with GMCSF and 44 to differentiate them into immature D). For thisstep, protocols

only differ in differentiatiorfactor concentrations and duration of stimulati¢h3-16). However, many
different approaches are used to turn differentiated MoDCs into mature Mo@C43, 17, 18
allowing for antigen presentation and T cellstomulation. Therefore, we started focusing on the
maturation cocktail used for the MoDCs. LPS, an abundant antigen originating from the cell surface of
gramnegative bacteria, is known to induce DC maturation and activation and is widely used for the
generaton of mature MoDC§¢7, 1820). As it appearedo be an interesting alternative to use in the
maturation cocktail, it was tested in comparison to the cocktail used inpitediminary protocol,
including TNF, Prostaglandin E2 and Resiquiraad, showed to induce higher costimulatory cell
surface markeexpression as well as increased HRR expression on mature MoDJ#$e reagents

used inthe preliminaryprotocol were therefore replaced by LPS in the maturation cocktail.
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A further aspect to optimize MoDC priming of CD4ells, was the duration of coincubation of MoDCs
with peptides as MoDCs start losing their ability for antigen presentation 20 to 40h after starting the
maturation procesg9). In the preliminary protocol, MoDCs were matured for 18 to 24h before
coincubation with peptidefor additional 24 h. This timeline, requiring up to 48h between start of
maturation and stimulation of CDZ cells with peptiddoaded MoDCs, was therefore shortené&C
coincubation with peptides for onlgne houralready leads to CDZ cell activationthat can be further
increased wheprolonging the duration of coincubatidt0). To reduce the timeline of thpreliminary
protocol, the MoDC coincubation with peptides was shortened to 2 h. This modification led to

improved frequencies of peptidspecific CD4T cells.

The third aspect for method optimization was tleerall stimulation setting. 12vell plates hae
greater volumes and surfaces compared tov@éll plates that are also more widely used in assays
using MoDC¢11, 13. Performing MoDC priming of CD® cells in a 98vell plate finally allowed for
the induction ofKREIFDRYGEEVKEFLAKgAEERCc CD4T cells, confirming its immunogenicity. The

optimized protocol was also validated by priming cells of another donor and using other peptides.

Taken together, the MoDC priming protocol was optimized by modifying the maturation cocktail for
the MoDCs, the aration of MoDC coincubation with peptides and the CD4ell stimulation setting.
Optimization allowed for thele novoinduction of peptidespecific CD4T cells, enabling to prove

immunogenicity for potential HLA classdktricted peptide vaccine caitthtes.
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Abstract:

Several COVHDI vaccines are approved to prevent severe disease outcome followiR§EAL2
infection. Whereasnduction and functionality of antiviral ariibdy response ar&argely studied, the
induction of T cells upon vaccination with the different approved C&¥IBaccines is lesdudied.
Here, we report on Tell immunity 4 weeks andmonths after differet vaccination regimens and 4
weeks after an aditional booster vaccinatiorin comparison withSAR&0V2 T cell responses in
convalescents and prepandemic donors using interfegamma ELISpot assays and floxtometry.
Increased Tell responses and croesscognition of B.1.1.529 Omicron variaspecific mutations were
observedex vivoin mRNA and heterologaisvaccinated donors compared witrectorvaccinated
donors. Nevertheless, potent expandability of T cells targeting the gpikein was observed for all
vaccination regimensvith frequency, diversityand the ability to produce severajtokines of vaccine
induced Tcell responses comparable withose in convalescent donors. CEll responses for all
vaccinated donors signifantly exceedd preexisting croseeactive Tcell responses in prepandemic
donors. Booster vaccinatided to a significant increase amti-spike 1gG responses, which showed a
marked decline 6 month after complete vaccination. In contréstll response remained stable over
time after complete vaccination with no significant effect of booster vaccination aelllresponses
and crosgecognition of Omicron BA.1 and BA.2 mutatiofisis suggestethat booster vaccination is
of particular relevance for # amelioration of antibody response. Together, our work shows that
different vaccination regimens induderoad and longasting spikespecific CD4and CD8T cell
immunity to SARE0V2.

Introduction:
During the Coronavirus Disease 2019 (C&\Dpandent, caused by the severe acute respiratory
syndrome coronavirus 2 (88Co\f2), several vaccines have besmccessfully developed, reducing
transmission and preventing billions of people from severe disease outqdm® Among the
currently approved COWVIDO vaccines, the ChAdOx1 nE/ adenovirusasel vector vaccine
ChAdOx1, the human adenovirus type 26 (Ad#Zfed vector vaccine Ad26.COVaRd the two
mRNAvaccines BNT162b2 and mRMN2V3 are the most widely used in Europe and North Amég&ica
7). Vaccination schedules comprise two doses dididx1, BNT162b2 and mRUI273 and one dose
of Ad26.COV2.S for complete vaccination stdiud). After reports of thromboembolic eventsfter
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ChAdOx1 vaccinatio®), several Eungean governments recommended completingccination with

an mRNA vaccine after the first dose of ChAdOx1 (heterologous vaccination). To overcome waning
vaccine immunity over timg), the administration of an additional booster vaccine dosesapproved

in many countries 3 t6 months after completion of vaccinatio(iL0).

COVIEL9 vacciation induces both humoral immunity, mediated by B -cefived antibodies, and
cellular immunity, mediated by T cel(). Although it is undispetd that neutralizing antibodies
provide the first line o&ntiviral defensg11, 12, Tcell immunity is crucial to combat aeuSARE 0V

2 infection and for the development of lotgrm immunity(13). Whereas antibody titers tend to wane
quickly and show limited neutralizing activity to newly arisiagriants of concern(VOCs), Tell
memory is largely conserved against VOCs after prior-8AR3 infedion (14, 195 .

So far, research on SAR8V2 vaccineinduced immuniy is largely focused on ardpike antibody
titers and their ability to neutralize virusapticles(16). Spikespecific Tcell responses induced upon
different vaccination regimens are studied to a lesser extent, with figsdbms showinghe induction

of both CD4and CD8T cell responses after complete vaccination with different vaccination regimens.
Moreover, Tcell responses are shown to bargely conserved against different SARS/2 variants
including ealy B.1.1.5290Omicron) variantaow dominant globally12, 17.

In this work, we providedn analysis of spikepecific Tcell responses and their cresscognition of
B.1.1.529 OmicroBA.1 and BA.2 variaspecific mutaibns after complete vaccinatiowith mRNA,
vector, and heterologous accine regimens in comparison witBOVIEL9 convalescents and
prepandemic donors. In ddition, we provided insight on the effects of a third mRNA beos

vaccination after homologous and heteoglous vaccination regimens omdll and antibody immunity.

Results:

SARSC0V2 Sike-Secific TCell Responses aftelComplete Vaccination with Different Vaccination
Regimens

To assess spikapecific Tcell responses after completaccination (two doses BNT162b2, mMRNA
1273 or ChAdOx1; one dose of Ad26.COM#.8ne dose of vector vaccine ChAdOx1 followed by one
dose of an mRNA vaccine for heterologous vaccimgnmrens),we performed interferorg (IFNQ)
enzymelinked immunospot(ELISpot) assays 3 to h2eks (median4 weeks) after the complete
vaccination dose (Table 1). Results were obtained using three different peptide pools covering various
parts of the spike protein, with Prot_S1 covering tomplete Nterminal S1 domairRrot_S+ covering
part of the Gterminal S2 domainand Prot_S comprising selected immunodominant sequence
domains (FiglAB). Asymptomatic infections during the study period were excluded by testing for

nucleocapsiantibodies Fg. S1).
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Spikespecific IFNy T cell responses were observeek vivofor 100% of mRNA(n = 24) and
heterologousvaccinated donors (n = 1bjg. 1Gind Table 1)Thecohort of vectorvaccinated donors

(n = 9) showed a significantly reducedspense rate(67%)comparedwith the other vaccination
regimens (Fig. 1C). In COMMDconvalescent donofs = 16)spikespecific IFNyT cell responses were
detected in 88% of the donoré total 0f16% of prepandemic donors never exposed to SBR&
(Pre, n = 31Fig. 1C) showed lowmtensity crossreactive spikespecific Tcell responses (Fig. 1D).
Intensity of spikespecific Tcell responses did not significantly differ between the three vaccination
cohorts and convalescent donors (Fig. 1D). Howau&INA (median calculated spot countsl) and
heterologousvaccinated donors (mediaB9) exhibiteda two- to threefold increased €ell response
intensity comparedwith vectorvaccinated (median24) and convalescent donors (medjd; Fig.
1D). No comlation was observed between the time point of sample collection afi@mplete
vaccination fig. S2A)demographic donor characteristics comprising body mass index (BMI), age, sex
or side effects after vaccination as well as clinical symptoms of CV(Bs assessed by
guestionnaires) of complete vaccinatiofiaple land Fg. S2BE) and convalescent (Tkb2 and Hg.
S2FH) individuals, respectivelgnd the ntensity of spikespecific IFPNy T cell responses.

After 12day Tcell expansionHg. S3A)the percentage of donors with dectable spikespecific Tcell
responses was increased to 100% for all vaccinated groups and the convalescent cohort and to 97%
for prepandemic donorsHg. S3B). Significiy increased intensity of IFNT cell responsesof
vaccinated donors (median mMRNIR86; vector 1281; heterologous2602) and convalescent donors
(median 2946) was observed compared witepandemic donors (mediai12 Hg. S3C) and witbx
vivoresponses (fold change mRNES; vector, 53; heterologais, 38;Hg. S3D). This indicates potent

expandability of vaccarinduced T cells upon SARBV2 exposure.
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Tablel: Characteristics of healthy volunteer cohorts after heterologeumRNA or vector-based vaccination.

mMRNA vaccine

vector vaccine

heterologous

cohort cohort vaccination cohort
Number of donors 35 10 17
Age [years]
Median 38 n.a. 31
Range 25-71 n.a 24-52
Sex [n (%)]
Female 19 (54.3) n.a. 11 (64.7)
Male 16 (45.7) n.a. 6 (35.3)
Comorbidities [n (%6)]
High blood pressure 3(12.5) n.a. 1(5.9)
Cardiovascular diseas 1(4.2) n.a. 1(5.9)
Blood sugar disorde| 2(8.3) n.a. 0 (0.0)
Chronic lung diseas: 0 (0.0) n.a. 1(5.9)
Cancer diseas¢ 1(4.2) n.a. 0 (0.0)
n.a. 11 n.a. 0
Vaccination schemes (CV)
BNT162b2 x BNT162k 20 (83.3)
mMRNA1273 x mRNA273 4 (16.7)
ChadOx1 x ChadOx 6 (60.0)
Ad26.COV2.¢ 4 (40.0)
ChadOx1 x BNT16h 7 (46.7)
ChadOx1 x mRNE273 8 (53.3)
Time points
Prevaccination
Donors - - 9
After the first vaccination
Donors - - 8
Weeksafter vaccination
Median - - 10
Range - - 9-10
After complete vaccination
Donors 24 10 15
Weeksafter vaccination
Median 3 4 6
Range 3¢10 3¢8 3¢12
Awareness of side effects [n (¥
Yes 9 (69.2) n.a. 5 (50.0)
No 4 (30.8) n.a. 5 (50.0)
n.a. 11 n.a. 5
6 months after complete
vaccination 11 - 17
Donors
Weeksafter vaccination 26 - 26
Median 21-32 - 24-28
Range
After booster vaccination
Donors 13 - 17
Weeksafter vaccination
Median 4 - 4
Range 2¢7 - 3¢6
Awareness of side effects [n (¥
Yes 2 (18.2) - 6 (35.3)
No 9(81.8) - 11 (64.7)
n.a. 2 - 0
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The mRN#Aased vaccine cohort includes healthy volunteers vated two (complete vaccinatigrio three times (booster
vaccinatior) either with mMRNAL273 orBNT162b2. Donors of the vectbased vaccine either received two doses of ChadOx1
(complete vaccination) or one dose of Ad26.COV2.S (complete vaccination). The heterologous vaccination group received
one dose of ChadOx1 followed by one (complete vaccinpiio two doses (booster vaccination) of either mRNA3 or
BNT162b2. For mRNA&nd heterologoussaccinated donors, we analyzed two different time points after complete
vaccinationthe time point of complete vaccination 3 th2 weeks after complete vacegtion andthe time point 6months
after complete vaccination (232 weeks after complete vaio@ation). Figures 1 to 3 showcEll responses after complete
vaccinationandanalysis over different time points are shown inuf@d. Figue 4 includes the idntical results for the time
point of complete vaccination for mMRNAnd heterologousraccinated donors as shownHgures 1 to 3. Experiments were
not always conducted with all donors, depending on available cellbeusa n, numbern.a., not applicableCV, complete
vaccination

There are differences in SAR®V2 T cell crossreactivity to common cold human coronaviruses
(HCoY¥) of the Nterminal (less HCoV homologous) ande@minal domain of the spike protei(i8).

To assess whethahese diffeences affectvaccineinduced T cell responsegie performedIFNg
ELISpot assayrdividually for the three different spike pools (Fig. dft Hg. S3E). In the mRNA
vaccinated, heterologougaccinated, and convalescent cohothe most frequently recognizk
peptide pod was the Prot_S1 pool, with 96, 1@ad 75% of individuals showing ar vivoresponse
against this pool, respectively (Fig. 1E). In the veetacinated cohortthe Prot S+ pool was
recognized by T cells from the majority of donors (67%,reaching ével of significance compared
with the other peptidepools;Fig. 1E). After 8ay Tcell expansion, the differences in pespecific
recognition rates within the cohorts were upheldid. S3E). Most individuals vaccinated with mRNA
(75%) or eheterologots scheme (80%) showex vivoT cell responses against all three spike pools,
whereas only 33% of vecteaccinated individuals recognized all pools (Fig. ARptal of 44% of
convalescent donors exhibitedc@ll responses against pbhols (kg. 1F). After 12lay Tcell expansion

at least 78% of vaccinated donaescognized all peptide pools independent of vaccination regimen
(Fg. S3F). For the prepandemic cohort, we detected no relevant different@sracognition rate (up

to 10%ex vivg 66% after 1lay expansion) ahintensity of crosseactive Tcell responses for the

three peptide pools (Fig. JEandHg. S3E).
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Figurel: Ex vivoimmune responses to SARS0V2 spike protein peptide poolafter complete vaccinationA, Schematic
depiction of the SARS0V/2 spike protein, and protein section coverage by the peptide pools (Prot_S1, Prot_S+, Prot_S) used
for immunogenicity testingB-F,Ex vivar cell responses after complete vaccinatitwo doses of BNT162b2, mRN2A73 or
ChAdOxlone dose of Ad26.COV2@ one dose of the vector vaccine ChAdOx1 followed by one dose of an mRNA vaccine
for heterologousifleterol.) vaccine regimefhsomparedwith COVIBEL9 convalescents (Conv.) and prepandemic (Pre.) donors
were asessed byIFNgELISpot assaysto 12 weeks (mediant weeks) after the last vaccine dose (sample collecéfiar
complete vaccinationTable 1)B, Representative example @&Xx vivolFNg T cell responses to the Prot_S1 peptide pool
comparedwith a negative (neg.) control peptide, showing duplicates for one donor of each cab@tPercentage of
individuds withex vivolFNgELISpot Tell responsesd), and intensities of IRYT cell responses in terms of calculated spot
counts against the ske-specific peptide poolsD) after mRNA, vector or heterologous vaccination compaveath
convalescents and prepandemic donors (summarized responses against the thregpguiifie peptide poolsE,Intensities

of ex vivolFNg T cell responses showior the distinct spike protein peptide poolB, Proportion of individuals (cohorts as
indicated by color code) with responses to all three, two, one or none of the spike peptide pools. Responders are represented
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by colored symbolsand nonrespondersare representedby clear symbols. Symbol shapes indicate the different vaccine
products received by the donorB,E,Box plots represent the median witiie 25th and 75th percentiles with minimum and
maximum whiskers<C,CA & K SN & S E | Kruskavallis tesi Was usddi Feidtihan test was usetf Pvalues are

not shown thenresults were not significant. RBD, receplinding domain; No., number.

T cell crosgrecognition of the current dominant Omicron variaspecific mutations in the spike
protein was assessed by ELISpot assays with -slgilieed Omicron BA.1 and BA.2 variapecific
pools (Fig. 2Aand Table S2). Crosecognition of the BA-land BA.2nutated regions by vaccine
induced T cells was observed for thajority of mMRNAvaccinated (6%nd 85%or BA.1, 6%and 85%

for BA.3 and heterobgousvaccinated (8@&nd 90%or BA.1, 6Gnd 100%or BA.2)donorsex vivaand
after 12-day Tcell expansion, respectively c&ll crosgecognition of BA.dand BA.2nutated regions

of the spike protein was reduced in the vect@ccinated cohortwith 20and 0% recognitioex vivo
and 25and 25% recognition after X@ay Tcell expansion, respectively (Fig.-2Bnd Fg. S4). In
summary, our results showed induction of braguikespecific Tcell responsegarticulaty for mMRNA

and heterologoussaccinated individualsthat resembled the responses observed in convalescent

donors.

Table2: Characteristics of SARS0\V2 convalescent donors.

Convalescent donor cohort
Numberof donors 16
Age [years]

Median 46
Range 19-83
Sex [n (%)]
Female 11 (68.8)
Male 5(31.2)
Comorbidities [n (%)]
High blood pressure 6 (37.5)
Cardiovascular diseas 0 (0.0)
Blood sugar disorde 2 (12.5)
Chronic lung diseas! 0 (0.0)
Cancer diseast 0(0.0)
Sample collection date July 2020
Interval positive test to sample collection (weeks)
Median 17
Range 13-19
Awareness of symptoms [n (%)]
No 3 (18.75)
Mild 2 (12.5)
Moderate 6 (37.5)
Severe 5 (31.25)
CSoONRES AftySaa ox oydnc/
No 10(62.5)
Yes 6 (37.5)

Convalescents showed asymptomatic to mild COMIDBY the time of sample collectipthe wild-type SARE0V2 was
circulating,and VOCemerged at a later time point. None of the donors were hospitalized or required oxygen treatment.
Awareness of disease symptoms was assessed by questionnaire. n, number.
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Figure2: Ex vivolFNgresponses to SARGoV 2 BA.1 and BA.2 mutation pool#, Overview of variandefining mutations

in the spike protein described for the different VO®-E, Variant mutationspecific Tcell responses after complete
vaccination (two doses of BNT162b2, mRINA3 and ChAdOx1 or one dose of Ad26.COV&. Beterologous(Heterol.)

vaccine regimen®ne dose of the vector vaccine ChAdOXx1 followed by one dose of an mRNA vaccine), were assessed by IFN
gELISpot assayB, Percentage of individuals with BA.1 mutation pgpkcificex vivdFNgT cell resposes andC,intensities

of IFNg T cell responses in tens of calculated spot countsfter mRNA, vector or heterologous vaccination, compamét

COVIEL9 convalescents (Conv.) and prepandemic (Pre.) dobDoPercentage of individuals with BA.2 mutatjpool-specific

ex vivolFNg T cell responses, anf,intensities of IFMNg T cell responses in terms of calculated spot counts. Responders are
represented by colored symbolsndnonrespondersre representedy clear symbols. Symbol shapes indicate the different
vaccine products received by the dono,E,Box plots represent the median witthe 25th and 75th percentiles with
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minimum and maximum whisker8,D,CA & KSNRa SEI O&Kris&ivillis tedt was dzadd Rvdlues arenot
shown thenresults were not significant.

Characterizatiorof SARSCoV2 Soike-Secific TCell Responses afteComplete Vaccination

Ex vivantracellular cytokine and surface marker staining revealed vadnhéced sjke-specific CD%4
Tcell responses for the majority of vaccinated donors of all regimengatwhvalescent donor86%
for mRNAvaccinated,71% for vectorvaccinated, 70% for heterologowsccinated, and 75% for
convalescents The percentages of donowgith CD8 (57% formRNAvaccinated 71% for vector
vaccinated, 30% for heterologowsccinated, and 42% for convalescgras well as with both CD4
and CD8 T cell responses5{% for mRNAvaccinated 57% for vectowaccinated, 30% for
heterologousvaccinded, and 33% for convalescehtsere generally lower comparesith CD4 T cell
responses (Fig. 3A). Thevidrequency of crosseactive Tcell responses detected in thpgepandemic
cohort in the IFNgELISpot assay wasediated by CDSET cells (0% CD7 ells, 17% CDg cellsFig.
3A). Vaccingnduced CD4T cells displayed a T helper L1)Tphenotype, showing mainly positivity for
tumor necrosis factor (TNF) ani a leser extent for CD107a antFNg TNF, and wee negative for
the Tu2 markerinterleukin4 (IL.-4) comparablyith SARE0\f2-specific T cells in convalescent donors
(Fig. 3BD and Fg. S5A). A significantly increased frequency off CNE T cells was observed for the
mRNAvaccinated cohort compared witthe vector and heterologousvaccinated groupsnd for
TNFIFNg'CD4 T cells compared witthe vectorvaccinated group. CD& cell responses, iretms of
frequencies of cytoking@roducing cells and the ability to produce multiple cytokines, also showed a
similar profile in vaccinad donors ancconvalescent individuals witparticular positivity for [FMj
Prepandemic donors had lower frequencies of cytokine producing sigtsficantly reduced for IRy
comparedwith vector and mRNA vaccinated donors (FigGENo significantitferences could be
observed between CDE cell responses and functionality in individuals vaccinated with different
vaccination regimens or in convalescent donors.

Comparable frequencies of vaccimeluced memory CD45RTNFCD4 T cells were observed in the
mRNAand heterologous vaccine cohahd the convalescent coho®§% formRNAvaccinated,70%
for heterologousvaccinated, and 58% for convalescgnighereas no CD45RINFCD4 T cels could

be detected in donors vaccinatesiith a vectorbased vaccine regimerig. S5B). Cytokingositive
CD8 memory T cells (CDA5RENG'CD8 T celf) were observed to a much lower exterzt1@ for
mRNAvaccinated, 4% for vectorvaccinated, 0%for heterologousvaccinated, and 0% for
convalesents, 0%fHg S5C).

In conclusion, no significant differences could be observed betweehdld4-DS8T cell responses in
individuals vaccinated with different vaccination regimens and in convalescent donors. Hothever
ability of vectorvaccinated donors to produce several cytokines was reduced compared to the other

vaccination regimens.
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mRNA-vaccinated donors:

@ BNT162b2 responder

O BNT162b2 non-responder
A mRNA-1273 responder

/. mRNA-1273 non-responder

Vector-vaccinated donors:

@ Ad26.COV2.S responder

O Ad26.COV2.S non-responder
A ChAdOx1 responder

A ChAdOx1 non-responder

Heterologous-vaccinated donors:

@ ChAdOx1 x BNT162b2 responder

O ChAdOx1 x BNT162b2 non-responder
A ChAdOx1 x mRNA-1273 responder

A ChAdOx1 x mRNA-1273 non-responder

Convalescent donors:
@ responder
O non-responder

Prepandemic donors:
@ responder
O non-responder

Figure3: Ex vivacharecterization of spikespecific Tcell responses after complete vaccinatioBpikespecific Tcell response

after complete vaccination (two doses of BNT162b2, mRRIZ8 or ChAdOxbne dose of Ad26.COV2d one dose of the
vector vaccine ChAdOx1 followed by one dose of an mRNA vaccine for hetero{blgteol.) vaccine regimens) were
characterizedex vivoby intracellular cytokine (IFijand TNF) and surface marker (CD107a) stainkgPercentage of
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individuals withex vivoCD4 (left), CD8 (middle) as well as both CD&nd CD8(right) Tcell responses to the SARS\2
spikespecific peptide poolsB, Frequencies of spikepecific CD4T cells aftercomplete vaccinatiorassessedx vivo C,
Exemplary flow cytometry data of indicated cytokines and surface marker shown folT €Bits for one donor afteromplete
vaccination(BNT162b2 x BNT162b2) with afRNA vaccineD, Proportion of samples with nefunctional (0), mone
functional (1), bfunctional (2) or tri-functional (3) spikespecific CD4T cells aftecomplete vaccinationE, Frequencies of
spikespecific CD8T cells aftercomplete vaccinatiorassessedex vivo F, Exemplary flow cytometry data of indicated
cytokines and surface marker shown for €D&ells for one donor aftaromplete vaccinatiofBNT162b2 x BNT162b2) with
an mRNA vaccin&, Proportion of samples with nefunctional (0), moneunctional (1), bifunctional (2) or tri-functional

(3) spikespecific CDST cells aftecomplete vaccinationTcell responses were considered positive if the detected frequency
of cytokinepositive CD%or CD8¢ O S f Jold highér than the frquency in the negative control and at least 0.1% of
total CD4 or CD8 T cells. Responders are represented by colored symhntsnonrespondersare representecby clear
symbols. Symbol shapes indicate the different vaccine products received by the dan©rs.a K S N aB,BBexpots G Sa i @
show the median withthe 25th and 75th percentilesand whiskers represent minimum and maximum; Kruskélllis test
was usedlf Pvalues are not showrthenthe results were not significanESC, forward scatter; i§e negative control.

Effects ofBooster Vaccination onSpike-Secific Immune Responses to mRNA anHeterologous
VaccinationRegimens

Spikespecific antibody and @ell responses were assessed over time, at lrasddefore vaccination
(V0), 1month afterthe first (V1),after complete vaccination, fonths after complete vaccination
and 1month after the booster vaccination for mRN&nd heterologousraccinated donors. Booster
vaccination induced a significaip to eighfold) increase in spikspecificantibody levels, with
immunoglobulin G1§Q titers similarly enhanced from medianof 19 to 100 for mRNAaccinated
individuals and froma medianof 12 to 100 for heterologosvaccinated donors compared with the
time point 6months after complete vaccitian (Fig. 4/BandHg. S6A). Spikspecific Tcellresponses
were assessed by IFNELISpot assagx vivo(Fig. 4(D) and after 12lay Tcell expansionHg. S6(D)

for different time pointsafter vaccinationEx vivolFNg T cell responses peakecbmparably after
complete vaccination for both vaccination regimens (median mRNA, 71; hegens, 69), being
abouttwo- to threefold higher compared with Gonths after complete vaccination (median mRNA,
39; heterologous, 19; Fig. 4and Hg S6B). Inantrast to antibody respnses, thencrease inr cell
response intensity through boost vaccination, in terms of calculated spot counts, did not reach levels
of significance, néier ex vivonor after 12day Tcell expansion (Fig. 4B and Hg. S6AD). No
correlations could be obseed between IFN T cell response intensity anBMI, age, sexand donor
reported side effects after booster vaccinatiofig; S2IL). The number of different spitderived
peptide pools that resited in anex vivadetectable Tcell response (pool recognition rate) was highest
after complete vaccination for both vaccination regimens and was not altered or increased by the
booster vaccination. Spikepecific T cells showed poteaxpandability, resulting in @ell responses
agains all three spike peptide pds after 12day Tcell expansion at all time points after vaccination
(Hg. S6€F, Fig.S7). Crossecognition of the Omicron BA.And BA.2nutated regions of the spike
protein after booster vaccination in dors vaccinated wih mRNA (45nd 91%or BA.1 and 4%&nd
91%for BA.2donors with Tcell responsgor heterologous regimen (6dnd 91%or BA.1 andb5 and
82%for BA.2donors with Tcell respmse)ex vivoand after 12day Tcell expansion, respectivelwas

comparable witithe results after complete vaccination (Fig,B&ndHg. S6GH).
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Figure4: T cell and antibody responses of mMRNand heterologousvaccinated individuals after booster vaccination-B,
Time course of spike antibody titer&,B), and intensities oéxvivoIFNgT cell responses in terms of calculated spot counts
were assessed bfFNg ELISpot assays targeting spgfecific peptide poolsq,D after mRNAA,Q and heterologousR,D
vaccinationbefore (V0),1 month afterthe first (V1) and complete w&ination (CV)6 months after CV (CVT2) ahdnonth
after boost vaccination (BV). For results of paired samples from the same donors at each time point pleaseFgf&%o
(paired samples n = 8 for heterologous vaccination, n = 2 for mRNA vaccin&tjBpihtensities ofex vivolFNg T cell
responses against the SAR8V2 BA.1 and BA.2 mutation pools@mplete vaccinatiomnd boost vaccinatiorfor mRNA
and heterdogous vaccinated donors, respectively. Responders are represented by colored symbalsnrespondersre
representedby clear symbolS=-L, T cell responses were characterized doy vivointracellular cytokineand surface marker
staining. Teell respoises were considered positive if the detected frequency of cytokinsitive CD#4or CD8¢ OSf f &
3-fold higher than the frequency in the negative control and minimfrd.1% of total CD%r CD8T cellsG,H,Percentage
of individuals with CD4(top), CD8 (middle), and both CD4 and CD8 (bottom) ex vivoT cell responses to spik&pecific
peptide pools during the course of mMRN3) énd heterologousH) vaccinationl,J,Heatmaps showing the percentages of
cytokine and surface markeexpressing CD4nd CD8T cellex vivaafter complete vaccinatioandboost vaccinatiorafter
MRNA k) and heterologousJ( vaccinationK, Proportion of TNFCD4 spikespecific T cells expressing thec&ll memory
marker CD45R0O afteomplete(n = 12, n = 7) anboostvaccination(n = 8, n = 8) for mMRNAnd heterologousraccinated
donors, respectivelyl, Proportion of INFG"CD8 spikespecific T cells expressing thec&ll memory marker CD45RO after
complete(n = 3, n = 0) anbloost vaccinatiorfn = 4, n = 1) for mRNand heterologousraccinated donors, respectivelk,B,
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Antibody titers are shown imnits per milliliter (1 U/ml corresponds to 21.8Binding antibody uniténl). A-D, Data are
presented as scatter dot plots withe median, whiskers show maximui,F box plots show the median witthe 25th and

75th percentilesandwhiskers represent minimum and maximukiL Data are presented as scatter dot plots witie mean,

error bars indicate$SD A K,LMannWhitney test was used-F, KuskatWallis test wasised.G,HCA a KSNRa SEF O
used If Pvalues arenot shown thenresults were not significant.

Comparison of vacciA@duced Tcell phenotypes and functionality after complete vaccination and
booster vaccination usingx vivointracellular cytokineand surface marker staining showed no
differences in the proportion of donors developing Cla&d CD8T cell responses for the two
vaccination cohorts (MRNA: CDZ cells 86% versus 73% a@dD8 T cells 57% versu84%,
respectively)with a norsignificant icrease irdonors with vaccinenduced CD% CD8, andCD4 and
CD8 T cells after booster vaccination in the heterologmagcinated cohort (heterologous: CDRE
cells 70% versus 91% a@d8 T cells 30% versus 55%, respectivelg, 4 G and H; and Fg. S8).
Booster vaccinatioinduced CD4T cells in the mRNA and heterologous vaccinieorts displayed a
Thl phenotype, showing mainly positivity for TNF atwla lesser extent for CD107a and IFYTNE
and wee negative for theTu2 marker -4, comparable withthe T cell responses observed after
complete vaccinationqg. S94B). CDS8T cell responses, in terms of frequencies of cytokimeducing
cells and the ability to produce multiple cytokines, also showed a similar profile in both vaccination
cohorts after complet@and booster vaccination witharticular positivity for IFNj(Fig. 4JandHg. S8).
Within the vaccindnduced TN#producing spikespecific T cells, the proportion of CD43RD4
memory T cells showed a slight increase afteroster vaccination compared witlsomplete
vaccination in both vecination cohorts (MRNA: 78% ses 82%, heterologous: 75% versus 8BR;

4K and Hg. QCF). For vaccinsnduced INFgproducing spikespecific CD8T ells, this increase in
memory Tcell response is only detected after heterologous vaccination (MRNA: 41% vs. 16%,
heterologous: 0% v4.4% Fig. 4L).

In summary, the booster vaccination led to a significant increase ofspike IgG responsgwhich
show a marked decline 6 month after complete vaccination. In conteasi-spike T cell responses
remained stable over time aftaromplee vaccinationwith no significant effect of booster vaccination
on the total intensity and frequency of @ell responses oon crossrecognition of Omicron BA.1 and

BA.2 mutations within the spike protein.

Discussion

Tcell immunity is central for theontrol of viral infections. Although the role of awitial T cell response
is extensively studied during acute SARS/2 infection and COVHDO (13, 15, 19, 2)) the induction

of T cells upon vaccination with the different approved C@\MDI@accines is studied less extensively
(12, 1%. This study repas on T cell immunity aftecomplete and booster vaccination regingem

comparison to SARSoV2 Tcell responses in convalescents and prepandemic donors.
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In line with previous report$21, 29, the frequency and imnsity of spikespecific Tcell responses
were lower in vectowaccinated donors comparedvith mRNA and heterologousraccinated
individuals, who showed comparable CEll responses. Of note, the observed difference between
vaccination regimens vanished aftar vitro T cell expansion, indicating potent expandability of
vaccineinduced T cells upowirus encounter. Besides the expandability of vispecific Tcells(23),

the diversity of Tcell responses,e,. recognition of multiple T cell epitopes, is shown to be central to
combat viral diseaseincluding SARGoV2 (15, 29. We showed that vaccin@duced T cells
responded to different peptide pools covering the whole spike @irgtndicating highly diverse @ell
immunity by the different vaccination regimen®ur data onthe expandability andoroadness of
vaccineinduced Tcell responses indicated that mRNA, vectord heterologous vaccination regimens
can be recommended in éhfuture to induce protective Tell immunity.

Gomparison with spikespecific Tcell responses induced in nemospitalized convalescent individuals
revealed similar frequency and intensity of T cells induced by different vaccination regimens. Of note,
the phenotype and functionality of vacciieduced CD4and CDS8T cells also resemblatose after
natural infection(25). The induction of both CD&nd CD8T cells has been showto be central for
effective Tcell immunity in infectious and malignant dise426).

Crossreactivity of T cells for different virus species or even amongst different pathogens is-a well
known phenomenon postulated to enable heterologous immunity to a pathogen after exposure to a
nonidentical pathogei27). In SARE0V2, crossreactive T cells are associated with protection against
infection in COVIR9 contacts(28) and with enhanced immune responses upon infection and
vaccination(18). Here, we showed higfiequencies of spikspecific Tcell responses in a cohort of
prepandemic, unexposed donors aftervitro T cell expansion. In line with previous repo(is, 20,

the intensity and dersity of these preexisting @ell responses were significantly lower than in
convalescent and vaccinated individudiscontrast to previous reportd 8), we @uld also show cross
reactive Tcell responsesgainst the Prot_S1 peptide poobvering the complete ferminal part of

the S1 domain of the spike protein, which is described as less HCoV hoomtbgn the Germinal
section covered by the Prot_S peptide pool, indicating thatssaeactivity is not only based on
sequence similarity but also on physiochemical huchan leukocyte antigerHLA-binding properties

(29, 30.

Application of a booster vaccination after complete vaccination shows beneficial effects in terms of
protection from SARE0V2 infection and severe courses of CO¥YY31, 32. In line with previous
reports, we showed significant increase ilgG titers afér booster vaccination for botmRNA and
heterologous vaccinatio(83). In contras the frequency and intensity of @ell responses weraot
significantly boosted by the adbnal vaccination; however, dell responses also did not exhibit such

a marked decline after theomplete vaccination compared wigntibody responses. This is in line with
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reports after SARS0V2 infection showing a rapid antibody decénandthe persisence of Tcell
immunity (9). No differences between mRNA and heterologous vadcinatere observed in terms of
T cell frequency, intensity and ability of CD#% cell to produce multiple cytokines after booster
vaccination. Of note, cytokine pradtion in CD8T cells was only boosted in donasho received
three doses of MRNA vanei These data indicated that boosaccinatioris of particular relevance for
the amelioration of antiviral antiody activity, whereas robust dell immunity is alreag established
after complete vaccination.

We further observed crosecognition of the Omicron BA.and BA.2nutated regions of the spike
protein by vaccinenduced T cells after complete and bt&svaccination for mosof the donors in
the mRNAand heerologousvaccinated cohorts. This is in line with the crosactivity potential of
SARE 0V 2-specific T cells to HCA¥8, 2§ and provides the basis fdhe reported conservation of
vaccineinduced Tcell responses against different SARS/2 variantg(12, 17. This crosseactivity is
suggested to balance the lack of neutralizing antibodies targeting newly arising(34p&sd thus to
prevent severe COVAD® in vaccinees. These data on the cramgnition potential of vaccine
induced T cells indicate that rabt Tcell immunity toward Omicron variants is also induced from
complete vacciation.

There are several limitations to our study. We had a limited number of samples available, which
particularly affected the vectevaccinated group because vectbased vaccines stopped being
recommended by German governments in Rig21(35). The other main limitation is the restricted
number of paired samples for the analysis over time.

Together, our work shows that complete vaccination against CQ¥linduces broagpikespecific
CD4 and CDS8T cell immunity by different vaccination regimethat resemble Tcell responses after
natural SARE0V2 infection. Moreover, booster vaccination seetosbe of particular relevance for
the amelioration of ativiral antibody activitypecauseT cell responses are not markedly boosted by a

third vaccindéon.

Materials andMethods

StudyDesign

This prospective cohort study wastiated in 2021 and describesc€ll responses in donors vaccinated

with different COVIEL9 vaccines after complete and booster vaccination (regimens described in more
detailbelow), compared to convalescent and prepandemic donors. Starting January 2021, the German
population was recommended to get vaccinated with the approved CQ¥Naccines (BNT162b2,
MRNA1273, ChAdOx1 or Ad26.COV2.S), and volunteers were asked to ptetinipur studywhich

aimed to identify differences in Tcell responsesfter the different vaccination regimens. @ell

responses against the whole spike protein and against the Omicron BA.1 and BA.2 variant mutations
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were assessed. The control groupsluded samples collected from volunteer convalescents in 2020
after positivepolymerase chain reaction (PGB3t and prepandemic samples collected before March
2017. No randomization was performeahd blinding was not appropriate for this study. The hoets

and assays used were standardized to prevent batch effects. Data for the time point before and after
first and complete vaccination of the same donor were obtained in the same assay and data before

and after booster vaccination were obtained in thergaassay.

Donors andBlood Samples

Peripheral blood mononuclear cells (PBMCs) from vaccinated donors, @C@¢tinvalescents, and
from prepandemic healthy volunteers, collected between August 2015 and March 2017 at the
University Hospital Tlbingen and ti@ancer Research Department Rhkiain (Hospital Nordwest),
were isolated by density gradienentrifugation and stored aB0°C for short term storage or in liquid
nitrogen until further use for subsequent T ebHdsed assays. Informed consent was obtained
accordance with the Declaration of Helsinki protocol. The study was performed according to the
guidelines of the local ethics committees (179/2020/BO2, MC 288/2015,-282%evBO).

DonorsVaccinated withDifferent COVIB19 VaccinationRegimens

To assses spikespecific immune responses after vaccinatioe collectecblood samples from donors
vaccinated with three different COVI® vaccine regimens. The mRN#sed vaccine cohort includes
healthy volunteers vaccinated two (complete vaccination) to three times (booster vaccination) either
with mMRNA1273 or with BNT162h The heterologous vaccination group received one dose of
ChAdOXx1 followed by one (complete vaccination) or two doses (booster vaccination) of either mMRNA
1273 or BNT162b2. Donors of the veeb@sed vaccine group either received two doses of AZD1222

or one dose ofAd26.COV2.8r complete vaccination. Donor characteristics and side effects after
vaccination of the cohorts (n = 61) are provided in Table 1 and were assessed by questionnaire. Donors

reporting headache, fever or shivering after vaccinatiomengassified as donors with side effects.

SARSCoV2 Convalescentindividuals

To delineate differences of SARSV2 immune responses in vaccinated participants to immune
responses after natural infectionye useda reference group of COVI® convalescenindividuals,
described previousl{20) for comparison. SARS0\2 infection was confirmed by redime PCR after
nasopharyngeal swab. Sample collection for human CQYI&nvalescents (n = 16) wasrfprmed

in July 2020, 94 130 days (median 117 days) after positive PCR. By the time of sample collection, the
wildtype SARE&0V2 was circulatingand VOCsmerged at a later time point. Donor characteristics

and COVIEL9 symptoms were assessed by questionnaire. Details are provided in Table 2. Written
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informed consent was obtained in accordance with the Declaration of Helsinki protocol
(179/2020/BO2).

IFNgELISpofAssay

ELISpot assays were performexvivoor following 12dayin vitro expansion. Fom vitro expansion,
PBMCs were pulsed with overlappingrh®&r peptide pools covering the entire spike protein (Miltenyi,
PepTivator® SARDV2 Prot_S, PepTator® SARS0V2 Prot_S+, PepTivator® SARM2 Prot_S1,
Fig. 1A) or the Omicron BA.1 and BA.2 mutated regions (Miltenyi, PepTivator& ®ARBrot_S
B.1.1.529/BA.1 Mutation Pool and PepTivator® S2RE Prot S B.1.1.529/BA.2 Mutation Pool)
(0.02 nmolpeptide per nilliliter) and cultured for 12 dayaddinglL-2 (20 U/mi; Novartis) on days 3,

5, and 7. Peptidstimulated {n vitro expanded) or freshly thaweax vivg PBMCs were analyddy
IFNg ELISpot assay, as described previously (20). In brief, 100800,000 cells per well were
incubated in 96well ELISpt plates coated with antiFNgantibody @ pg/ml; clone tD1K, MabTech,
catalog no.34203-250, RRID: AB_907283) with peptide pool®10nmol/peptide permilliliter).
PhytohemagglutininSigmaAldrich) served as positive control. An irrelevant HiEestricted control
LISLIAARS 69¢+xL¢+5¢Y! I DYDYZX C[distille¢ Wdtea detved ascndmiativec y 0 0 A
controls. After 24 burs of incubation, spots wergevealed with antiFNg biotinylated detection
antibody Q.3 pg/m; clone 7 B6 1, MabTecRatalog n03420-6-250, RRID: AB_907273), ExtrAvidin
Alkaline Phosphatase (1:1,000 dilution, Sigidrich), and bromochloroindolyphosphag/nitro-blue
tetrazolium (SigmaAldrich). Spots were counted using émmunoSpot S6 analyzer (CTL)cell
responses were considered positive, and donors as responders, if the mean spot count of the technical
replicates normalized to 300,000 cells waseaskthree spotsex vivoandsixspots after 12dayin vitro
expansion andhreefold higher than the mean spot count of the negative control normalized to
300,000cells(15, 36. The ntensity of Tcell responses is depicted as calculated spot counts, which
represent the sum of mean spot count normalized to 300,000 cells for all three testedsgaikific

peptide pools subtracting the normatid mean spot count of the respective negative control.

Intracellular Gytokine andCell Surface Marker Saining

Peptidespecific T cells were characterized by cell surface marker and intracellular cytokine staining
(ICS) as previously describ@d). In brief, 250,000 to 1,000,000 PBMCs were incubated over 12 to 14
hours with the 15mer peptide pools covering the entire spike protein or the negative control peptide,
brefeldin A (Sigma&ldrich), and GolgiStop (BD Biosciencegprlpbl 1-myristate 13acetate and
ionomycin (Sigm&ldrich, Catalog nd.1668) served as positive control, for thex vivo ICS
staphylococcal enterotoxin B (SE)igmaAldrich, Catalog nd54881) was used amn additional
positive control. Staining was perfoaed using Cytofix/Cytoperm solution (BD), Zombie Aquagkor

vivosamples, 1:200 dilution, BioLegend)pphycocyaninAPQ/Cy7 antthuman CD4 (1:100 dilution,
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BioLegendCatalog n®00518, RRID: AB_31408ghycoerythrin PB/Cy7 antthuman CDS8 (1:400
dilution, Beckman Coulte€atalog noz37661, RRID: AB_1575980), Pacific Bluehamtian TNF1:120
dilution, BioLegendCatalog n®02920, RRID: AB_528968)iorescein isothiocyanatanti-human
CD107a (1:100 dilution, BioLeger@atalog n828606, RRIDAB_1186036), PE astuman IFNy
monoclonal antibodies (1:200 dilution, BioLegef@talog ndb06507, RRID: AB_315440), APC anti
human CD45R0O (1:100 dilution, BioLeg&atalog nd804210 , RRID: AB_314426)zzle 594 anti
human IE4 (1:25 dilution, BiLegendCatalog ndc00832, RRID: AB_256403B) vivasamples were
analyzed on a FACS LSRFortessaé®iDg strategyHg. S10). In this study, a T helper 11jTesponse
wasdefined as cells producing Ifgind tumor necrosis factor, andTa2 respong as cells producing
IL-4. Tcell responses were considered positive if the detected frequency of cytpkisiéive CD%or
cD8¢ OSft f dold dighar than the frequency in the negative control and minimum 0TRé.
frequency of cytokingoositive cels was corrected for background by subtraction of the respective

negative control values. Negative values were set to zero.

SARSC0V2 Anti-Spike andAnti-NucleocapsidAntibody Testing

The Siemens SAR®V2 IgG (SCOVG) assay was performed on an automated ADVIA Centaur XPT
aeaisSy o{ASYSya I SIfiKAYSSNERUVL I O02NRAY3 G2 {(GKS
detects aniSCOV@ntibodiesdirected against the S1 domain of the vinalke protein (including the
immunologically relevant receptor binding domain). The Eleasgay from Roche detecting high

affinity antibodies (including 1gG) directed against the nucleocapsid protein of-SARSwas

performed according to the manufactirNQ & Ay ad NHzOGA 2y a F2N) al YLX Sa
Hospital Tubingen. Results are reported in index values for the Roche assay and the SCOVG assay. For
the latter, an index value of 1 corresponds to one U/ml, 1 U/ml can be converted to 21.80 binding
antibody units/ml according to the manufacturer. The final interpretation of positivity is determined

08 |y FtyiAo2Re GAGSNI x mdn ! kYt A PSOnelbuddred KS YI y
was the highest measurable index value with the SGQ@¥say. Quality control was performed
F2fit26Ay3 GKS YIydzZFlFI OGdzZNBENDa AyailiNdHzOiGAz2ya 2y St C

Software andSatistical Analysis

Flow cytometric data was analyzed using FlowJo 10.7.1 (BD). Graphs were plotted using Inkscape 1.1

and GraphPad Pristh2.0. Statistical analyses were conducted using GraphPad Prism 9.2.0. Data are
displayed as mean = SBnd box plotsare displayed asnedian with 25 or 75% quantiles and
minimum/maximum whiskers. Continuous data were tested for distributiamd individal groups

were tested bythe use of twod A RS R CA a KSND & -BsE binpaired iMarawihEneydisy LIF A NB F

test, KruskalWallis test, or paired Wilcoxon signed rank test and Friedman test, all performed as two
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sided tests. Correlation was tested using &pean test and linear regression. P values of < 0.05 were
considered statistically significant.
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Malignant and infectious diseasgmse regularthreats to the human body. The immune system
defends the body by orchestrating a synergistic response mediated by the innate and adaptive
immunity and can therefore prevent disease developmght?). For centuries, vaccines have been
used to train the immune system to recognize pathogens and thus successfully prevent infectious
diseaseq3). Research advances in the fieldtafmor immunology,within the last decades, have
establishedimmunotherapy as treatment option for malignant disease, showing durable clinical
responses(4). Peptide-based vaccinegepresent one immunotherapeutiapproach, that relies on
comparableprinciples as vaccination for infectious diseaseg,, to specificallytrain the adaptive
immune system to recognize and target tumorlsehowever focusing primarily on the activation of
tumor-specific T cells. This low sid#ect approach has been used in trials for the treatment of solid
and hematological malignancies showing promising immunogenicity, nevertheless, clinical egficacy
still very limited. For successful peptidased vaccination, several aspects play a role: i) selection of
relevant tumor antigens, ii) time point of vaccine administration, iii) the correct combinatorial drug

and iv) selection of the right adjuva(i).

Using CLL as a representative low mutational burden tumor entity, we here presented a novel
workflow for the immunopeptidomicguided design of peptide warehouses (Chapter 1). The
warehouse preselection included relevant HLA claasd HLA class-Héstricted peptides found on
tumor samples thatvere highly frequent, noamutated and tumorassociated. To further determine

if the latter were good candidates for vaccination, peptide immunogenicity was assessed. Peptides
either needed to show preexisting de novanducible T cell responses for inclusion in the final peptide

warehouse.

As an outlook, this Ciderived peptide warebuse is currently beingvaluatedin a phase | clinical trial
(IVAGXS15CLLO1, NCT0468838hnat aims toaddress all mentioned aspects that are relevant for
successful peptiddased vaccination. This includes tgtimaltiming of vaccine administratiof®, 7):

Patients receive a personalized peptide cocktail selected from the warehouse that include the HLA
matched peptides once the state of minimal residual disease is achiafted remission induction

with. NXzi 2 y Q& (& NP & AT¥iSallowsdyah aptnal affgckoitd targecblifratio and can
thusimprovevaccineefficacy(8).. NXzii 2 y Q& G & NP & A y &eadiniinjsteradShrolighduth 6 A ( 2 N.
the trial, have more over beeshown tohave agpositiveeffect on T cell functionalit{®-11) and should

therefore not interfere but rather support the peptideased vaccine With regard to adjuvantshe

synthetic toltlike receptor 1/2 ligand XSX%2) is usedn this trial. XS1has already shown the ability
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to induce strongand longlastingT cell responses when administered as adjuvant for pegimsed
vaccination(13), even in immunocompromiseplatients suffering from &ell deficiency, including CLL
patients (14). With this peptide warehouse design workflow, we performed the preliminary work
required for the iIVAXS15CLLO1 clinical trial, and showed a concdpiaptide warehouse definition
easily transferrable to other tumor entities that enabléme- and costeffective personalized T cell

based immunotherapy approaches

As depictedin the first chapter of this thesis, immunogenicity screening represents an important
requirement for the selection of peptidds be applied inmmunotherapeutic approachesThe HLA
class Hestricted peptides for theCLLwarehouse wereselectedsolelybased on the ability of recall
activation of preexisting peptidspecific CD4T cells. The unavailability of a functional method to
prove de novopeptide-specific CD4T cell inducibilityrepresentsa possible hinderance for the
definition of future peptié warehousedor other tumor entities.9nce commercially available HLA
class Il monomers are restricted to a limited number of allelesraptesenta significantcost factor,
aAPCswnere not suitedfor priming experimentsof HLAclass |l restrictecpeptides An available
preliminary autologousMoDC priming protocol for CDA cells was testedeveral timeswithout
successTherefore the second aim of this thesis was tbetimization of this method(Chapter 2).
Adjustments made to the protocol includedthe maturation cocktail used for MoDC maturation, ii)
duration of MoDC coincubation with peptides and iii) the general stimulation setting. i) The maturation
cocktail for MoDCs was changed from TNF, Prostaglandin E2 and Resiquimod to LPS, since it allowe
for higher expression of costimulatory molecules required for successful T cell activation and is widely
used for DC maturatiofl5-19). ii) After the start of the maturation process, MoDCs have an improved
ability of antigen presentation that is lost 2040h later(20), this phenomenon was not considered in
the preliminaryprotocol. MoDCs have also been shown to induce T cell activation alreadytdr h
MoDC and peptide coincubatid®l), therefore the opimized protocol comprises a MoDC and peptide
coincubation step of 2 hours instead of the 24 h in pineliminaryprotocol. iii) As we do for the aAPC
priming, many groups perform their MoDC assays in reloitiom 96-well plates(22-24), whichallows

for better cellcell interactions due to the shape and reduced volume. This was also the final
modificationto the protocol, that enabled the successful priming of specific'GDeells for all tested
peptides anddonors and concluded the MoDC priming optimization. This method optimization will
allow to prove peptide immunogenicity for HLA classestricted peptides without detectable
preexisting T cell responses and will therefore facilitate the final step ofigeegelection for the

definition of novel peptide warehousésr clinical application

T cell responses also play a vital role in protecting the body from infectious di¢8asése outbreak

of SARE0V2 in 2019 thatnitiated the COVIEL9 pandemic had an immense impact on the world and
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led to the rapid development of several vaccines to reduce transmission and infection rates. The most
widely approved and administeradiccines in Europe and North Amer{2&-27) mostly targeted the

spike protein of SARS0oV2 and included the vector vaccines, ChAdOx1 and Ad26.CQ8229, and

the first ever approved mRNA vacciridT162b2 and mRNER73(30, 3]). For complete vaccination
status, the waccination schedules comprise two doses of ChAdOx1, BNT162b2 andI2RNand

one dose of Ad26.COV2ZB-31). The heterologous vaccination scheme, comprised of one dose of
ChAdOx1 followed by one dose of MRNA vaccine, was st iff reports of thromboembolic events

after vector vaccinatior{32). Within the third part of this thesjswe analyzed differences in T cell
responses after vaccination depending on vaccination regimen and the number of received vaccination
doses in healthy volunteers. We could show that complete vaccination with all vaccine regimens
induces broadspikespecfic CD4 and CD8 T cell responses that were comparable with T cell
responses in convalescents after natural infection and significantly increased compared to
prepandemic donors. With a convalescent and prepandemic group as reference, we could confirm the
observations made by Jordagt al. for mRNAvaccinated donorg33). In general, mRNAand
heterologousvaccinated individuals appeared to have an advantage in intensity and multifunctionality
of spikespecific T cells compared with vectaaccinated donors, which was in line with previous
reports (34, 35. We could also confirm the significant increase in -aptke 1gG after booster
vacénation for mRNAand heterologous/accinated donor§36, 37. This booster vaccinatienduced
increase was not seen for T cell responses, that remained rather constant for all time points after
complete vaccination for mMRNAnd heterologousraccinated individuals. The resudtbtained while
testing the BA.1 and BA.2 Omicron mutation pools showed cross recognition of the mutated spike
regions for most mRNAand heterologousraccinated donors but not for vecteraccinated donors.
However, this observation does not generally mézet donors with no crossecognition of mutated
regions have no T cell protection against VOCs, to assess that, experiments would have to be
performed using peptide pools containing peptides covering the whole BA.1 and BA.2 spike pmotein.
general, th shown crossecognition may also lead to protection against newly arising variants of
concern.While further analyses of the effects of vaccination several months after the booster dose
would have been of interest, the number of donors suitable for as®dykept decreasing due to either

the application of a fourth vaccirdoseor infection with COVH29.Increased infection rates werkle

to the ease of restrictions, such as social distancing, the wearing of facial masks and travel restrictions

used to catain COVIEL9 spread38).

As demonstrated in this thesis, Chd CD8antigenspecific T cell responses can be induced both,
in vitro by aAPC and MoDC primings as shown for tuassiociated antigens, and vivothrough
vaccinaion approaches as demonstrated for SARS42. In general, the induction of both CDahd

CD8 is of great importance for the therapeutic aspect in malignant disease as well as for the
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prophylactic aspect in infectious disease. Whereas the role of" €ia8toxic T cells has been
considered as highly relevant for a long time, the role of'Bells has been gaining importar{8é).

Over the past years, CD# cells have also been shown to directly induce cell death, either through
cytotoxic abilities by secreting granzyme B and perf¢ti), or by orchestrating inflammatory cell
death together with tumoricidal myeloid celf41). Considering the growing knosdge on the direct

roles of CD4T cells, the concept of including HLA clagedtricted peptides in peptidbéased
approaches, or using other vaccines able to induce*dDdells appears to be of relevance. One
attractive option for peptidebased therapatic approaches consists in using HLA classstticted
peptides that contain elongated HLA classdtricted epitopes for the activation of both Clak well

as CD8T cells with only one administrated peptid®). Using peptidevaccire cocktailsincluding
several elongated peptides allow for broader patient treatment due to HLA class Il promiscuity while
still including epitopes for several HLA class | allotypleis. approach was uséd a clinical Phase /11

trial of CoVael, apeptide-basedCOVIBEL9 T-cell activator including six SARS0V2 derivedHLADR
epitopes with embedded HLA class | sequences, that showed successful and strong induction of mostly

CD4T cell responses in patients with B cell deficiency unable to modiftaalty response$l4).

In this thesis antigespecific T cell responses were characterized in the context of prophylactic and
therapeutic vaccination against infectious and malignant diseasigle fromthe hereinperformedT

cell response characterizatiorgdditional TCR sequencing allows to determine individual TCR
repertoires sequencesnd clonalitieg42). It is a suitable tool for comparative analysis of different
study cohorts, for example to analyze the TCR repertoires of vaccinated donors and of unvaccinated
donors, or to assess the development of T cell respoftsebe prediction of immunotherapy activity

and efficacy by analyzing TCR repertoire and clonality before and after vaccination. After priming and
expanding antigesspecific T cells, the latter can be analyzed by combining single cell RNA sequencing
with TCR sequencing which allows for the direct identification of epiggeEzific TCR sequences from

the antigenstimulated T cells with highest expression levels of activation ma48ysThe identified

TCRs can be further engineered fopimved expression, stability and affinity for potential TiezRed
adoptive therapy approaches. T cells for T2Red therapy approaches are generated by using
lentiviral or retroviral vectors for gene delivef44). TCRbased therapies have been arising ottes

past years, with first clinical trials showing treatment efficacy for the treatment of cytomegalovirus
infection after allogeneic hematopoietic stem cell transplantat{é8) and clinical response was also
seen in trials treating patients of several cancer entities, including melanoma and synovial cell sarcoma

(43, 48.

In the future, combining peptidbased vaccination with other approaches such asli@ded therap

could be of great interest, by firgtducing antigerspecificT cellresponsesn the patients, sequencing

94



the most potent TCRs to then use the latter $oibsequeniTCRbased therapy for a boost of antigen

specific T cell responses.
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Supplement of Chapter 1

Supplementary Figures
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FigureSL: Saturation analysis, population coverage and comparative immunopeptidome profili®) Saturation analysis

of HLA class-testricted peptide source proteins of the CLL patient cohort. Number of unique source protein identifications
shown as a functionfecumulative immunopeptidome analysis of CLL samples (n = 49). Exponential regression allowed for
the robust calculation of the maximum attainable number of different source protein identifications (dotted lines). The
dashed red line depicts the source pgome coverage achiedein the CLL patient cohortB{D) HLAA*02, HLAA*24, and
HLAB*07 allotype coverage withirBf the CLL patient cohort of a previous peptide vaccination trial (NCT02802943) as well
as within ) the European population and) the world population (calculated by the IEDB population coverage tool,

www.iedb.org). The frequencies of individuals within the respective cohort carrying up to three HLA allotgpes bre
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indicated as gray bars on the leflaxis. The cumulative peentage of population coverage is depicted as black dots on the
right y-axis. E-G) Saturation analysis oE\HLAA*02-, (F) HLAA*24-, and () HLAB*O7-restricted peptide source proteins of

the CLL patient cohort. Number of unique source protein idmatifons shown as a function of cumulative
immunopeptidome analysis of CLL samples (E, n = 30; F, n = 16; G, n = 15). Exponential regression allowed for the robust
calculation of the maximum attainable number of different source protein identificationggddines). The dashed red lines

depict the source proteome coverage achieved in the respective CLL patient cbhdrOverlap analysis oH] HLA class |

, () HLA A*24 and () HLAB*07-restricted peptides of Hl-&fatched CLL samples (H, n = 52;3,16; J, n = 15) and benign
tissue samples (n = 351; |, including 39 #Ak24+; J, including 63 HLA B*07K), ) Comparative profiling okj HLAA*24-

and ) HLAB*O7-presented ligands based on the frequency of presentation in alletgpeched CLL anbenign tissue
immunopeptidomes. Frequencies of positive immunopeptidomes for the respective HLA ligands) @re indicated on the

y axis. HLA ligands identified on < 5% of the respective cohort were not depicted. Boxes on the left side highlight CLL

associated antigens that show Géxclusive highrequent presentationlDs, identifications.
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Figure 2: Statistical analysis of the proportion of falggositive CLiassociated antigen identifications at different
representation frequenciesThe numbers bidentified A) HLAA*02-, (B) HLAA*24-, (O HLAB*07-, and D) HLA class-II
restricted peptides based on the analysis of the CLL and benign tissue cohorts were compared with random virtual (HLA
matched) Cl-associated peptides (left-gxis),respectively. Virtual ligandomes of CLL samples and benign tissue samples
were generated in silico based on random weighted sampling from the entirety of peptide identifications in both original
cohorts. These randomized virtual ligandomes were used tmeedfLtassociated antigens based on simulated cohorts of
CLL versus benign tissue samples. The process of peptide randomization, cohort assembly;aasdc@ied antige

identification was repeated @00 times and the mean value of resultant virtual-@ksociated antigens was calculated and
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plotted for the different threshold values. The corresponding false discovery rates (ragtis)yfor any chosen threshold- (x
axis) were calculated and the 1% and 5% false discovery rates are indicated withlatt{aotied ines and arrows)IDs,

identifications; FDR, false discovery rate.
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FigureS3: Validation of experimentally eluted peptides by synthetic peptidgSomparison of fragment spectra (m/z on the
x-axis) of A) HLA class | andB)( classll-restricted peptides eluted from primary CLL samples (identification) to their
corresponding synthetic peptides (validation, mirrored caxis). Identified band yions are marked in red and blue,

respectively. The calculated spectral correlation doafhts are depicted on the right graphs.
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