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Summary

Summary

Conventionaéx vivadendritic cell (DC) vacastrategiedfor the treatment of cancer arshown to be
safe and to expand peptidgpecific T cells in some patients. However, thasibility andclinical
efficacyare hampered by daborious Good Manufacturing Practid8NIP production and biological
issues such eanimpaired DC migration capacityargetingumor-derived peptideso DCGassociated
endocytic receptorsin vivo by antibodygantigen conjugatestherefore represents a promising
alternative.To induce a strong ansustainedantigenspecific T cell response rather than tolerance,
DCtargeting antibodies are commonly -@aministered with tollike receptor (TLR) agonists as
adjuvants.n this context, peptideor antibody-coupled TLR agonists have shahigher vaccination
efficacy and specificity compared to soluble adjuvafts.combine the advantages of vivoDC
vaccires with those of conjugated TLR agonists, we generateavel multifunctional antibody
congructs (MACs}hat simultaneously deliver antigens and Tadivating adjuvants to DCs in a single
molecule.

The engineeredMACsconsist ofan h CD40singlechain variable fragment (scFv) an Fcsilenced
hCD401gG1 antibodyfused to a CMV pp65derived antigen including theimmunodominant
NLVPMVATV (CMN) epitopefor proof-of-principlestudies We shoved that the h CD40 scFv bound
agonisticallyto CD40 and highly upregulated maturation markansmonocytederived DCs (moDCs)
The hCD4® IgG1, in contrast, exhibited low intrinsic agonistic activity. Upon bindmngDCs
internalizedh CD40 scFv and IgG1 antibodies into early endosomal compartrdenssiown by DT
cell cocultures, moDCs incubated witbMVfcoupledMACscrosspresented the pocessed CMYv
peptide on the surface and inducedpeptide-specific T cell activation and proliferation. A higher
cellresponse was obtained for the scFv formata next step, different TLR agonists werejogated

to MACs tacompare their ability tstimulate DCsThe TLR4 agonist LR8dthe TLR5 ligand flagellin
further enhancedthe DC maturatiorelicited by h CD40 scF\but unexpectedly, TLR ligation did not
affect or even diminished the T cell respon§be TLR&gonistssRNA4M combination withh CD40
scFved to aminor upregulation of DC maturation markers due to an insufficient uptake of the RNA
however, T cell proliferatiorwas augmentedNotably, he combination off CD40gGland flagellin in

a single MAC molecute / Fig-)amaturedDCy specifically interacting with TLRBd enhaned
crosspresentation as well as theCMMWwspecific T cell response. Based on these results
h /| 5 n AMba$ dbssified as thmost promisingnoleculeto be further characterized.

Finally we couldsuccessfullgonfirm the functionality of thenovelMACformat in a tumor settindpy
deliveringthe acute myeloid leukemia (AMkpecific mutated nudeophosmin(mNPM1jderived
neoantigen CLAVEEV@IWNPMZL.4 to DCs This is the first studto investigatemNPM1 in a DC
vaccination contexaindto fusea neoantigen to a D€@rgeting antibodyDCs loaded witmNPM1
O2dzLJt SR h/ 5 mOD40AgGBEre ablg” ® induce efficientmNPMZX xdirected T cell
responses Again,fusing flagellino M / 5 lg@Glrevealed a beneficial effect on DC maturation and
crosspresentation whichdemonstrates adigh therapeutic potentialor h CD40.FIgN"M

The fusion of flagellimo an antigenconjugated" CD40lgG1lwas identified as the most promising
strategy toco-delivera peptide anda TLRstimulating signal to DC¢hat activates DCs arthereby
boosts peptide-specific T cell responses. Tinerein described data prove the functionality of flagellin
fusion moleculein vitro. Theylaythe foundationfor the therapeutically relevant CD40.FIg*™M MAC

to become a promisingption for treatingAML in the future especiallyupon combinatiorwith other
immunotherapeutic approaches such as adoptive T cell therapy or imcheekpoint blockade.



Zusammenfassung

Zusammenfassung

Konventionelleex vivoVakzinierungsstrategien mit dendritischen Zellen (DZs) zur Behandlung von
Krebs sinderwiesenermalRen sicher unklonnten Peptidspezifische Eellen in einigen Patienten
expandieren. Jedockinddie Durchfiihrbarkeit und die klinische Wirksamkeit durch die aufwandige
GMPRProduktion der Vakzinesowie durch biologische Problemewie die beeintrachtigte
Migrationsfahigkeit der DZsvermindert Der in vivo AntigenTransfer zu endozytischen
Oberflachenezeptoren auf DZ in Form von AntikdrperAntigenrKonjugaten stellt eie
vielversprechende Alternative datym eine starke und langanhaltende Antiggpezifische ‘EZelt
Antwort auszulésen und -ZellToleranz zu veihdern, werden Dzindende Antikorper flr
gewohnlich mit Tollike Rezeptor (TLR) Agonisten als Adjawan verabreicht. In diesem
Zusammenhang wurde bereits gezeigt, dass Pepmidkr Antikdrpergekoppelte TLR Agonisten
Vorteile bezuglich der Vakzinierungseffizienz usgezifitdt im Vergleich zlgslichen Adjuvanen
aufweisen Um die potentiellen Vorteile den vivoDZVakzinierung mit denen der gekoppelten TLR
Agonisten zu kombinieren, wurden in dieser Arbeit multifunktionelle Antikorperkonstrukte
(multifunctional antibody constructs, MACsjeneriert, die den zielgerichteten Transport von
Antigenenund TLRaktivierenden Adjuvanzieru DZsn einem Molekil kombinieren.

Die Antikorperkonstrukte besteheaus einen h CD40singlechain variable fragment (scFv) oder

einemh CD40 IgG1 mit mutiertem Ail an dieein CMW/ pp65spezifischeéntigenfusioniert ist das

das immudominanteNLVPMVATV (CMM) Epitopenthéltd 2 ANJ {1 2y y G Sy 1T SA3S8Sys RI
agonistisch an CD40 band und in hohem Mal3e Maturierungsmaufévionozyterabgeleiteten DZs
(moDZs)K 2 OKNB Idzf ASNIS® LY +SNBHftSAOK RITdz 628548 RSNJ
agonistische Aktivitat auf. Nach Bindung internalisiemeoDZs di¢ / 5nn a0OC@ dzyR L3IDwm
in frihe Endosomenin DZ/TZeltKokulturen wurde gezeigt, dass Das,die mit den hCD40

Konstrukten beladen wurden, das prozessetiM\vPeptid an der Oberflachiereuzprasentierten

und eine Peptiespezifische “ZellAktivierung und-Proliferationinduzierten wobei das scFv Format

eine hohere Antwort ausldstéAnschlieBend wurdenerschiedene TLR Agonistan die Antikdrper

gekoppelt uncanhand ihres stnulatorischen Potentials verglicheber TLR4 AgoniPS under TLR5

Ligand Hagellin verstarkten die durch " / 5nn  &a0C@ K SAMARrNE N Sy S
unerwarteterweisebeeinflusstedie TLR Ligation dieZeltAntwort nicht oder reduzierte sie sogdbdie

Kopplung von ssRNA40F y  h / 5 n silhrted QUE @u efer geringen Hochregulation von
Maturierungsmarkerraufgrund voneiner unzureichenden Aufnahme der RNé&doch erhohte die

ssRNA4Qdie Aktivierung und ProliferationCM\spezifische T-Zellen Bemerkenswerterweise

konnte die Fusion von Flagellin &i€D40 1gG1h CD40EIgY) sowohldie DZslurch eine spezifische

Interaktion mit TLR®naturieren aber auch die Kreuzprasentation von Peptiden und M\,
spezifischeT-ZeltAntwort verstarken. Folglich wurde dieses Molekil als das Vielversprechendste
eingestuft, das weiter charakterisiert werden sell

In einem néchsten Schritt konnten wiredFwnktionalitat des Molekilformats auch ifiumorsetting

bestétigen indem wir de virale Antigendomane gegen efkute Myebische Leuk&mie (AML)
spezifische NeoantigenCLAVEEVSL (mNRMlaustauschtendas vommutierten Nukleophosmin
(mNPM21)Proteinabstammt. Dies ist die erste Studdie den Einsatz von mNPM1 im Kontext einer
DZ-Vakzinierung beschreibind ein Neoantigen an einen Bindenden Antikorper fusionierDZs, die

mit mMNPMZgekoppeltenh / 5 n n & O Ci@ladizyviRirdenkbinken eine effiente mMNPMLix

spezifische Zelll y i g2 NI | dzaf | A4Sy ® 5AS Tizadigrabehals/einénf | ISt €
vorteilhaften Effekt auf D&laturierung und PeptidKreuzprasentation, welchefir ein hohes
therapeutisches Potential vanCD40.F§""Misprich.



Zusammenfassung

In dieser Arbeit wurde die Fusion von Flagellin aemintigengekoppeltenh CD40 IgG1 Antikoérper
als die aussichtsvollste Methode identifiziamtn sowohl ein Peptid als auch eéihRstimulierendes
Signal zu DZs zu transferieren waffiziente Peptidspezifische ZeltAntworten zu induzierenDiese
initialen Experimente weisen die Funktionalitat von Flagéllisionsmolekilem vitronach. Sie legen
auRerdem den Grundstein fir das therapeutisch releva@®40.FI§"MMolekil, umin der Zukuit
eine Behandlungstrategie der AML zu werden,vor allem in Kombination mit weiteren
Immuntherapien wie dem adoptivenZellTransfer oder der Immuncheckpoint Blockade.



Introduction

1. Introduction

1.1. Dendritic cells

1.1.1. DCbiology

Dendritic cells (DCs) are antigpresenting cells (APCs) that are characterized by a unique capacity to
orchestrate T celinediated immune response$hefirst subtype ofcells with a dendritic phenotype
describedwere Langerhans Cells (LCs) in the iskit868, named after his explorer Paul Langerhans.
At that time, the distinct function of those cells wastreven known More than one century later,
Ralph Steinmarand Zanvil A. Cohn shed light uptire cell function by discovering thantigen
presentation byDCS { (i S A yIatér fidirg that DCs play a crucial rule in the immune system by
bridging innate and adaptive immune responsgsanged the field of immunology* It finally
connected the work of Paul Ehrlich and llya Metchnikoff from the eaffyc2dtury, which was even
honored with theNobel Prize in Physiology Bedicine in2011°

DCs originate from CD3Aematopoietic stem cells (HSCs) in the bone marrow angk from the
lympho-myeloid hematopoiesisThey ae aheterogeneous population afifferent subtypeshat differ

in their function, development as well as their regulation of T cell fun&idnder steady state, the
generation of mosDC subsets is controlled by the cytokine Hikes tyrosine kinase 3 ligand {(&1L).

In addition, during inflammation and infection, granulocytecrophage colongtimulating factor
(GM-CSF) mobilizes and stimulates the production of monedgtéved DCS.In the classical DC life
cycle(Figure 1) DCs circulate as precursors through the blood stream. Immature DCgeagialized

in antigen capturingprocessingand presentationand reside in the periphat tissuesat sites of
potential antigen etry, for examplein the skin and internabr mucosal surfacesOnce they are
activated by inflammatory and pathogeswlerived signals (pathogemssociated molecular patterns
(PAMPg) via patter recognition receptors (PRR#)ey migrate into the draining lymph nodes or
lymphoid tissuesThere they getni contact with naive T cells that are in search for their cognate
antigen but have never been exposed to antigen befdPeoductive activation of naive T cells by DCs
results in their clonal expansion and differentiation if@®4 or CD8 effector and merory T cells,
thereby activating effectiv@@ celispecific immune responsés.

Tissues Microbial or Lymph node
inflammatory stimuli
migration

Immature DC Mature DC
Endocytosis high Endocytosis low
MHC low MHC high
Costimulation neg/low Costimulation high

Antigen uptake T cell activation

Figurel. Classical DGfé cycle(adapted from Lutz et a).?
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1.1.2. DCsubtypes

DCs represent just a small population of leukocybes they are comprised of various subsets, each
of them withan individual combination of surfacearkers functions origin andocation(Figure 2)It

is commonly accepted th&@Cs are divided into three major subs#tat are derived from a common
precursor plasmocytoid DCs (pDCs), myeloid/conventional DC1 (cDC1) and myeloid/conventional DC2
(cDC2}Y° Eachgroup develops under the control of different levels of the key transcription fagtors
most prominently of interferon regulatory factors 4 and 8IRF4 and IRE8 Besides the
aforementioned major subsets, there are othmarts of the DC familghat are derived from different
precursors anghare similarities with macrophages or monocytespectively® **Among those are
LCs a unique population of manuclear phagocytes restricted to the epidermal skin layer, and
monocyte-derived DCg§moDCs}hat differentiate from monocytes especially during inflammatifon
12The different DC subtypes will be further characterized in the following sections.

DCsubsetsfrom different precursors

Inflammation Viruses Intracellular Parasites Extracellulay Epidermis
Tumors pathogens Allergenes bacteria Squamougpithelia
¢ | \ o \ \ / Fungi i
moDC pDC cDC1 cDC2 LCs
CD®Hw CD%igh
L 0 [ o L @
IL-1, TNF, Type Il IFN  Type lll IFN  1L-12 IL-23 IL-10 IL-15 IL-22
IL-12, 1123 IL-12 TGH
CD4, CD8 CD8 Thl Th2 Th1l7 Treg CD8 Treg

Major DCsubsetsfrom commonprecursor

Figure2. Major subsets ofDCgadapted fromCollin et al.and Lutz et a).12 13

In humans, cDC1 ammarked by cluster of differentiation (CD)14#&xpression and cDC2 by CDl1c
expression? 1> cDC1 efficiently crosgresent antigens to CD8 cellsand produce fgh levels of
interleukin (L-)12p7Q thus promoting cytotoxic T cells anch&lper (Th) kells'®*® In contrast, cDC2
support Thl, Th2 and Th17 polarization by beingerior in pesenting antigens on MHC clas$’1F°
However, appropriately activated cDC2 cells are also able to secrete hmtnof [-12 and recent
studies suggested that both crepsesentation toCD8 T cells and Th1 activation are less res¢d to
the cDC1 lineage in humans compared to what is known in.#i€e

pDCs participate in thigrst line defense against viral infections. They act as innate effector cells, which
initiate type | interferon (IFNihduced antiviral responses in adjacent cells and recruit cytotoxic
natural killer (NK) celR.Resting and nostimulated pDCs are weak APCs and do not prime naive T
cells in contrast to cDCs. However, they can acquire the capacity to present antigens after activation.
This also confers pDCs the ability to generate efficient effector GD&Il responses against
exogenous antigen®.In addition, by producing cytokines and chemokines pB@dulate T cell
responses elicited by cD&s.
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Therehas beerthe discussion in the fieldhether ICs and moDGwe considered to belong to the DC
family or not They exhibit adistinct gene expressiomprofile that is more similar to that of
macrophagesr monocytesrather than DC$* 2*However, both also share common features with
cDCsThe epidermally resident L@dgrate to skindraining lymph nodeshave a high functional cross
presentation capacitandMHC classtelated gene expressicanda low CD11c expression, what they
have in common with cDC1 celfsHowever, they also share a variety of surface markers, such as
F&R1 and CD39, which cDEMoDCs)} f 42 (1 SNXY SR DE$ afFifidlic¥od vivio@ndke
inflammatory and infectious conditiorthat recruit monocytes into tissueg here, theydevelop into
DCs initiating T cell priming in the draining lymph nod€$¢MoDCs can be also differentiated from
monocytesin vitroin the presence of GNCSFand 11:4.2" 28 Theg artificiallygenerated moDCsould
serve as a tool for therapeutic strategies and to study DC biology asebemnblea cDGike celltype

in vitro. Bothin vivonaturally occurring andh vitrogenerated moDCs rely oadtors, such as GI@SF
M-CSFRnd I1:37, however their precise roles are not fully understoddl.

1.1.3. Antigenprocessing angresentation

In general, DCs in the periphery can present antigens on major histocompatibility complex (MHC) class
Il or lleading to the activation of CDdr CD8T cells, respectivelfror the processing and presentation
of endogenous and exogenous antigens, different mechaniaws been describedn DCs, cytosolic
selt or virusderived endogenous antigersse degradedoy proteasone degradationinto smaller
peptidesandtransferred to theendoplasmatic reticulumER by transporters associated with antigen
processing TAP. Subsequently, peptides ateadedwithin the ERon MHC class | molecules, which
are then rapidlytransferred through the Golgi appats to the plasma membram@ 3° There,
peptide-MHC | complexes interact with CDBcellsthereby allowing themmune systento identify
and eliminate virally infectedr transformed cancecellsthat either display modifiedelf or foreign
proteins3 MHC 1l moleculgsn contrast,associate with peptides derived from exogenous antigens
that comefrom pathogens or abnormal cells. DCs constitutively scan peripheral ared@®s$er cells

or particlesthat areinternalized byclathrinrmediatedendocytosisphagocytosis, micropinocytosis or
trogocytosisinto the endosomes and lysosom#&sin this compartments, exogenous antigens are
processed into peptide fragments and loadadMHC class Il receptoisiter transport to the surface,
peptides bound to MHC Il molecules are presented to'Qaells® 33

In addition to the classical MHC class | and Il path®&s also exhibit thepecial feature to present
exogenous proteins on their surfaom MHC | moleculesa process called crogpsesentaton.® Two
major pathways of antigen crogsesentation can be distinguishe@Figure 3) In the vacuolar
pathway, antigen processing, degradation by lysosomal proteas® loading on MHC | molecules
occurs within the endo/lysosomal compartmefitin the endosomeo-cytosol pathway internalized
antigens need to be transported from the endosomal compartment into the cytosol, where they are
degraded by the proteasomi® Afterwards,derived peptides are shuttled by TARnsporters into

the ER or back into the antigerontaining endosomes, where they are loaded into MHC molecules
and transported to the plasma membraide3Subsequently, interaction with antigespecific T cells
takes place.

Conclusively, this processf crosspresentationis particularly important not only in vivo during
infectiousand tumorconditions but also for therapeutic approachés transform naive CD& cells

into effector cytotoxic T lymphocytes (CTLs) and therefeliminate harmful target cell®: 4°
Moreover, the ability to crosgpresent is not a feature of specialized DC subsets, but is rather tuned
by and dependent on several factors, such as DC location and DC matutatiests
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Figure3. Pathways ofpeptide crosspresentationvia MHC B!
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Thepresentationof peptides on the DC surface on MH& Il molecules as peptiddHC complexes
(pcMHC)is followed by interaction with spedf T cell receptors (TCRs) on CB8CDA4 T cells,
respectively If CD8T cells are activated, they differentiate into €fHat can give rise to both effector

and memory cellé?> CD4 T cells, also callechTcells, careither stimulate cytotoxic responses (Th1l,
Th17), antibody responses (Th2) or inhibit immune responses (regulatory TTeetis)® The fate of
differentiation will strongly depend on the type of cytokines and chemokines present during DC
contact.

It is hypothesied that three signals are necessary to effectively activate T (Eajlgre 4) The initial
engagement via MHC and TCRhat forms the immunological synapse between DCs and T, cells
conferscsignal £ of T cell activationwhichisl f &2 O02YY2yf & (S KWrigderinpit OSft f
the TCR alonis insufficient undisually leads to T cell anergy indicated by limited T cell expansion

followed byunresponsiveness after reencounieg antigen?* “°To activate T cellg second signal

calledd G20 A Y dzfisinecds@any that is delivered the interaction of T cell surfaceeceptors with

their ligands on the D@lasma membraneTwo classes of estimulatory mdecules exist on the

surface of T cells. Thoseclude the immunoglobulin [g) superfamily members, such as CD28, that
interact with several members of the B7 family (CD80, CD86) on tH&*®Drheother class consists

of members of thetumor necrosis factor TNF receptor superfamily (CD27, CD40) that bind to
membraneattached proteins of the TNF gerfamily*® 4° Especialljthe engagementof CD28 is
important, as it alters the threshold level of TLR ligation required for activation, reduces the time
needed to stimulate naive T cells and enhances the magnitude of T cell resp&igesl 1 and 2 may

already activate T cells. However, an additional signal has to be provided which will polarise T cell
RATFSNBYGAIFI A2y d ¢ KSNBTPRPABAEthepddudighl of prooar ankd RS A
inflammatorycytokinesto regulate and control the type and quality tsiggeredT cell response One
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well-studied third signal agent is-II2p70 that ignvolved in theinduction of Thl and CTLBoth are
essential for efficient pathogen, but also tumor rejectfSn Type | interferons (IFN) contribute
similarly toTh1 and CTéxpansion and differentiatioim vitroandin viva.>* >3In addition, the secretion
of I1L-4 drivesTh2differentiation andthe combination of H6 and TG¥ together with 11-:23 promote
Th17 response¥: >°0Of note ighat alsoNKcells and Bells respond to D@erived cytokines, especially
IL-12p70, indirectly promoting adaptive immunit§ >’

PRRigand Signal 2
Activationof PRR$o upregulate
bR co-stimulatoryreceptors

Signal 1
MHC/TCR CD80
interaction CcDss  CD28 :
Anergic ) + Activated
Tcells _ ' Endosome _= Tcells
TCR  MHC MHC  TCR
o
T cell AA Cytokines T cell
Dendritic cell
Signal 3 + l
Cytokinesecretionby DCg0
Tcelltolerance amplifyimmunereponse T cell activation

and proliferation

Figure4. a ¢ KRB Sy | f Ka& TieliaktiSadion & ¢

Signal 2 and 3 areelivered bythe maturation of DCsThe latteris stimulated by inflammatory and
pathogenderived signals, more exactly the PAMPs recognized via PRRs. Upon activation, immature
DCs are matwd resulting in the expression of egimulatory moleculessuch as CD80, CD83, CD86
and CD40secretion of cytokines and migration to lymphoid organs where DCs can interact with
antigenspecific T cell As DCs also process and present autoantigens, the contributidgrefl 2

and 3is particularlyimportant for the overall immune response to preveatitoimmunity and to
establish immunological tolerande the absence of @athogenderivedsignal?® In this coriext, not

only the absence ofpositive co-stimulation triggered byDC maturationput also the presence of
negativeco-stimulation and the secretion of inhibitory cytokines might alter the immune response.
Exemplarily CD80/CD86 can engage inhibitory reocep on T cells such astoyoxic Flymphogite
antigen 4 (CTLA4) leading to anergic T cells or Ttegs.

Collectively, the amplexinterplay of activating and inhibiting factors determgihe fate of a T cell
response after encounteringiaantigenpresentingDC.

1.2. DCbased cancer vaccines

1.2.1. General concept

Reprogramming of the immune system against cageimmunotherapeutic approachdss shown

clinical promise in recemtecadeslin this contexttherapeutic cancer vaccines are developsduding

virus vector vaccines, molecular vaccines comprised of peptide, DNA or RNA vaccines, and cellular
vaccine$® Among those, D®ased cancer accines are intensely investigateBCs represent a
powerfultool for cancer immunotherapgue to their high capacity ttake up andpresent antigens

for examplethrough crosspresentation.Besides direct antigen presentation, additionalDtEinsic
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properties are relevant for immunotherapsiich as the capacity for migration between lymphoid and
non-lymphoid tissues as well as the modulation of cytokine and chemokine gradierdgsntrol
inflammation and lymphocyte homindAll those factors argpresumably important to promote
systemic and lordastingantitumor effects®!

In many tumors, immune responses are ineffective as the tumor lacks immunogeariditgften
createsan immunosuppressive environmeft.53The tumor microenvironment promotes exhaustion
of CD8 T cells directly or hampsrtthe recruitment of cDC1 cells, thereloyhibiting priming and
accumulation of tumoinfiltrating T cell$* % DC vaccines aim teverse theineffective immune
responses and thégnorance of the immune system to malignant cells. To achibigg DCs are
stimulated with danger signals and loaded with turspecific antigens on MHC molecules. By
activating antigerspecific T cells, antigdmearing cancer cells are supposed to be selectively
eliminated® Ideally, therapeutic vaccines should both prime naintigenspecific CD8T cells to
generateCTLsbut also modulate existing memory T cells and induce the transition from chronically
activated nonprotective CD8T cells to healthy CD8 cells. These, in turn, generate CTLs that reject
cancer but also provide loAiyed memoy CD8T cells to prevent relapseéIn addition, the activation

of CD4T cellshy the vaccine has shown therapeutic ber&fiy producing cytokines to support CD8

T cell proliferation and differenttan.®®

Thus, the prerequisites of all E@sed cancer vaccinexlude a large source of Dtbat exhibit a high
crosspresenting capacity and are sufficiently matdrto induce an efficient andgustainedT cell
responseTwo differentvaccination strategiekave been developed aralreadyimplementedas part
of clinical trials.In one approach, DCs agenerated and loadedvith the desiredantigenex vivo
followed by reinfusion into the patientAlternatively,antigens are targeted t®Csin vivoby fusing
or complexing it with antibodies or other Bi@rgeting vectos °

1.2.2. Target selectiomnd antigen source

The ®lection of an appropriate target represents one of the most important steps towards vaccine
development.Targets for tumor vaccines can be divided into two classes: teassociated antigens
(TAAs) and tumespecific antigens (TSA8igure 55°

Tumor-associatedantigens Tumor-specificantigens
Overexpressed
Target proteins Cancetestis Oncoviral Shared Private
types differentiation antigens antigens neoantigens Neoantigens
antigens
Tum(_)r_ . variable good Ideal
specificity
Central -
tolerance high low none
Prevalence
in multiple high high low
patients

Figure5. Tumorassociated vs. tumospecific antigengadapted from Hollingsworth et al.§°
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To date, most cancer vaccines targetAs Theseare selfantigens that are either preferentially or

abnormally expressedn tumor cells, but may be present at some level atsonormal cells. T cells

that bind with high affinity to TAAs are typicallgleted from the immune repertoire by central and

peripheral tolerance mechanisms. Thus, a cancer vaccine targbisg antigensnust be potent
Sy2dzZaK (2 & oandtb gtimulage thS bl ajfiitpar rare TAMB | OG A @S ¢ OStfa i
been eiminated” This seems todifficult to achieve, aseseral clinical trials targeting TAAs have

shown that longterm therapeutic effectsare often lacking! As a second challenge, expression of

TAAs on normal cells may lead to-@anget ofttumor toxicity. Thishasy Qi 6 SSyYy RSaONA 6 SR
vaccines so far duetiacking potency, bubxicities are a common observation for othiEAAtargeted

therapies®

In contrastto TAASTSAS are truly tumespecific andire recognized by the immune system as foreign.
As such highaffinity T cells may be present and stronglyiated by these antigensTSAs can be
either antigens expressed by oncoviruskes, examplehuman papilloma virus (HPV) responsible for
cervical cancer, or antigens encodedmor-specifianutations the so called aoantigensOncoviral
antigens are commonly expressed in many patients and so are some neoarthgerse derived
from hotspot mutations ocauing in multiple cancer patientdHowever, the majority of neoantigens
are unique to individual Ip ( A StyfmbrO(@rivate neoantigensand require the generation of
personalized therap$f Early clinical trial results testing personalized neoantigen vacciioes,
examplein melanomapatients, are very promisingand state reasons to further develop ebe
therapies’?’® The generation oftoff-the-a KSt T¢ @I OO AgbpdhtigensShdtLdferrakd/ 3 Y
between patientsis still in the early stage#\s those neoantigens are quite rare, clinical results are
missing even i& high therapeutic potential can be expectéd’®

The DC vaccine can consist @fher a single MHC-rlestricted epitopeas targt sourceor several
epitopes’® Loading of DCs witkpitopes derived from multiple antigenic proteins is suggested to be
beneficial over single antigen vaccinatidrhisoffers a better chance of recognition and less chance

of escape by epitope mutatiorf§.82In this context, also a combination BHC class | and Il epitopes,

for examplein socalled long synthetic peptides (LSPs), might be applied. Due to the significant
contribution of CDA4T cells to the overall immune response, vaccination with LSPs has been shown to
generate robust and lonterm CD4 and CD8T cell response¥. Slected antigen candidates are
always specific for an individualiman leukocyte antige(HLA type, which makes it hard to produce
ooff-the-shelk vaccines. To overcome this probleaverlapping pegtle libraries tumor cell lysates

or nucleic acids encoding tumor antigeresn be used to covall possibleumor epitopes without

HLA restrictiorf® 8 Even if vaccination with multiple peptides and different epitopes has shown
promising results, a lot of clinical trials investigate single antigen vaccindtiese are also able to
induce clinical responses and their efficacy can be enhanced by a pBeyiotny OF £ £ SR & S LJ
& LINB | R & yadcinebthat térgets just one antigen can result in tumor cell lysis by specific, T cells
new tumor antigens are released, thereby broadening and spreading the respmmeone to
multiple antigens$® 84

1.2.3. Ex vivdDC vaccination

The process oéx vivoDC vaccination involves the generation of patidatived autologous DCs, that
are matued with danger signals, loaded with selected candidate peptides amafused to induce a
tumor-specific T cell response (Figure Bloneeing work of Inaba, Steinman and colleagues from
1992 ushered the era @x vivoDC vaccines as they demonstrated that mouse DCs can be cudtured
vivofrom bone marrow precursor®.

10
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The generation of sufficient numbers of human DCs for vaccination purposes was one major challenge,
as DCs comprise <1% of peripheral blood mononuclear cells (PBNWest commonly moDCs are
used that can be generatezk vivoin large numbers from purified monocytes that were cultured in
presence of GMCSF and .2 These were first used as a source for therapeutic DCs to treat
lymphoma patients over two decades afjdRecent work of Sharma and colleagues found that
monocytes cultured with GNCSF, K6 and IFN give rise to a newly described re®C1 popution

that share even more similarities with cDCG14dditionally cDCs and pDCs can be generated from
CD34 hematopoietic stem cells using FIt3.8The phenotype, function and ability to inducecdll
responses biyn vitrogenerated DCs is highly dependent on the culture methods but also the cytokines
and growth factors used for differentiaticii Even different techniques for monocyte isolation are
shown to influence thentitumorimmunogenicity and cytokine production of generated moBACs.

Tumor cell lysate
Recombinant protein

RNA
@

Maturation
stimulus
Immature DC
Monocyteor ’ .
CD34 precursor
Mature DC
Cytapheresis Peptides
RNA
Patient

Figure6. Ex vivoDC vaccinatiorfadapted from Tacken et al%

The generated Ddike cells with an immature phenotypeeedto be matured prior tcadministration
When vaccinating in the absence afljuvantsas proper maturation factorstolerance has been
observed® *OnlyDCs matured Y danger signals are immunological competent, able to induce an
efficient T cell response and exhibihigh migratory capacity towards draining lymph nadéarious
maturation cocktails have been used in the clinic to stimulate moD@sse generallgonsst of
different ligands for PRRs and cytokines, often in combination wistiowlatory proteins such as
CD40 ligand (CD40L CD1545!

Antigen loading occurs at either the immature or mature DC stédgdoad DCwith selectedtumor
antigers, different techniques are availablantigens may be supplied by pulsiogelectroporation
with single peptides or tumor cell lysates, tbgnsfectionwith an antigerencoding RNA or DNA by
transduction usingiral vectorghat expresgumor antigens’>1°

DCs also need to reach the lymph nodtesivoin order to present antigen to cognate antigepecific
T cells and to inducenammune response. D€afficking to lymph nodess not only dependent on
the DC matration state, but might be also influenced by timectionroutes and strateg Different
vaccine administratiomoutes were tested, ranginfyjom intra-dermal (i.d.), intranodal (i.n.) to intra

11
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tumoral injection However, theR I (i | R A R Y @lbenedit §famaddinisiatidiiroutethat was
consistent among clinical trials. Therefotiee superior site of injection is still unknowh.

Numerous clinical trials have established the safety and efficiency of moDC vattitesever, this
approach is quite laborious and expensive, as the DCs have to be wgehdéoa each patient
individually Therefore,protocols need to beoptimized and accelerated Most protocols for the
generation of clinicajrade moDCs require 7 days of cell cultfffeNew methods have been
developed toensures a less timeand laborintensive production of DOsithin just 23 days The
resulting DCs had mature phenotypeand were equally potent in inducingntigenspecific T cell
responsescompared to DCs generatedcacding to the long protoco®®1°* As an examplenoDCs
generated in this thesis fon vitro studies were based on a thresay protocol developed before. This
starts with monocyte differentiation into immature DCs fori@ith GMCSF and {4 followed by DC
maturation for 24h with a TLR7/8 agonisbntaining cytokine cocktail for the generation Dil-
polarizing DC¥* 106

1.2.4. In vivoDC vaccination

More recently,in vivoloading of DCs is being exploited an alternative approach tex vivoDC
vaccinatioras targeting Dds vivowith antigens and adjuvants may simplify vaccination and produce
more physiological DC maturatiéh.? The vaccine can be produced on a larger scale since it is
applicable to a larger patient cohorSteinman and his colleague Nussenzwsgye the first to
demonstrate the principle of targeting antigens to Di@svivo through couging of antigens to
antibodies specififor DC surface receptof§71%° After binding its cognate receptor, the antibody is
internalized into intracellular compartments, the attached peptide is processedcaoss)presented

on MHQ or Iimoleculego activatepeptide-specific CDZor CD8T cellgFigure 7).

Tumorspecific
peptide DGtargeting

antibody
1. Binding

DCsurfacereceptor, 5. Activation of

e.g. Dec205, CD40, MR TCR peptide-specificCD4
} CD8T cell and CD8T cells
MHCI 4. Peptide
presentation via
MHC | and MHC I
2. Internalization S
I
MHCII TCR

Endosome  3- Peptide processing

CDA4T cell

Dendritic cell
Figure?. In vivoDC vaccination.
Highly investigated endocytic receptors are receptors of tHgp€ lectin receptor family (CLRhat

serve as PRRs on macrophages B$.These bind specifically to glycan structures derived from
PAMPsvia their carbohydrate recognition domains (CRD3elfantigen released from dead celf$.
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The most commonly used CLRs for antibtatgeted approaches are the mannose receptor (MR),
205 kD membrane protein (D2@5), Detin 1 and 2, dendritic cell natural killer lectin group receptor
1 (DNGR or Clec9Aand D&pecific ICAMB grabbing norintegrin (DESIGNY!! Some CLRs serve as
phagocytic receptors only, whereas other CLRs activad@gm@alingcascade via immungeceptor
tyrosinbased activation motifs (ITAMs) to initiate immune respes!'? Further CLRs auain
immunereceptor tyrosine based inhibitory motifs (ITIMBgat inhibit cellular activation to prevent
uncontrolled immune responsé$® Hence,various CLRs differ in thability to induce an immune
response in addition tats endocytic functionln addition to targeting CLRsantibodies againsEc
receptors (FcRand CD40can also be usedThe latter exhibits an exceptional position among DC
receptors targeted for vaccination approachésCD40not only serves as an endocytic receptbut
also exhibits intrinsic activating function after crédisgking of CD40 on the DC surfaedither by
interacting with CD40L on activated T celidy agonistic antibody construct¥'

All endocytic receptors have differential levels of expression, internalization patterns and downstream
trafficking routesThe amount ofinternalized antigen and receptoxpression levalvas showmot to
correlate with the antigen presentation level in previous studi€Exemplarily, Chatterjeeteal.
described that an amMR 6 h a antibody was more efficiently accumulated intracellularly than

h / 5 mmhDec205 However,CD40 was the best receptor to target to induce antigen eross
presentation which was not mediatedy " CD46dependentDC activatia. They suggested that rather

its relatively poor uptake or intreandosomal degradation in early endosomes is beneficial over a high
uptake and trafficking to late endosomes as seerM& and Dec208argeting*® The used antibdy
mightalsodetermine which DC subtypbut also which other celts be targetedDec205s expressed

at high levels on moDCs and monocytes, at intermediate levels by B cells and at low levels on NK cells,
T cells and pDGS$. CD40, in turn, is expressemt only onall DC subsetd3 cells, monocyteand
macrophagesbut also by hematopoietic progenitgrbroblasts endothelial and epithelial celf$®

120 AsPRRs are also differentially expressed on DC subtymksellular compartmentghe adjuvant

and D&argeting antibody should be selected welichestrated This ensures tha?RR ligatiomnd
antigen loadings foundon the same D@&nd in the corect cellularcompartments®

DCs can be targeted by different antibody formats includmigy& tbasedconventionakntibody, Fab
and Kl 9Xiragments or singlkehain variable fragments (scHBigure 8) The Fc domain of IgG1
antibodies commonly conjugates them to activating! Rcon immune effector cells This triggers
immune responses, suas antibodydependent cellular cytotoxicity (ADCC), phagocytosis (ADCP) or
complementdependent cytotoxicity (CDC). Engagement of inhibitoryRFcdampens immune
responses?! For D@based vaccines,sing scFv offers some advantages aherlgG format Due to
smaller size, schenetrate thetissue muchbetter.'?2 Since they lack an Fc domain, they do niatlb
to FiRsand hencedo not induce unwanted effectofunctions andprovide specific antigen deliveby
reducing normspecific uptake of antigemy other effector celld”® As a drawback to antibody
constructs with bigger sizescFvhavea shorter haHiife due to a fastenal clearance'?? Therefore,
silencing Fenediated functions by introducing PGLALA (P329G, L234A and L235Apnswiatild
represent an alternative approach to using FabscFvased molecule&*

13
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Figure8. Different antibody formats to be used to target D@svivo (adapted from De Groof et al?5

Ly FOO02NRIYy @S Ay { K KedRKNSS A & 2 Fex tivalicSdcéinatio) G A @1 G
alsoin vivovaccines need estimulation and DC maturation besides antigen loading. Therefore, most

of antibodycantigenconjugates are cadministered with adjuvants, which are commonly ligands for

PRRs. This is particulanlgcessaryor targetingfor exampleDec205 as in the absence ahadjuvant
antigenspecific tolerance is induced that could serve as a treatment against autoimmune di$8ases.

126 Asagonistich CD40 and someCLRantibodies already elicit estimulatory functions, D@argeting

and adjuvant are combined in one molecti#é 128Still, the addition of an additional maturating agent

might show synergistic effects. In lingtiwthis, 0 KS O2 Yo Ay | (i A Dtfier PRR ligandS n n & A
further boosted the immune response and synergized to stimulate' TR8I$ in response to peptide

and DC vaccinas previous studie$?*13! Aside from the ceadministration of the DC vaccine and the

adjuvant, D&activating factors can also be directly targeted to the antibody andOifidy genetic

fusion or covalent coupling. This is expected to reducedanffet effects of soluble adjuvants by

activating only DCs presenting the desired antiggri**More importantly, it is also shown to enhance
therapeutic efficacy®? 134

Conclusivelythe DGtargeting antibody in combination with the adjuvant selected for therivoDC
vaccination approacletermines the fate of loaded DCs and therefore #ipecificity and efficiency
of the induced immune responseéis pre-clinical evaluations shasd promising outcomes and
encouragel further optimization ofin vivo DC vaccination strategieshe first clinical trials are
ongoing*® 136

1.3. Patternrecognitionreceptors

1.3.1. Pattern recognition receptdsiology
CKS AYyYylraS AYYdzyS aeaiasSy asSNpSa a GKS o2ReQa 7T
acute inflammation induced by microbial infection and tissue dantég&®innate immunity is also
important for the acivation of acquired immunityThe innate immune system is essentially made up
of barriers to repel pathogens, including skin, mucosa and secrefidimsmune effectorcells arealso
involved that encompass plgocytic cells, epithelial and endothelial ceN&K cells, innate lymhoid
cells and platelets. Phagytic cellsconsist of granulocytes, monocytes, macrophaged BCsThe
majority of this cdsexpresses PRRs on the cell surface that recognize not only BAlso cellular

14



Introduction

damageassociated molecular patterns (DAMIggYived from the host cellAll PRRs share common
characteristics, such as their constitutive expression in the host anddé¢tection of pathogen
regardless of their lifeycle stageTheyare germline encoded, nonclonal, expresseckiher all cells

or a given type and independent of immunologic memdgpendingon the PRR subtype and the
nature of PAMP recognized, distirgignalingpathways and antipathogenic responses are induced
but the basic machineriesf PAMP recognitioare highly conserved among spectés.

PRRs includmll-like receptors (TLR), Ndite receptors (NLR), Ci.RIGI-like receptors (RLR), AIM2

like receptors (ALR) and various Di¢&ognizingeceptors, such asyclic GMFAMP synthasecGA$R
DNAdependent activator of IFKegulatory factors DA), interferon~ A Y RdzOA 6 f IBILGLINR G SA Yy
DEAD box polypeptidél (DDX4)andstimulator ofinterferongenes $TING3" 339141While TLRs and
CLRs are transmembraneopeins found in the plasma membrane, RLR, ALR, NLR and DNA receptors
are located in intracellular compartments, namehe endosome or cytosdf? PRRs use specific
adapter proteins to recruit various protein kinases, ubiquitin ligases and transcription factors to the
signalingcomplex. Subsequently, activated transcription factoasmslocate to the nucleus and induce
transcriptions of genes encoding inflammatory cytokindSN chemokines and antimicrobial
proteins!# 143The inflammatory response is orchestrated by proinflammatory cytokines sutNRs

IL-1 and IL6. Theseare pleiotropic proteinghat regulatecell death and apoptosis of inflammatory
tissues and recruit immune cells to inflamed tissues thereby stimulating adaptive immtfnify.

In summaryPRRs play a key role in filiste defense by initiation of innate immunityhis makes them

a promising target for therapeutic inteentions to manipulate the immune systei@RRargeting
strategiescan either consist of blocking approaches to reduce excesgjwalingoresentfor example

in autoimmune disorders? Alternatively ligationof PRRsan be therapeutically used in the context

of antitumortreatments g KA OK ¢gSNB LIA2YySSNBR o0& [/ 2fSeQa

a mixture of bacterial toxin¥'® Due to their capacity tdnduce activation and maturation of
phagocytes PRR agonists are alsised as adjuvants for DC vaccinafitnHowever, as PRR
stimulation has also been described to exhibit protumor effects by inducing chronic inflammation, the
amount and duration of activation needs to be carefully titrat&d.

¢
(7))
(N

1.3.2. Toltike receptors

TLRslike most of PRRsyre evolutionarily conserved from the wor@aenorhabditis elegan®
mammals'®*® 14°They reeived their name from the similaritio the Toll potein that is essential for
the development of embryonic dorsoventral polarity and for the antifungal response in Droséishila.
152TLRaare type | transmembrane proteirtat are characterizetly varying numbers of leuciméch-
repeat (LRRfontaining ectodomains and an intracellular TollR homology (TIR3ignaling
domain’**The LRR domains are composedarfous numbers of tandem LRR motifs, each of which
is 2429 amino acids in length and consists of strand and ar helix connected by loopsigands
for TLRs are recognized either by TibRiodimers heterodimers or by individual TLRs in combination
with coreceptorst> TLRsignalingis triggered by the ectodomaimediated dimerization of TLRs and
involves twodistinct pathwaygqFigure 9)the myeloid differentiation factor 88 (MyD88gpendent
and TIR domaircontaining adapteinducing IFN (TRIFdependent pathway. Bothsignaling
pathways lead to the activation of NBBand the MAPK pathway to induce inflaratary cytokines®
While MyD88 is utilized by all TLRs with the exception of TEER3 and TLR4 utilize the TRIF
dependent pathway® 157
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Figure9. Simplifiedscheme ofTLR engagement argignaling

To date,thirteen TLR family mmbers are described in mammals, THRR10 are found in humans

and TLRP and TLR*13 in mice® These TLRs are expressed on various immune cells including
macrophagesPCs, B cells, specific types of T cells and nonimmune cells such as fibroblasts and
epithelial cells. Expression of TLRs is not static but rather modulated rapidly in response to pathogens
and cytokines. They can be found both extrand intrecellularly and their cellular
compartmentalization is modulated by transmembrane and memb#amximal regions.

While certainTLRETLR1, 2, 4, 5 and ére expressed predominantly on the cell surface, others (TLRs

3, 7, 8 and 9) are present almost exclusively irargHular compartments such as endosomehis
requiresinternalization of their ligands faignalingorocesses?’

All TLRs aractivatedby different ligander PAMPsHuman TLRare divided into three groups: those

that recognize lipids or lipopeptides (TLR1, 2, 4 an@réteins (TLR5) anducleic acids (TLR3, 7, 8

and 9)¥8 TLR1 forms heterodimers with TLR2 (TLR1/2) and recognizes triacgplipes>® In

concert with TLR1 and TLR6 it binds a wide variety of PAMPs including peptidoglycan and lipoproteins
of Grampositive bacteria, but also mycoplastigopeptides and fungal zymosat.TLR4 is crucial for

the detection of PS, which is present in the cell wall of Graegative bacteria®® It can also be
activated by structurally unrelategbn-bacterialligands, such as the plant diterpene paclitaxeviral

motifs from the respiratory syncytial vird¥- 1*2The highly related nucleic acid binding TLRs found in
cytoplasmic compartmentsnteract with DNA and RNA derived from viruses or bacteria. TLR3
recognizes doubkstranded RNA (dsRNA), while TLR7 and 8 are responsivesioglestranded RNA
(ssRNA) found during viral replicatit.***Unmethylated deoxycytidyphosphatedeoxyguanosine

(CpG) motifs that are commonly present in bacterial and viral genomes are recognized #°TLRO.
Flagellin, which is a principal component of the flagella of both Grasitive and-negative bacteria,
interacts with TLR%®

TLR10 has also been found to homodimerize or heterodimerize with TLR1 and 2, however its ligand
and functions are poorly understodf’ Just recentlyhuman immunodeficiency viruH(\V) gp41l

protein was identified as a TLR10 ligaffd.
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133. Agonists opattern recognition receptoras adjuvants

Adjuvants can augment the immune responses to vaccines through a variety of mechanisms, including
deposition, increased uptake and stability of the antigen and the activation of the immune system
The latter is performed by agonists of PR&Even if nearly all PRRs are potential targets for
adjuvants the main focus is put ofLR agonistgiven the recent success ongoing phase | and Il
clinical trials In those, TLR agonists are being used as an adjuvant for peptide vaccmation
combination with radiotherapy?®

To date, bree TLR ligands are Fapproved Bacillus Calmett&uérin (BCGan attenuated strain of
Mycobacterium bovisvas initially described to asia TLR2/4 ligation, but was recently shown to also
interact with TLR97! It is mainly used as a vaccine against tuberculdsig, also for the
immunotherapy ofin situbladder carcinoma’? Imiquimod, a small molecule TLR7 agonist, has been
successfully used to treat human papilloma virus (HR¥Qced genital warts and certain skin
cancers'’® Its use as vaccine adjuvanfor example in melanoma treatment is still under
investigation'’* 1"*"However,a recent clinical triahas demonstrated that préreatment with topical
imiquimod significantly enhanced ¢himmunogenicity of the intradermal trivalent influenza
vaccine'’® The TR4 agonist monophosphoryl lipid A (MAk)a chemically detoxified form of LPS
derived fromSalmonellaMinnesota!’’ Thisis stillunder investigatiorasan adjuvantin clinical trials
testing cancer vaccinedut it hasbeen alreadyapproved asan adjuvant for apreventive vaccine
against human papilloma virus (Cervarixand Hepatitis B for preand haemodialysis patients
(Fendrix).17817°

Several ther TLR agasts, that are not approved yetare currentlytested in preclinical and clinical
settings. Numerouslinical trials explored the potential of using CaligodeoxynucleotidesgDN3 as
immunoadijuvants for cancer vaccinészen ifvaccination using CpG79@8éministered together with
synthetic peptide arigenswas able teexpandantigenspecific CDS8T cells in several cancer entities
clinical outcomes were not convincing enoug§h.®# The syntheticand stabilizedanalog of dsRNA
poly(l:Cinteracts with TLR3 and has been developed to mimic the response to RNA faaii®in
Under the commercial namegliltonol it has been used in combination with &sed vaccines in
glioblastoma and pancreatic cancer, which showed a good safety profile and disease stabilization in
some patientg® 8The TLR5 adjuvaanhtolimod is a pharmacologically optimized flagellin derivative

of Salmonelladublinthat retainsthe two constant regions (D0/D1) essential for TLR5 binding. In the
first instance, studies have establishedtolimod as a potential treatment for lethal radiation
exposure for which it had an excellent safety profile everter systemic delivery®* 8 |t
demonstrated promising activity as an adjuvant anduced potent antviral immune responses in
animal and clinical trials, when it wasther fused to antigens or administered separately with
vaccineg®188 As it has been shown to elicit direantititumoral effectsas wel] a combination wittDC
vaccines in the cancer setting would be a logical consequéht®éDue to themost recentpandemic
outbreak of ©VID19, great hopes are placed on tmeRNAbased vaccines, which are among others
develged by the Germabiotech companies CureVac and BioNTdtle. mRNA not only encodes for

the antigenthat is expressed by the host translation machinery and subsequently processed and
presented Importantly, italso elicits seladjuvant effects, as the sBR is recognized by TLR7/8.
Initially being developed as individualized cancer vaccines mostly encoding for neoantigens, their
evaluation in first clinical trials show&hcouragingesults!®? Asthis stillrepresentsa newapproach,

the efficacy of mRNAased vaccines both in the treatment of diseases but @sbe prevention of
(viral) diseases has yet to be proven.

Other PRR agonists can also be used as adjuvBrgscytosolic PRR STING has attracted attention as
another promising target for anticancer drug developmédnta mouse modelhe STING activator ¢
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di-AMP exerted supenr adjuvant properties compared to poly(l:C)/CpG formulatiaimen it was
combined with a soluble protein vaccine or Dec2f&diated antigen targeting to DC¥.DC
vaccination adjuvanted with the STING agonist-2GAMP elicited protectivantitumor and antiviral
CD8T cell responses botin vitro andin viva!®* Still, clinical translations were not successful so far
and need furtheinvestigation:®

1.4. Acutemyeloidleukemia

1.4.1. AML pathogenesis arderapy options

Acute myeloid leukemia (AMIg the most common form of acute leuké&@mwith an incidence that
increases with age. The disorder arisesa malignantly transformed multipotential hematopoietic
stem cell that acquires successive genomic alteratilr@gling to abnormal differentiation and
proliferation propertiesi®® The leukemic blasts expand clonally and accumulatkeiione marrow,

blood and extramedullary tissueJ here,they repress cells of normal hematopoiesis resulting in
anemia, granulocytopenia and thrombocytopefia.l®® AMLis a remarkably complex malignancy
with a high amount of genetic, epigenetic and phenotypic heterogeneity. Typically, multiple malignant
clones coexist in patients. As each subclone exhibits a unique pattern of genetic and epigenetic
abnormalities, they also differ in the treatment responseThe molecular and cytogenetic
abnormalities of AML cells involve mutations in critical genes of normal cell development and cellular
survival. Thus, targeting thimthways without inducing side effects remains a chaji!®® This may
explain why AML therapy has not significantly improved over the last 30 years and why advancing the
treatment has been an extraordinary challengé.

Patients are categorized according to cytomorphologic and cytochemical characteristicsravémp
risk-stratification and identification of the best therapeutic optiott¥é.Conventional treatment
consists ofintensive induction chemotherapysing cyarabine and anthracyclinghat induces
complete cytomorphological remission in up to 80% of patieBtghsequently, patients undergo a
consolidation or postemission therapythat is critical for elimination of minimal residual disease
(MRD) It consistof several cycles of intermediatiose cytarabine chemotherapy or, depending on
the genetic risk profileallogeneichematopoieticstem cell transplantation (HSC%.2%° Standard
therapy cures 35 to 40% iadult patients with age younger than 69.However, most patients
experience recurrence ohe disease, especially in older patients that are not eligible for intensive
chemotherapy and HSCIh this patients, remaining leukemic cells reconstitutthg MRD can be
found in the bone marrow, that are of high prognostic value to assess the rigtapise and long
term survivak® These cells presumaldyiginatefrom chemoresisant leukemicstem cells (LSOsj)th

the ability to reinitiate and sustain the disea¥g 2%

Novel targeted therapies and immunotherapiesnay provide suitale alternate therapeutic
approachesespecially in patients not eligible for HS&W to eliminate MRD to prevent relap$¥

Among targeted therapysubstancessevenare already approvedoy regulatory authorities: the
antibody-drug conjugate gemtuzumab ozogarm (GO)and several small moleculanmune
modulators Allact as kinase or cell pathway inhibitors, including FLT3 inhibitomidostaurin the

isocitrate dehydrogenasdlH) 2 inhibitors enasideniband theB cell lymohoma 2BCLE2) inhibitor
venetoclax®® 2%|mmunotherapeutic approaches, thatimarily( F NBSG GKS LI G6ASyGaQ
to indirectly kill the cancer cells, anender continuous development, butnot approved so far
Monoclonal antibodies, checkpoint inhibitofdKcell addback T cellbased therapiesising chimeric

antigen receptor (CAR) T caisd AML-specific T cell engaging bispecific antibodies (BaE£skll as
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vaccinesare promising tools aiming to indudenglastingleukemia remissiod?”2*® Among those,

AMG-330 or flotetuzumab ae examples for clinicaltage moleculeshat engage CD3T cells and

tumor cells bytargeting surface antigen<CD33 and CD123, respectivéfy 22 Due to the
heterogeneity of AML researchers ha to move beyond thed 2 ygigefits-I f £ € I LILINE | OK
AYRAGARZ t ATS GKSNI LISdziAO &0GN)I GS3IASa RSLBYRAYy3I 3
Given the variety of options, @ombinatorial therapy of different immunotherags with a focus on

checkpoint inhibitorsnight be a highly potent stratgy for the treatment of AML in the futurg?

1.4.2. Leukemiaassociated antigenaeoantigensand therapeutic use

All immunotherapeutic approaches for AML rely on the recognition of tumor antidggnactive

immune effector cells in the absence of overwhelming counégulatory mechanism&? Suitable

antigens are ideally selectively expressed or overexpressed by the malignanMegibrane

expressed and cell lineage antigens for AML, su¢heaalready mentionedCD33 or CD123 suitable

for all antibodybased therapies, are rarely canegyecific.Targeting intracellular leukemiassociated

antigens (LAA)rovides higher specificity as most of them are typically overexpressed on leukemic

cells In addition, itenlarges the total number giossible antigenRecenly, several LAAs have been

identified includingz A f YQ&a (GdzyY2NJ LINPGSAY M 02¢mM0X LINBFSNBYy
(PRAME#aNd Fmdike tyrosine kinase 3 internal tandem dupliion (FLT3IT3®

Highest specificity is providday targeting neoantigenthat arisefrom tumor-specific mutationsor
gene fusionddentified viawhole genome and exome sequencinhey carbe either restricted to
individual patients or common for a population of patientsdividual neoantigeng the context of
AMLare producedor exampleby fusions involvinghe mixed lineage leukemia (ML&hd histone-
lysine Nmethyltransferase 2A (KMT2A) gen€hey canoccur at multiple breakpoints and with
multiple partner geneg!’: 218 Mutations in WT1 produce serpersonal rather than shared
neoantigens’!® 229At the other end of the spectrum are highly recurrent mutations, exemplified by
missense mutations ilDH1 or 2and exon 12 mutations in nucleophosmin 1 (NPK#1322 Thelatter

one is arguably the most prominent target in this regaad it is an essentidMLdriver gene and
mutations thereof occur in the same hotspot in-38% ofall AMLs?** The 4 basepair framewft
mutation leads to a @rminal alternative reading frame of 11 amino acids that can be specifically
recognized by CTLs. It has been also proposed that the immunogenicity of mutated RFIVIL)-
derivedneoepitopes might add to the favorable prognosfsAML patients with NPM1 mutatiort$
There arealso limitations of targeting neoantigens in hematologic malignancies, sudhesow
number of protein-coding mutations and theHLArestriction?*® However, neoantigendirected
immunotherapy isexceptionally promising not only because of the high tumor specificity of
neoantigens, but also because theestant protein often plays amdispensableole in the malignant
phenotype??’ This l& to the assumption thatargeting a single highuality neoantigen can be
sufficient for disease control or even cL&?3°

Therapeutic targeting of LAAS or neoantigens can either involve vaccination strategies using peptides
and DCs or T cdiased therapies such as adoptive T cell trandfAAsare therapeutically usednost
commonly for peptide oex vivoDC vaccined-orseveral LAAgaccination trials have already been
initiated. So far, clinical Phase I/ll trigtvestigating_AAspecificpeptide vaccinehave demonstrated
immunological and molecular responses that translate into clinical efficacy in up to half of the
vaccinated AML patient$! DC vaccinesvere alsotested in the postHSCT and advanced disease
setting as well as afteshemotherapyinduced remission to prevent relap$&.Especially in the post
remission setting of AML, treatment withoDCdoadedfor examplewith WT1or PRAMEbr fused to

AML cellsanproduce durable remissions and prevemtdelay relapse in some higisk patients?®*
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235 Anin vivoDC vaccination strategy witilew York esophageal squamous cell carcindnfdY-ESQ

1) as peptide domain has induced a clinical response in patwith myelodisplastic syndrome (MDS)
or low blast count AME® 23" BesidegargetingLAAs by DC vaccination strategialso T celbased
therapies are developehapuis et al. recently showed thMT Ldirected TCR gene therapy prevents
AML relapse after allogeneicBT2%8Further, a newherapyhas been investigateid vitroand in pre
clinical modelautilizinga T cell bispecific antibody construct that recognizes WT1 in the context of
HLAA*02:01%° As notall patients experienced overt clinical benefitereis a big need to optimize
this type of immunotherapy, especially by targeting neoantigdiosour knowledgeno AMLspecific
neoantigenvaccineis investigated so far, neithein vitro nor in viva The only immunotherapeutic
approach in AML targeting a neoantigen was recently developedibyd¥r Lee et allheygenerated
mNPMZspecificTCRransduced T cellhat showedantitumor efficacy in an AML xenograft mouse
model??* As targeting neoantigenisy either adoptive T cell therapy or vaccgleas demonstrated
early promise in the clinic in advancediddiumors,the development of neoantigedirected (DC)
vaccines and T cell therapies in AML is further encour&f@d+°24

Colectively, AML antigens exhibit droad therapeutic applicatianDifferent approachegdargeting
LAAsshowed clinical responses with room for optimizatigrier exampleby combining it with other
immunotherapies such as checkpoint inhibitors or antibodiesatied against surface receptors with
killing activity to release neoantigei¥.However, a neoantigerdirected vaccines or T cellased
therapies are expected to be more promising perat of research effort is focused on those and
first clinical result are eagerly anticipated.
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2. Objectives

Dendritic cells (DCs) play a key role at the interface between the native and adaptive immune systems,
and therefore hold potential for use in the immunotherapy of diseases such as cancer. In particular,
the highcapaciy of DCdor processing and preseing antigers makesthem an attractive target for
antigendelivery. Targetingantigens to D&pecific endocytic receptors by antigemtibody fusios

along with immunostimulatory adjuvantsave been recently recogred as a promising strategy for

an effective vaccine that elicits a strong asubtainedT cell response againsancercells A variety of
DGCtargeting antibodesand formats have been testdad combinationwith different TLRagonistghat

elicit DCstimulatory potential In general practice, the adjuvahas beenco-administered together

with the DCGtargeting antibody or the peptide vaccindowever, soluble adjuvants led to an antigen
independent activation of bystander immune cells bearing the risk of adverse evdsatsthe co-
delivery ofan antigen and adjuvant into the same APC in form of a conjugsselted in superior
crosspresentaton and peptide-specific T cell activation compared to separate molecule
administrationin vivql33 134 24244

We developed multifunctionalantibody construct (MAG) to target and activatddCsn vivoand thus
combineDGtargeting of antigens and stimulation by TLR ligation in one mold€udgire 10)We
aimedto identify a potentcombination d antibody and adjuvant while reducing adverse evearid
increasing therapeutic efficaciMACsonsistof an antigen domain including a variable T cell epitope
that is fused to a CD4Gantibody constructvith agonistic functionThe construts were tested ira
scFvor FcsilencedlgGl format To potentiate therapeutic efficacylifferent TLRligating domairs
were attachedacting as avaccine adjuvantThereby, the TLR4 agonifiorescein isothiocyanate
(FITG-LPS and TLR8 agonist FSRNA40 were ligated to tiseFvformat antibody by interacting with
anhFITC scRhat was located @rminally of? CD40 The attachment of the DO/D1 domain of the
TLR5 agonidlagellin was achieved by genetic fusittnthe Ig@- and scFformat molecules The
different MACs were initiallgomparedin vitro in a vial setting by conjugating aytomegalovirus
(CMVjspecific peptide derived from the pp65 protein to the antibodly these proof-of-principle
studies the most promigg candidate was selected based on capability to enhance DC maturation as
well as activation and proliferation of antigespecific T cells.

The concept wageplicated inthe leukemia setting by fusingn AML-specific nNPMZderived

neoantigento the DGCtargeting antibody.This is of high therapeutic interest, as nowaatment

options in AML are urgently neededspecially in high risk patient$n these experiments, the
functionality ofan mNPM3icoupledh CD40scFv and IgGdlone was anaked andin combination with

the most potent TLR agonist fusiddentified before
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Figurel0. Mode of action of multifunctional antibodyconstructs.
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Materials and Methods

3. Materials and Methods

3.1. Materials

Unless otherwise stated, all chemicals wgrerchased from Carl Roth, Merck or r8agAldrich.
Restriction enzymes for microbiological applications were obtained frbermo Fisher Scientifaad
primers from Metabion. Cell culture media were obtained from Thermo Fisher Scientific and cell
culture sypplies from Sarstedt and VWR unless indicated otherwise.

3.1.1. E.colistrains

The E.colistrain XL1 Blue used for cloning was purchased from Stratagen and made chemically
competent as previously describé®f. This strain was cultured in lysogeny broth (LB) mediag(lLO
tryptone, 5g/l yeast extract, 5/l NaCl, 1.3nl/l NaOH) and plated in LB agar-{ldhnox media with

15g/l agar)

312. 1 SIfGKé R2y2NRa YIGSNAI €

Peripheral blood samples were collected frorealbhy donors after written informed consent in
accordance with the Declaration of Helsinki and approval byrtsiitutional Review Board of Ludwig
MaximiliansUniversity.Peripheral blood from healthy donors was the source of PBMCs, monocytes
and T cells.

3.1.3. FITGcoupled and uncoupled TLR agonists

The following commercial TLR agonists, optionally-Rii€led wereused during this study (Tahlg.

Dried ssRNA40 from Metabion wasaenstituted in nucleaséree IDTE pH 7.5 buffer (Integrated DNA
Technologies) to a stock concentration of 304. For microscopy studies 6" FAMRNA4AAtt0488-

3’, a FIT€oupled ssRNA40Qith an additional 3"Atto488 label, was used based on an expected
guenching of the FITC fluorescence and to ensure sufficient fluorescence stability during microscopy.

Tablel. Commercial TLR agonists

TLR agonist Company
6'FAMssRNA40 (hereafter named H1 Metabion
sSRNA40)

6"'FAMssRNA4@Atto488 3" (hereafter namec Metabion
FITGssRNA4A\tt0488)

FITGLPS SigmagAldrich
LPS SigmagAldrich
SSRNA40 Metabion

3.1.4. Plasmids

Table2. Vector backbones usefibr protein expression

Vector Company
pFUSECHIghG1 InvivoGen
pFUSECLIghk InvivoGen
pSecTag2/Hygro C Life Technologies
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Table3. Expression vectors

Materials and Methods

Name Encoded sequence Tag
pFUSECHIg hCD40 W Heavychain of hCD48pecific IgG1 Fc
pFUSECHIg h CD40 W Heavychain of hCD4@pecific IgGIilagellin DO/D1 Fc
domain
pFUSECHIg-h CD40 W™ | Heavychain of hCD48pecific IgGiflagellin DO/D1 Fc
domain R90A E114A
pFUSECHIg hHer2 4 Heavychain of iHer2-specificlgG1 Fc
pFUSECHIg h Her2Vi{ Heavychain of hHer2specific IgGIilagellin DO/D1 Fc
domain
pFUSECHIg hHer2VW{"M9 | Heavychain of Her2-specific IgGiflagellin DO/D1 Fc
domain R90A E114A
PFUSECLIg hCD40 V¥V | Light chain of hCD4$pecificlgG1/amino acid Fc
sequence 487508 of CMV pp65 protein
pFUSECLIg h CD40 V"NPML | | ight chain of hCD4gpecific IgG1/amino acid Fc
sequence 27¢298 of mutated NPM1 protein
PFUSECLIg hHer2Vi°™Y | Light chain of Kler2specific IgG1/amino acid Fc
sequencet87¢508 of CMV pp65 protein
pFUSECLIg h Her2Vi™NPML | | ight chain of hCD4gpecific IgG1/amino acid Fc
sequence 27¢298 of mutated NPM1 protein
pSecTag2 hCD46specific scFffagellin DO/D1 domain/FITC N-Hiss
h CD40.FIg§ FITEW specific scFv/amino acgkquence 487508 of CMV
pp65 protein
pSecTag2 hCD46specific scFflagellin DO/D1 domain R90A N-His;
h CD40mFIgh FITEW E114A/FITGpecific scFv/amino acid sequence ¢87
508 of CMV pp65 protein
pSecTag2 hCD46specific scFvIF CGspecific scFv/HIV TAT N-His;
hCD4OFITC.TAM CPP/amino acid sequence 4808 of CMV pp65
protein
pSecTag2h CD40" FITEM | hCD46specific scFv/FITépecific scFv/amino acid N-Hiss
sequence 483508 of CMV pp65 protein
pSecTag2 hCD46specificscFv/FITGpecific scFv/amino acid N-His;
h CD40" FIT@NPML sequence 27¢298 of mutated NPM1 protein
pSecTag2 hHer2specific scFffagellin DO/D1 domain/FITC N-His;
hHer2.FIg: FITEMY specific scFv/amino acid sequence 4878 of CMV
pp65 protein
pSecTag2 hHer2specific scFflagellin DO/D1 domain R90A N-Hiss
h | SiNBigh FITEW E114A/FITGpecific scFv/amino acid sequence ¢87
508 of CMV pp65 protein
pSecTag2 hHer2specific scFv/FIT§pecific scFv/amino acid N-Hiss
hHer2h FITCNPML sequence 27¢298 of mutated NPM1 protein
pSecTag2 hHer2specific scFv/FIT§pecific scFv/HIV TAT N-Hiss
h | SINGTC.TAM CPP/amino acid sequence 4808 of CMV pp65
protein
pSecTag2h Her2h FITEMY | hHer2specific scFv/FIT&pecific scFv/amino acid N-Hiss

sequence 487508 of CMV pp65 prote
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3.1.5. Amino acid sequences

Table4. Amino acid sequences of binding modules and ligands

Name

sequence

h CD40 scHdisufide
stabilized
(Mg (GSrc W)

h | 5 Wun

h/ 5mn =+

hHer2 sFv

(VL (GsS)h¢ Vi) (4D58-
derived, kindly provided
by Prof. Matthias Peipp)

hl SNH +
hl SNH =+
hcLe/ &a0CQ
(Vg (GSyc W)

(kindly provided byProf.
Andreas Pluckthun)

Fhgellin DO/D1 domain
separated by &SGGG

linker (+ R90A and E114A

(kindly provided by Prof.
Barbel Stecher)
Extracellular domain of
CD40

Human IgG1 Fc

HI\tderived TAT CPP
sequenceé*®

sequence 483508 of
CMV pp65 proteincMviy
epitope sequence bold)
sequence 27¢298 of
mutated NPM1 protein

(mMNPMZLnepitope sequence
bold)

QVQLVQSGAEVKKPGASVKVSCKASGYTFTGYYMHWVRQAPGQC
PDSGGTNYAQKFQGRVTMTRDTSISTAYMELNRLRSDDTAVYYCAF
GVCSYFDYWGQGTLVTVSSGGGGSGGGGSGGGGSDIQMTQSPS!
TITCRASQGIYSWLAWYQQKPGKAPNLLIYTASTLQSGVPSRFSGS(
LQPEDFATYYCQQANIFPLTFGCGTKVEIK
QVQLVQSGAEVKKPGASVKVSCKASGYTFTGYYMHWVRQAPGQG
PDSGGTNYAQKFQGRVTMTRDTSISTAYMELNRLRSDDTAVYYCAF
GVCSYFDYWGQGTLVTVSS
DIQMTQSPSSVSASVGDRVTITCRASQGIYSWLAWYQQKPGKAPNL
GVPSRFSGSGSGTDFTLTISSLQPEDFATYYCQQANIFPLTFGGGTK
DIQMTQSPSSLSASVGDRVTITCRASQDVNTAVAWYQQKPGKAPKL
GVPSRFSGSRSGTDFTLTISSLQPEDFATYYCQQHYTTPPTEGQGT
GGGGSGGGGSGGGGSEVQLVESGGGLVQPGGSLRLSCAASGENI
APGKGLEWVARIYPTNGYTRYADSVKGRFTISADTSKNTAYLQMNS
CSRWGGDGFYAMDYWGQGTLVTVS
EVQLVESGGGLVQPGGSLRLSCAASGFNIKDTYIHWVRQAPGKGLE
GYTRYADSVKGRFTISADTSKNTAYLQMNSLRAEDTAVYYCSRWG(
WGQGTLVTVS
DIQMTQSPSSLSASVGDRVTITCRASQDVNTAVAWYQQKPGKAPKL
GVPSRFSGSRSGTDFTLTISSLQPEDFATYYCQQHYTTPPTEGQGT
QVQLVESGGNLVQPGGSLRLSCAASGFTEFGSFAMSWVRQAPGGG
RSSLTHYADSVKGRFTISRDNAKNSVYLQMNSLRVEDTAVYYCARR
FYSYMDVWGQGTLVTVSSGGGGSGGGGSGGGGSQSVLTQPSSV!
CSGSTSNIGNNYVSWYQQHPGKAPKLMIYDVSKRPSGVPDRFSGS
GLQSEDEADYYCAAWDDSLSEFLFGTGTKLTVL
AQVINTNSLSLLTQNNLNKSQSALGTAIERLSSGLRINSAKDDAAGQ/
GLTQASRNANDGISIAQTTEGALNEINNNLQRVRELAVQSANSTNSC
TQRLNEIDRVSGQTQFNGVKVLAQDNTLTIQVGANDGETIDIDLKQIN
GSGGGAEAAATTTENPLQKIDAALAQVDTLRSDLGAVQNRFNSAITH
TSARSRIEDSDYATEVSNMSRAQILSYQAGANQVPQNVLSLLR
EPPTACREKQYLINSQCCSLCQPGQKLVSDCTEFTETECLPCGESE
HQHKYCDPNLGLRVQQKGTSETDTICTCEEGWHCTSEACESCVLH
QIATGVSDTICEPCPVGFFSNVSSAFEKCHPWTSCETKDLVVQQAG
QDRLR
GADKTHTCPPCPAPEBRSYFLFPPKPKDTLMISRTPEVTCVVVDVSHI
NWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYk
APIEKTISKAKGQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSC
PENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEA
YGRKKRRQRRRA

QAGILARLVPMVATQGON

RMTDQEAIQDILAVEEVRK
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3.1.6. Commercial antibodiesnd live/dead stains

Table5. Commercial antibodies for flow cytometry

Antigen Fluorophore | Reactivity | Isotype Clone Company

CD2 APC human Mouse 1gG1§ RPA2.10 | BiolLegend

CD3 APC human Mouse IgG2d, @ HIT3a BioLegend

CD8 FITC human Mouse 1gG1§ SK1 BioLegend
PerCP human Mouse 1gG1 SK1 eBioscience
eFluor710

CMMLyv PE human Immudex

specific  TCF

(dextramel)

[FN PE human Mouse 1gG1§ B27 BioLegend

TNFh APC human Mouse 1gG1§ MAb11 BioLegend

CD80 BV510 human Mouse 1gG1§ 2D10 BioLegend

CD83 PerCRCy5.5 | human Mouse 1gG1§ HB15e BioLegend

CD86 APC human Mouse 1gG1§ BUG3 BioLegend

Dec205 PE human Mouse 1gG1§ HD30 BioLegend

HLADR Pacific Blue | human Mouse IgG2d, | L243 BioLegend

PentaHis AF488 or human Mouse IgG1 Qiagen
AF647

IgG1 Fc FITC human Rat polyclonal BioLegend

19G

Table6. Commercial live/dead stains for flow cytometry

Live/dead stain Company

7-AAD BioLegend

[ L9k 59! 5u CA | Thermo Fisher Scientific
%2Y0AS DNFBSYn BioLegend

Viability Kit

3.1.7. Buffers and media

Table7. List of standard buffers used for biochemical and cell culture methods

Buffer Components

10xPBS (1) 809 NaCl, 3 KClI, 14.4 Na-HPQ x 2 H=, 2g KHPQ (pH 7.4)
20xSDS running buffer | 0.2% SDS, 14l triethanolamine, 143.3)/l tricine

4xLaemmli buffer 0.11M Tris base (pH 6.8), 16% /v/v) glycerol, 4% (w/v) SDS, 5%-()

mercaptoethanol, 0.05% (w/v) bromophenol blue
Biacoreregeneration 3 M MgCt

buffer

Biacoresampe and HBSEP pH 7.4

runningbuffer

Coomassie stain 50% (v/v) ethanol, 7% (v/v) acetic acid, 0.2% (w/v) Coomassie Br

Blue R250
Elutionbuffer for Fe 0.1M Citrate, pH 3
based purification
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Elutionbuffer for His-
purification

FACS Buffer
Neutralizationbuffer for
Fcbased purification
Washbuffer for Fe
based purification
Washbuffer for His-
purification

Materials amnl Methods

1xPBS + 20M Imidazole, pH 7.4

1% (v/v) FBSL. mM EDTA 1xPBS
1M TrisHCI, pH 9

50 mM Tris-HC] pH 7.5, 500mM NacCl

1xPBS + 1M Imidazole

Table8. List ofcommercialmediaand buffers for cell culture.

Media and buffers

Company

DMEM

DPBS

Expi293 Expression
Medium

Nucleasefree water pH
7.5

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo FisheBcientific

Integrated DNA Technologies (IDT)

RPMI 1640 + GlutaMA> Gibco, Thermo Fisher Scientific

VLE RPMI
XVIVO

Biochrom
Lonza

Table9. List of media and buffers foE.coli

Buffer Components

LBmedium (1) 10g bacto tryptone, 5g yeast extractgiNacCl, 1.3 ml NaOH

LB agar (3) LB medium + 1§ agar

TSS buffer LB medium with 10% (w/v) PEG 6000, 5% (v/v3DIVenM MgSQ(pH

6.5-6.8), frozen at20°C

3.1.8. Technical equipment

TablelO. List of technical equipment

Equipment

Company

AektaPurifier 100

GE Healthcare

Agarose gel electrophoresis system | Bio-Rad

Biacorex100

GE Healthcare

Cascade || EMCCD camera Photometrics

Cell culture laminaflow
CMS5 Chip

BDK Luftund Reinraumtechnik @bH
GE Healthcare

Countess automated cell counter Thermo Fisher Scientific

Cytoflex LX Beckmann Coulter
Deltavision OMX V3 microscope General Electric
FACSArialll BD Biosciences

Guava easyCyte 6HT

Merck Millipore

Hemacytometer Neubauer improved| Brand GmbH and Co KG

HeraCell C&ncubator
Innova 44 Shaker

Thermo Fisher Scientific
New Brunswick Scientific
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Inverted laboratory microscope Leic
DM IL LED

Leica

Irradiation deviceXStrahl RS225 XStrah
Microplatereader Infinite M1000 Pro | Tecan
Mr. Frosty freezing container Thermo Fisher Scientific
Multitron cell incubator Infors HT
Nanodrop NBELO0O Peglab Biotechnologies GmbH
pHmeter 766 Knick
Rotana 460 RT centrifuge Hettich
Sartorius scale LE 22025 Sartorius AG
Sorvall RC6+ centrifuge Thermo Fisher Scientific
T personal thermocycler Biometra
Tabletop centrifuges Eppendorf
Thermomixer F1.5 Eppendorf
UPlanSApo objective Olympus
3.1.9. Software
Tablel1l. List of software
Software Company

ApE¢ A plasmid Editor version 2.0.3€
GraphPad Prism version 6 and 8.2
InCyte Software version 3.1.1.
ImageJ

softWoRx 6.0 Beta 19

3.2.

3.2.1. Molecular cloning

All MACs were generated using conventional molecular biology mettioksS

M. Wayne Davis
GraphPad Software Inc.
Merck Millipore

Wayne Rasband (NIH)
unreleased

Molecular biologynethods

h / Swasderisie® C @

from the " CD40 antibodyCR870,893 (selicrelumatzlone 21.4.1HoffmanLaRochg with variable
heavy and variable light chains connected I§&&) linker.2*” 24|t wasdisulfidestabilized viaysteins

introduced at V44 and V100> Thesequenceoftheh CL ¢ /
O2y (NPT

¢CKS aLISOAFTAOAGE

& OCQ by Plickthuddedd®™A & K S
O 2 v (i 18 &loA&S(RastlizymabHoffS1aH C

LaRoch¢ that was published elseweré! 2 The flagellin DO/D1 domainseparated bya GSGGG
linker, was cloned by Siret Tahk fraqgenomicDNA ofSalmonella typhimuriuratrain SL134that was
kindly provided by Prof. Dr. Barbel Stecheoding sequences for altFv molecels were cloned into
the mammalian expression vector pSecTag2/HygroC (Therma Bisieatific) containing the Ig kappa
0 L Badér sequence and antdrminal Hig-tag. The first scFv was flanked by Sfil restriction dites

possible module exchanges between CD40 and Her2. Coding sequences for IgG1 format molecules

were cloned into mamalian pFUSE expression vectpiElJSE-CLIgh® for light chain sequences and
pFUSECHIghGL1 for heavy chaisequences. The Fegion of the IgG1 backbone was silenced using
PGLALA mutatiori$* The antigen domain contaied either a sequence of the CM3pecific pp65
protein (CMM\szsos, abbreviated with CM)including the immunodominant CMVess03 epitope
(NLVPMVATNbbreviated with CMM,), or the mutated NPMterivedNPM L7 protein (mMNPM1)
that comprisesthe mMNPMLsgao0 epitope (CLAVEEVShbbreviated with mNPMA,. In the scFv
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format, the h FITC was clonedt€rminally off CD40 andeparated by a (§5) linker and the peptide
domain at the @erminus was separated by a%linker. In the IgG1 format, the antigen domain was
cloned to the @ermini of the light chails andflagellin to the heavy chainboth separated by (S)
linkers.

General molecularloning techiiques such as sitepecific cleavage of DNA with restrictiorzgmes,
dephosphorylation and ligation as well as siiapendent separation of DNA fragments by agarose gel
electrophoresis were conducted according to standard protot8l€ommercially available enzymes

and readymade kits were used following mafactureQa Ay a i NHzOGA2Yy ad tfFaYAR !
E. coliXL1 ble using NucleoSpin Plasmid EasyPureMkéidhereyNagel). For the purification of DNA

from agarose gels the NucleoSpin Gel and PCR-uofeait (MachereyNagel) was usedequencing

of all generated DNA vectors was performed at Eurofins Genomics to ensure correct cloning.

3.2.2. PCR and sidirected mutagenesis

Polymerase chain reactioPCRwas utilized to amplify the coding sequences of different modules
from plasmid DNA. If necessary, primer sequences included sequences encoding affinity tags, leader
sequences or linkers. PCR reactions were performed using Phusion FlaStiddigih PCR kster Mix
(Thermo Fisher Scientific) or KOD Hot Start Master Mix (Merck Millipore), which wasinused
combination with primers exhibiting high melting temperatur&se following table shows common

PCR reactions with Phusion Flash in comparison to KOBtatbtMaster Mixhat both contained 20

50 ng DNA template and 0§sM of each primer.

Tablel12. Conventional PCR programs for Phusion Flash and KOD Hot Start Master mix.

Step Phusion Flash KOD Hot Start
Temperature | Time Temperature | Time

Initial 98°C 30s 95°C 2min

denaturation

Denaturation 98°C 30s 95°C 20s

Annealing T.of primers | 30s T.of primers | 10s

Extension 72°C 15s/kb 70°C 10-25s/kp

(20-30 cycles)

Final extension | 72°C 5-10min 70°C 5-10min

Hold 16°C

Ta: annealing temperature

Site-directed mutagenesis was used to generate point mutations, in particular PGLALAilenEing

and disulfide stabilization of tHeCD40 scFv, but also to delete parts of DNA sequences by introducing
stop codons. The 5 ar®lend of primer pairs surrounding the mutation should allow homology pairing

of at least 2Mp. For the mutagenesis PCR reactionb2dg DNA template were incubated with 0.05

MM of each primer and Phusion Flash Master Mix following the protoctdbie 12. To remove
template DNA, the reaction was subsequently digested with FastDigest Dpnl foin38t 37°C
Afterwards, the DNA was transformed into chemically competent XL1 blue cells and the DNA isolated
from single clones was sequenced according tal3.2.

3.2.3. Transformation oE.coli

Chemically competernXL1blue bacterial cells were genated as described previousi$. Briefly, 200
ml of LB medium containing the appropriate antibiotics were inoculated withl f an overnight
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culture and grown until an Qg of 0.3-0.5 was reached. Then, the cells were céagred @ 3000g
for 5min at £C, resuspended in iemld TSS buffer, aliquotedhockfrozen in liquid nitrogen and
stored at-80°C until further usage.

For transformation, 1400 ng of plasmid DNA was added to @b of competent bacterial cells
followed by incubation on ice for 1830 min. Bacteria were heathocked for 42s at 42°C and
subsequently incubation on ice fom2in. Subsequently, they recovered in 300LB medium at 37°C

for 1 h while shaking at 600pm. Afterwards, the cells were centrifuged dfty, most of the
supernatant was removed and the cells were resuspended in the remaining LB medium before plating
them on IBagar plates supplemented with the appropriate antibiotics.

Single colonies were picked and inoculated imb of LB medium contaitng the appropriate
antibiotics. The cells were shaken over night at 37°C and plasmid DNA was isolated the next day.

Table13. Antibiotics and dilutions used for different vectors

Vector Antibiotics Dilution

pSecTag2 Ampicillin(L00mg/ml) 1:1000

pFUSECHIg Zeocin (100ng/ml) 1:4000

pFUSECLIg Blasticidin Ready to use pouches at 1(
pg/ml

3.3. Caell culture methods

3.3.1. Cell lines and maintenance

The k428 cell line derived from a Hodgkin lymphomas a kind gift from Prof. Marion Subklewe and
purchased from theserman Collection dflicroorganisms and Cell CulturBSMZ) It was cultured

in RPMI 1640 + GlutaMAX (Gibco, Thermo Fisher Scientific) supplemented with 10%\ietal b
serum (FBS, Gibcdhermo Fisher Scientific). Expi293F cells were purchased from Thermo Fisher
Scientific and cultured in Expi2&XpressiotMedium (Thermo Fisher Scientific)

All cell lines were grown until the recommended cell density and passaged twice aMegkvere
routinely tested for mycoplasma contaminations.

3.3.2. Recombinant protein expressiongrpi293F cells

All molecules were expressed in Expi293F dbiéd were cotransfected with the corresponding
vectors using ExpiFectamine 293 transfection kit (Thermo Fiswentific) following the

Y| ydzF I OG dzNB NERoi thehggrieratialzd [yGiignyat antibodies, heavy and light chains
were transfected in a 1:1 ratid@.ransient &pression of all MACs was performed for 5 to 6 days after
0N yaFTSO0A 2y wadd de§uente?in thielv&ctork, Ihe molecules could subsequently be
purified from the supernatantsFor lowexpressing plasmids and to generate higher amounts of
protein, stable cell pools of Expi293F cells expressing scFv contructs were generated.rghefefo
days after transfection 300l of Expi293F cells were transferred tonBDMEM + GlutaMAX medium
supplemented with 10% FBS andpgml hygromycin B gold (InvivoGen)a 6well plate (standard,
Sarstedt). By changing the medium with antibiotics and removing dead cells, cells that stably
integrated the plasmid were selected, adhered and grew out in clones. After approximately 3 weeks,
the stable cell pool could be transferred inshaking culture with Expi29xpression Mediunand
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cultivatedin the presence of 5Qg/ml hygromycin. Subsequently, stable cells were either frozen or
expandedor protein expression.

3.3.3. Isolation of peripheral blood mononuclear cells from heparinized blood

PBMCs from healthy donors were separated frobgparinizedperipheral blood using the Biocoll
separating solution (Biochrom) and loeseptubes (GreinerBih y S0 | OO2 NRAYy 3 (2 (KS
instructions. In brief, 15ml of Biocoll solution was preloadein a 50ml Leucsep tube by
centrifugation for 3Gs at 1000g. Heparinized wholeéblood samples were diluted with equal volumes

of 5dzf 6 SO002Qa LIK2 & LYPBSShermalFsheSdiEBtiRg aad- 30mil ¢ $he diluted

blood was added tthe Lewcosep tube. Tibeswere centrifuged for 1@nin at 10® g without breaking.

Buffy coat containing PBM@sgs collected, washed and-seispended in RPMI640 + 10% FBS for

further use.

3.3.4. Generation of monocytderived dendritic cells

MoDCswere generated withir8 days as described befot¥.In brief, nonocytes were enriched from
PBMCs by plastic adhereniceflat bottom 6 or 12-well plates with a surface treated for maximum
adhesion Kung Thermo Fisher Scientific) at a concentration of 0510 cells/ml in Very Low
Endotoxin (VLERPMI (Biochrom¥upplemented with1.5% human serum (HS, serum pool of AB
positive adult males; Institute for Transfusion Medicine, Ipghhereafter named DC mediuntt
required nonadherent cells (NACs) were kept at 37°C until further use three days Fatesome
experiments requiringure monocytes or DGr examplefor microscopy), monocytes weisolated

from PBMCs using the Classical Monocyte Isolation kit (Miltenyi Biotec) according to the
YI ydzF I OG dzZNBEND& Ay aidNHzO G Askeded dNuhcF4iws|Igktes Mdecaltredy 2 y 2 O &
for 48 h at 37°C in DC medium supplemented with BO&nl GM-CSF (Peprotech) and 5B0'ml IL-4
(Peprotech) Zd-moDCs). For some experiments,-2dDCswere then loaded withMACs+ TLR
agonists for24 h followed by different cytokine treatments, gending on which DC maturation state
should be achieved. If antibodypnstructswere combined with TLR agonisted if immature moDCs
(iDCs) were neede@001U/ml GM-CSF, 580J/ml IL-4 was added for another 2dtogether with 250

ng/ml PGE(Sigma&Aldrich). To generate fully mature moDCs (mDCs), maturation was achieved within
24 h by the addition of 800U/mI GMCSF, 580J/ml IL-4, 250ng/ml PGE22000IU/ml IL-1 owsgb5
Systems)1100lU/mI TNF» 6t S LJSGUBM KN o6t S LINB/NSREE (Invivden) 1%

106 For some experiments, iDCs and mD@se loaded with theprocessed HL-A*02:01-restricted
peptides (CMMy MNPML4 JPT Peptide Technologidésr 1.5h at 37°Gn serumfree medium

As the VLE RPMI was discontina¢dhe end of 2019, regular RPMI 1640 + GlutaMAX was used for
the last experiments while no differences in DC quality were detected.

3.3.5. Generation and>gansion of CM¥/\» andmNPMZXaspecific T cells

CMV ppb6aerass-peptide specificCD8 T cells(CM\wyspecificT cellswere generated by Alina Lohner

from the group ofProf. Marion Subklewed~or this PBMC&om an HLAA*02:01" donor with previous

CMV infection (CMYwere isolated MoDCs were matureds described above, pulsed withul of

CMMWvfor 90 min and irradiated with 3@y (XStrahl RS225, XStralutologous CDET cells were

isolated from NACs using the CD&ell Isolation Kit (Miltenyi Bioteaycordingi 2 G KS Y ydzF I Ol c
instructions T cells and pulsed DCs werectidtivatedat aT cell:DC ratiof 4:1in RPMIL640 with 5%

HS and 3@g/ml 121 (Peprotech) for 7B. On dag 3 and 6, cecultures were expanded 1:1 by adding
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medium supplemented with 1@g/ml IL-15 and IL7 (Peprotech). On day 9, CMVspecificCM\ Ly
specific dextramerandCD8 T cells were sorted on a FACSArialll (BD Biosciences).

MNPM bss206-specificCD8 T cellsimNPMXxspecificT cellswere kindly provided byDr. Marieke
Griffioen and generated as describeabviouslyby the transduction ofCD8 T cells with a MNPML
specificTCR?

For the expansioof specific T cells, PBMC feeders of two-At@2:01" and two HLAA*02:01 donors
were mixed in equal amounts and pulsed withuid CM\vy or mMNPMZL A peptide in XVIVQO15
medium (Lonza) for 2 h at 37°C. After irradiation with 30 Gy, feeders at a coatbemtof 2x10°
cells/mlwere cultivated with specific T cells at4&1® cells/ml in XVIVO 15 + 5% HS supplemented
with 10ng/ml IL-7 and IE15 and 0.5ug/ml PHAL (SigmeAldrich) in a 8nell plate for suspension cells
(Sarstedt) After 3 days, culturesere fed by replacing half volume of medium with freskIXO 15 +
5% HS supplemented with 30/ml IL-2 (Peprotech), 2tg/ml 17 and 20ng/ml IL-15. Using this
medium T cells wereplitted and expande@very 36 days. Experiments weperformed9-21 days
after expansionfeeding was necessary every-24 days.

3.4. Protein biochemistry methods

3.4.1. Purification ofFcfusion and IgG1 antibodies from cell culture supernatant

To purifylgGXformat molecules cell culture supernatantsontaining the desired antibodiesere
incubated over nighiat 4°Cwith an appropriate amount of nProtein A sepharose 4FF beads (GE
Healthcare) on a rotating wheel. Beads were collected by centrifugation and loaded inteSpiBio
chromatography column (EBmmo Fisher Scientific). Washing steps were performed with 4 column
volumes of wash buffer for Hzased purification (see tablg 50mM TrisHCI pH 7.5). Subsequently,
antibodies were eluted from beads using 6 column volumes of elution buffeMitrate pH 3.0)
followed by neutralization of elution fractions with neutralization buffeMTrisHCI pH 9.0All wash

and elution fractions were collected separately amyaluated by sodium dodecyl sulfate
polyacrylamide gel electrophoreqiSDSPAGEand Coomassie Brilliant Bstain (see chapte.4.3),
fractions containing the antibodies of interest were pooled and concentrated using Amicon spin
concentrators (Merck Millipore). Bse concentrators were also used &xchangdhe buffers against
phosphatebuffered salinePB$by adding a surplus of PBS during initial centrifugation steps.

If impurities on the first gel analysis were seand to remove dimer fractionsa size exclusion
chromatography (SEC) using a Superdex R@dease 10/300GL column (GHlealthcare) was
performed as a second polishing step. SEC fractions containing the antibodies were pooled, visualized
by SDSPAGE and concentrated. Protein concentration was measured with a spectrophotometer
(Nanodrop NBLOO, Peglab Biotechihagies GmbH) followed by sample aliquotation, shock freezing in
liquid nitrogenandstorage at-80°C.

3.4.2. Purification opoly-Histidine tagged proteins from cell culture supernatant

For the purification ofHistagged proteins, cell culture supernatants @fnsient or stable
transfections were incubated with NNTA agarose beads (Qiagen) fdr & 4°C. After collection, the
beads were transferred into a Bpinchromatography column and washed with 4 column volumes
of wash buffer (see tablé, 1xPBS + 1M Imidazole) to removeon-specific binding. Subsequently,
proteins were éuted with 6 column volumes of elution buffetXPBS + 20M Imidazole). Alurther
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steps, including SBFAGE, concentratioand SEC, were performed as describedthie previous
section.

3.4.3. Denaturing polyacrylamide gel electrophoresis

The purity of protein samples after purification steps or interaction studies were evaluated by SDS
PAGE using precast20% BisTris gels of the RunBIUBDSPAGE Gel System (Expedeon). Protein
samples were mixed with Laemmli buffer and denatured forid at 95€C. After loading the samples
onto the gel, it was run at 149 for 10min and for another 4&0 min at 180V in xSDS Running
Buffer. Afterwards, proteins were stained for 3@in using Comassie Brilliant Blue staining solution
followed by destaining in wiar. PageRuler Unstained Protein Ladder (Thermo Fisher Scientific) served
as size standard.

3.4.4. Thermal unfoldin@nalysis by nanoDSF

The thermal stability of proteins was determinaging nano differential scanning fluorimetry
(nanoDSF) that measures temperattependent changes in the intrinsic fluorescence of
tryptophane and tyrosine residues (Tycho NT.6, NanoTemper Technologies). Fopkhisf frotein

in PBSvasabsorbed by a capiltg that was subsequentlyplaced into the readerAfterwards, the
intrinsic protein fluorescencevas measured at 33M and 350nM while incubatingat increasing
temperatures. Changes in fluorescence signal indicated transitions in the folding state of the proteins
and the temperatures at which a transition occurred are named as inflection temperafliyes 4lso
melting temperature (Tr).2>

3.5. Binding and interaction studies

3.5.1. Binding studies by flow cytomgtr

Binding analysis of all MACs to CD40 on the DC surface was assessed by incubateg@Bgifg
cells, such as-428 cells or iDCs and mDCs, with the respegiiogein at saturating concentration
Histagged proteinsvere subsequently detectethy secondary staining with Penté@His Alexa Fluor
(AFX88 or ARB47 conjugate antibody (Qiagen), IgG1 antibodies by a FEBGpledh human IgG Fc
(BioLegend). Briefly, 0<50° cells were stained with 50l of 200nM MACs, diluted in FACS buffer, if
not otherwise stated. Celleere incubated for 30min at 4°C washed and afterwards stained for
another 30min at 4°C in 5@l of 1:200 diluted Penialis or 1:100 diluted human Ig5 Fc antibody in
FACS buffeSubsequently, cellserewashed, resuspended in FACS buffer andsmeal on a Guava
easy@te 6HT instrument (Merck Millipore). As analysige mean fluorescence intensity (MFI) ratio
was calculated dividing MFI of the antibody by the MFI of the isotype control.

3.5.2. Kodeterminationby flow cytometry

To determine guilibrium binding constantskf, as anaffinity and avidity measurementpy flow
cytometry, L-428 cells were incubated with MACs in a concentration range of Q@)260nM for 30

min at 4°C. Cells were washed and subsequently stained with the corresponding secondary antibody
as indicated beforeFor evaluation, the maximum Mwas set to 100%nd all data points were
normalized accordingly. The data was fitted with aioear regression curve using a esite specific
binding model.
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3.5.3. Kpdetermination bysurface plasmon resonance

ForKpassessment bgurface plasmon resonanc8FRusing aBiacoreX100 machin€GE Healthcare)
a CMb5chip (GE Healthcareyas coated with ah human Fc capturéGE Healthcardhat reacts with
0 KS OKA gieupsatla ¥velo around 8008esponse unitsRU. Theligandh CD40 IgG1 was
immobilizedon the chipat a level of 10RU, which waschievedafter a contact time ofl80s and
with an antibody concentration df.25nM. The extracellular domain of CD40 waessedover the
antibody-coated chipat concentrations ranging frorh5.62 t01000 nM with an association time of
180s and a dissociation time of 6@0The Ko was determined bythe ratio of the associatiomate
constant kon) and the dissociatiorate constart (Kor).

3.5.4. Internalizationstudiesby structured illumination microscopy

To assess internalization ACson DCs moDCs differentiated from magneticaibplatedmonocytes

were usedh CD40 FITEM, h CD46MVand theh Her2 nonspecific binding contrelwere labeledwith

an AB94 Antibody Labeling Kit (Thermo Fisher Scientific) and excess of dye was removed according
G2 GKS YI ydzZFlI OGdzZNENRa AyadaNHzOGA2yad { AYRAOF NI RS3I
nM of MACs and thaon-specific bindingontrolsthat had beenpre-coupled for 30min with FITE
ssRNA40 for some experimentgre incubated for 90nin at 4°C or at 37°C with iDC and mIKos.
samples incubated at 4°C as well and also 'thier2 controls at either temperature, membrane
staining with an AF48Bbeled" HLADR antibody was performed for 30 min at 4°C. Next, moDCs were
transferred onto coverslips using a Shandon Cytospin 3 cytocentrifuge (Thermo Fisher Scientific) for
10 min at 800 rpm. Cells with the exception of those subjected to membrane stainingovesrared

for intracellular staining by fixation with 4% paraformaldehyde (Sigfdrich) in DPBS followed by
permeabilization with 0.1% Triton-200 (SigmeAldrich) in DPBS; both treatments were performed

for 10 min at room temperature. Lysosomes were rsta for 30 min at 4°C usirid. AMP1 (Novus
Biologicals) ok EEA1 antibody (Thermo Fisher Scientific), which were detected in a subsequent step
using a secondary donkéyabbit AF488 antibody (Thermo Fisher Scientific) for 30 min at 4°G. Post
fixation took pace for 10 min at room temperature with 4% paraformaldehyde followed by nuclear
staining with 1 pg/ml DAPI (Thermo Fisher Scientific). Finally, the coverslips were mounted onto glass
slides using Vectashield (Vectorlabs) and sealed with transparentatiath.p

3Dstructured illumination microscopy $IM acquisition was don@é the laboratory of Prof. Heinrich
Leonhardton a Deltavision OMX V3 microscope (General Ele&gda)pped with a 100 x 1.4 oil
immersion objective UPlanSApo (Olympus), A85 488nm and 593m diode lasers and Cascade I
EMCCD cameras (PhotometridRaw data were first reconstructed and corrected for colour shifts
with the help of the provided software softWoRx 6.0 Betgur&eleased). In a second step, a custom
made macro in Fifinalized the channel alignment and established composite TIFF taEks.better
presentation of the imagesll channels were individually adjusted in brightn€egceptions are
indicated).

3.5.5. Interaction studies by size exclusion chromatography

SEC techniques were usidorder to study the interaction between tHeFITC scFv and FiEGeled
nucleic acids30pug ofh / 5 n n &Wad of 4 FITGbeled42 mer dsDNAda. 25kDa) were loaded
independently on a Superdex 200 Increase 5/150 GL column. Afterwardgg 36 the two
components were mixed, meaning an approximatelpl@ excess of DNA, incubated for 80n at
room temperature and run over the columiklution @ a lower volume compared to the single
componentsndicated a complex formation.
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3.5.6. Interaction studies by fluorescence quenching

To studyinteraction of FIT&sRNA40 with df / 5 n n Wiy Iflbrescence quenching, XM of
FITGsRNA40, diluted imucleasefree water pH 7.5, were incubated with different antibody
concentrations, ranging from 0.5 to 160/ in DPBS for 30min at room temperatureThe samples
were placed in a black nehinding 96well plate (Greiner Bio One) and subsequently fluoresee
intensity with the excitation wavelength of 48@M and emission wavelength of 528M and
anisotropyas the inversely related readouwtas measured via the Infinite M1000 Pro reader (Tecan)
at optimal gain Quenching of FITC fluorescence in combination with escalating anisotropy at
increasing antibody concentrations provitleevidence for occurring interaction between HTC
dawb! nn | yR Th&&me egperiment wia®als@ gerformed using-EFAE.

3.5.7. Sigalingstudies using hTLREK293 cells

Signalingstudies were performed in the laboratory of Prof. Christine Josenbsaimg ahumanTLR5
expression HEK29B cell line (hnTLRBEK293)As a readout, H8 secretion was determined using a
commercially availale enzymelinked immunosorbent assdfLISH>>°

3.6. Functional assays

3.6.1. Maturationand peptideloadingof immature moDCs

As describd in 3.34. the 2d-moDCswere incubated for 2z with 200 nM antibody constructs
including CMVor the mNPMZspecificdomainsto load the cells with the respective peptide. In some
experiments, TLR agonists were added either by genetic fusion or by coupling themh #J & scFv.

If mDCsshould be generated, a maturation cocktail including IGMCSF, PGER;:m i1 X - EC-8 b C
and R848 was added for 24 However, ifDCsshould be left in the immature stage or if the DC
maturing effect of different stimulations should be investigated, only a reduced cytokine cocktail (IL
4, GMCSF and PGE2) was appendemt. some experimentsDCs and mDGsere loaded with the
already processed peptides (CMYmMNPMXL. 4 for 1.5h.

In some assaysn which theflagellinrinduced DC maturation should be assessed, D€l pre-
incubated with a 4old exces$200nM) of an IgA2 h TLRSblocking antibody othe respective isotype
control (Invivasen) for 30min at 37°C before the addition &0 nM flagellin fusion molecules to
determine whether tlis effect wasTLREdriven.

To investigate the maturation stage DBICs that was either inducedby theh CD40 binder, the TLR

ligating domains or the R84&ntaining cytokine cocktaigxpression ofmaturation markersand

cytokine secretionwas quantified by flow cytometry and compared to iDG=or this,
immunofluorescent staining of the cell surfaaetigensCD80, CD83, CD&6dHLADRwas peformed

using a panel of fluoresodly-conjugated monoclonal antibodies as listedtable 5. Corresponding

isotype controls were used to determine the MFI ratio. In paralled, decretion into the supernatant

was quantified viacytometric bead aNNJ} & 0.5 . A230ASy0Sao I O02NRAY
instructions.Surface staine@®Cswvere acquiretbn a Cytoflex Xflow cytometer (Beckmann Coulter),
cytokinebound beads on th&uava easyCyte 6HT
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3.6.2. Allogeneic DET cell cecultures

Immature and mature DCs of an HAA02:01 positive donor were loaded with 200 of indicated

MACst TLR agonists or pagdes as described in the previous sectidefore setting up a coulture,

MACs maturation reagents and peptides were removed by harvesting and washing of th&iCs.

DCs were cultivated with allogeneic CiWwand mNPM#g.aspecific T cells, that were gerated and

expanded according to section $H3.in a 1:5 ratio for 4 h in DC medium containimgonesin at 25

UM andbrefeldin A at 1Qug/ml (both SigmeAldrich at 37°CAs a readout foil cell activationthe

percentage of IFN and TNF double positivecells withinCD8 cells was determined by intracellular

cytokine stainindlCCS)lo this end cells were stained for CD8, fixed and permeabilized using the BD
Cytofix/Cytopem YA G | OO0O2NRAy3I (2 GKS YI ydzFésOrdlidaedmNna Ay a
intracellular IFN and TNP a0 Ay Ay 3 | YR T bon2hé Guava éa@3yCRdi6NR O NB I R2 c

3.6.3. Autologous DCT cell cecultures

DCs were prepared as described in the previous seciintibody or peptideloaded DCs or mDCs
wereincubated with autologous NACs of a Cidid HLAA*02:01" donor in a 1:10 ratio in DC medium
for 6 days. TanalyzeT cell proliferation, the percentage 8M\-specific T cells within CDB cells
was determined by staining with@M\w+specific dextramefimmudex) Cells weracquiredon the
Guava easyCyte 6HT

3.7. Data potting and statistical analysis

Data was anabed and plotted with GraphPad Prism (GraphPad Softwaecg. Differences in DC
maturation, T cell activation and prolifefah were assessed byhe Wilcoxon siged-rank test
comparing dependent samples of unknown distribution with each otBéatistical significanceras
considered fop-value < 0.05 (*), <0.01 (**), <0.001 (***) and <0.0001 (***)s = not significant.
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4. Results

4.1. Generation and stability of MACs

4.1.1. Molecule desigmand cloning

Thesystemicco-deliveryof TLR agonists together withCeEGbased vaccine is a promising strategy to
enhance vaccine efficacy and to break tolerance to antige€rdowever, systemic administration of
different immunestimulatory agentsncreasethe riskof broadly distributed adverse events anid
case of small moleculeare often limited by a fast renal clearance. We developadtifunctional
antibody construct (MAG) that deliver antigers together witha TLR agonisib DCs All molecules
target CD40 on theurface oDGand consist eitheof anh CD40 FsilencedgGlantibodyor a sinde-
chain variable fragment (scFtHereof. The utilizedbinding sequencesriginate from theagonistic
therapeutic antibodyCR870,893 (clone 21.4.1.)that has been disfide stabilizedin the scFv
format.24”- 248 For proof-of-principle experiments, he antigen domaincontaired a sequence of the
CMVespecificpp65 protein CMViszsos, CMV which includesthe CMVigss03 epitope (NLVPMVATV
CMMwy. In the second part of the thesisgGl format moleculesvere investigatedusing the
MNPM L7206 peptide (MNPM1)as an antigen domainthat comprisesthe mMNPMbss20 epitope
(CLAVEEVSIMNPMZLA. To coupleTLR agonists two different strategies were applied. In one
approach, FIT&abeledTLR4 and 8agonists (FITCPS and FITSSRNA40) were necovalently linked
to the antibody via ah FITC scFv that is flanked by tH@D40 scFon the Nterminusandthe antigen
domainon the Gterminus (" CD40" FITEMY. Alternatively a truncatedversionof the TLR5 agonist
flagellin (Flg)was genetically fusd to the antibody (" CD40.FI§.FITEM for scFv formatand

h CD40.Fig" for IgG1 forma} The flagellin region, including the DO/D1 domain connected by a
GSGGG linker, was cloned frganomicDNA ofSalmonella typhimuriumby Siret Tahkand was
designed analogous to the therapeutic dregtolimod.'84 18 To control specificity of all candidate
molecules, the CD4fargeting domain was exchanged byrer2 binder thatvasderivedfrom the
therapeutic antibody trastuzumalfFigure 11 shows the schematic composition of all the tested
molecules ScFwased molecules were cloned into a pSecTag2 vector artlddgG1 format pFUSE
vectors for heavy chain and light chain were used. Botitairedthe I¢f leadersequenceo promote
secretion of the protein into theell culture media All domains targeting different entities were
separated by one or mongolyglycingserine (xS unitsas indicated.
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Figurell. Schematic view of MACs

The modular composition of the MACs incluslan h CD40 scFv @n FesilencedlgG1 D@argeting domain, a CM¥pecific
antigen domain and an immur&imulatory domain. The latteconsised of either anh FITC scFv to bind FHEBeledTLR
agonists orof geneticallyfused flagellin. As nonspecific binding controls, aMACswere also generated withrah Her2
binding moduleThemoleculesvere also cloned witten mNPMZXderived peptideasanantigen domain

4.1.2. Expressiorand purification

The multifunctional antibodiesere purified from transiently transfected Expi293F cells in a-step
procedure.<Fv moleculesvere captured from the cell culture supernatant usingMIfA agarose
beads |gG1 antibodies usingrotein A sepharose beads. SEC with a Superdex 200 Ind@288 GL
column was performed as a second purificatistep. " CD401 FITEVY, h CD40.FI§.FITEM and

h CD46MVdid not show any impurities after the bedmhsed affinity purification (data not shown), but
for hCD40.Flg"Vtwo peaks were visible on the chromatograshthe preparative SEEigurel2A).
SDSPAGEanalysis revealed thgpeak 1contaired a protein of bigger molecular weighthamely

h CD40.Flg"with flagellin fusionand peak Zontaired onlyh CD46MV (Figure 12B)Thefractions of
the first peakwere pooled to obtain puré CD40.FIg" protein.
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Figure 12. Preparative gel filtration profile and SDSPAGE analysis of CD40.FIgVMV after protein A-based affinity
chromatography

(A) Chromatogramof preparative SE@ith a Superdex 200ncreasel0/300 GL column and (B) SDSPAGE analysisf
h CD40.Fig"V purified via Protein A beadffom the supernatant of transiently transfected Expi293F céllwo peaks of
different molecular weightvere eluting from the column, one peak including heavy chain with flagellin fusioB40.FIg")
and the other one without flageti attached { CD4GMY),

Molecule puritysubsequent to the twestep purificationwas further evaluated b$DSPAGE analysis
andanalytical gel filtratior{Figurel3). As depicted on SEFFAGE, all molecules without flagellere
clean and corresporeti to the computed masses. Both molecules with flagellin fusion
(hCD40.FI§ FITEM and hCD40.Fg"™) showed a higher apparent molecular weight than the
theoretical value due to glycosylation of flagelliar(example90 kDa determined by SEFAGE vs 80
kDacomputed mass for heavy chain fusioRigurel3A-B). h CD40.FI§. FITEMwasvisible as a double
band on SDEAGE, whichauld na be separated by SEC due to jushimimaldifference in size. For

h CD40.FIg"in the 1gG1 formatSDSPAGEanalysis revealethat still alow amount of heavy chain
lacking the flagellin domaiwaspresent after preparative SEEigurel3A). Nevertheless, analytical
gel filtration as a second quality control of the protethsmonstratedclean chromatograms for all
molecules inalding flagellin fusiong5gure13GD).h CD46GMVandh CD40! FITE could be produced

in reasonable amountdNotably, the insertion of the flagellin domain reduced the yield in the scFv
format by approx. Zold and in the IgG1 format §old (Table 14).
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Figure13. SDSPAGE analysis and analytical gel filtration profile of purified and concentralt®Cssubsequent to the
two-step purification procedure.

(A) SDSPAGE evaluation giurified proteins(3 ug). (B) PNGase F digestion ®€D40C f 3 &M\E ly'@R/ h / BW(3ug)Ct 3
for 1hat 37°C and subsequent SBAGE evaluation resulted in a reduction of molecular weights due to removairdéed
glycosylations(C, D)AnalyticalSEC diromatograms oft CD40 scF(C) and IgG1(D) antibodies(30 pg) with and without
flagellin fusiorusing aSuperdex 20Mcrease 5/15@Lcolumn.

Tablel4. Expression yields

Molecule Yield(Mean+ SDof n =3 purifications)
h CD4OY FITEW 13.3+0.8mg/ml
h CD40.FIg§ FITEW 6.0+ 3.0mg/ml
h CD46MY 19.5+8.5mg/ml
h CD40.Fig"V 3.3x1.2mg/ml
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4.1.3. Thermal stabilitgnd unfolding

The thermal stability and unfolding of the moleculesm investigatedusingnanoDSREhat employs
intrinsic tryptophan ortyrosin fluorescencekigurel4 shows the unfolding profiland table 15 the
melting temperaturesof all molecule® h / 5nn L 3 Bxhibitedyiigherar@ligtri@nsitions
compared to scFv format moleculéme insertion of the flagellin domainidinot influence thermal
stability of both scFvand IgGibased molecules.
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Figurel4. Thermal unfolding oMACs
Thermal stability of CD401 C LMYl y RED40.FI. C ISNY(A)as well as of CD4GMVandh CD40.FIg"V(B)as determined
by nanoDSF

Tablel5. Melting temperatures {m)

Molecule Tm (1) Tm (2)

h CD4O"FITCMY 68.8°C 76.00C
h CD40.FIg FITCW 68.5°C 75.6°C
h CD46MY 72.5°C 84.1°C
h CD40.Fig"V 717°C 84.1°C

To determine time andtemperature-dependent stabilityproteins were stored for up to 14 days at
4°C and for up to 7 days 37°C, large aggregates were separated by centrifugatibe sungernatant
was evaluated by SEFSAGENone of the moleculeshowed any substantial degraditn compared to
freshly thawed proteins and all antibodies remadtintact at least for 7 days at 37°C and for 14 days
at 4°C Figurelb). This confirms that the proteina/ere sufficiently stable at physiological conditions.
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Figurel5. Time and temperaturedependent sability of MACs.
SDSPAGENalysiof 3pgofh CD40Y C ICNYI/ v ED40.FIf. C ISNY(A)as well as of CD4GMVandh CD40.FIgMV(B)freshly
thawed andafter incubation a4°C and7°C for indicatetime pointsin PBS.

4.1.4. Functionality of thé FITC domain

To provefunctionality of theh FITC scFv domaithe interaction off CD40" FITE"with a FIT@abeled
DNAand ssRNAvas verified via analytical SEC andasurement offluorescence quenching and
anisotropy Figure16A shows thatincubation ofh CD40" FITEMVwith a FITGabeled42 mer DNA
oligonucleotideresultsin the formation of a complexthat elutes at & earlier volumeindicating a
higher molecular weightrom the Superdex200 Increase 5/150GLcolumn compared to the single
molecules Asa 2-fold excess of DNA was use@dmaining unbound DNA was eluted subsequently to
the complex.

For the fluorescence quenching experiment, increasing concentrationBldscFv were incubated
with 10 nM of FIT&sRNA40 leading ta decrease inFITC fluorescenc@-igure 16B). In parallel,
anisotropy aghe inversely related readout increagd@dicating a interaction of theFITEGsRNA with
the "FITGnodule. A complete quenching was observed atfald excess of FITC scFv, whicould

be due to the presence of sommon-functional protein.When the assay was performed by replacing
FITGsRNA40 with FITIPS, the same results were obtained (data not shown).
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Figurel6. Interaction studies oft CD40h FITEMVand FIT&oupled nucleic acids.

(A) 30 ug ofh CDAOYFITCMY, aFITAabeled42 mer DNAor the complex of both were run over a Superdex 200 Increase
5/150 GLcolumn.The complex formation of FITC scFv together with tiRéTEDNA was provehy eluting at a lower volume
compared to the single moleculegB) 10 nM of FIT&sRNA4Owere incubated with different concentrations of

h CD40" FITCMV(n =3). Subsequenthfluorescence and anisotropyere measured A concentratiordependent decrease of
FITC fluorescence (quenching) as well as increase of anisotropgseélatingconcentrations off FITC scFv was detected

4.2. Binding and internalization

4.2.1. Binding to primanpCsand 1-428 cdls

MACs were designed to bind to the DC surface marker CD40 and theiebingboth a TLR agonist
and a proteirspecific antigen domain to theell. To evaluate the binding properties of the€€D406
targeting module, the interaction of the moleculeis saturating concentrations wittthe CD40
expressingL-428 cell line, but also with primapCsand mDCsmatured using a TLR8 agonist
containing cytokine cocktaifas investigated by flow cytomettyased binding studies-{gurel?). For
this and further fumtional assays) | S $&Rv orlgG1 antibodiesserved as nospecific binding
controls sincethe L-428 cell line andDCsare Her2 negativeFigure 17A-B shove representative
histograms of the molecules on the different cell typeigurel7GD displag mean MFI ratios on iDCs
from different donors.All molecules lbund specificallyto CD40on L-428 cellsand DCs with higher
binding to mDCs compared to iDCs as a result[@40 upregulatioduring the maturation process.
The insertion of the flagellin donadid not alterbindingof the IgG1 formaimolecule on DCs and L
nHy OStftao | 2¢SPhledretusen MBI @fiod dnb@H cell types compared to
h / 5 n n &Wr@alybe tue to steric hindrance of flagellin and the Gbi@ling site.
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Figurel?7. Binding analysis of MACs 16428 cellsand primary iDCs and mDCs.

(A, B) Representativehistograms of scFA) and IgGibased antibodiegB) to iDCs, mDCand L-428 cells. Bindingvas
detected by flow gtometry using either a FIT@onjugatedh human Fc secondary antibody or an AF4&heled h His
secondary antibodyThey gey line showsion-d LISOA FA O & (i I Angivspedfi birdlifigoritrlS(C D) Bifddy of
scFv (C)and Ig@-format (D) MACs taDCdrom different donors.Meanfluorescence intensity (MFI) ratio was calculated by
dividing the specific antibody stainity the non-specific staining of the secondary antibo@raphs display mean of=4
different donors with SEM as error bars.

4.2.2. Kodetermindion via flow cytometry andurface plasmon resonance

After describing the ability of MACs to bind td 28 cells, a quantitative characterization of thiading
strength of h CD40" FITEMY, h CD40.FI§.FITEYY, h CD46GMY and h CD40.FIg"Vwas performedusing
two techniques For the flow cytometnbased methodL-428 cellswere incubated with increasing
antibody concentrations up to saturaticand binding was quantifiedSubsequently, thdissociation
constants(Kp) were determinedas an affinityor avidty measuremen{Figure18A and Table 5). As
expected,a higher dissociation constant was detected for IgGmat molecules compared to the
scFv fomatprobablybased on bivalent bindingpn correlation with the previously shown binding data,
the fusionof flagellin domais reducedthe affinity of thehCD40 scFv, but slightly lowered the
dissociation constant for the Ig@drmat molecule indicating better binding.

As a more precise method to determine affinitgluding association and dissociation kinstan SPR
analysis was performed forCD46MVandh CD40.FIg" (Figure18B and Table 16). Besides detecting
afast onrate and off-rate, meanKy values 0f27.4 nM were obtainedfor ' CD46MVand 21.8nM for

44



Results

h CD40.Fig"". These values were slightly highernot only compared to the flow cytometigased
affinity determination, but alsin comparisorto the Ko of thish CD40clonepublished in a patent*®
This might be explained by methodological differences of the SPR analyddionally, the binding
kineticsof the clonewere investigated inmlgG2 backbone in the patent.
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Figurel8. Ko measurements of MACs via flow cytometry and Biacore.

(A) Concentratiordependent binding off CD40" FITGMY, h CD40.FIg. C €Y, h CD4GMYand h CD40.FIg¥Von [-428 cells
was analyed by flow cytometry. Graphs show mean values ef3 independent experiments with SEM as error bdB.
Representativé&SPR profilefor n CD4GMVandh CD40.FIg"V. Colored curves represent raw data and black curves fitted data.
Anhhuman Fc antibody was coated onto a CM5 chip to immobilzB40 IgGantibodies Asan analyte the extracellular
domain of CD40 wasjectedand theconcentratiordependent on and offrates were determined

Tablel6. Kp valuesmeasuredby flow cytometry and SPRMean+ SDof n =3 experimentg

Molecule Ko (flow cytometry) Ko (SPR)
hCD40 FITEMY 13.3+£1.3nM n.d.

h CD40.Fl§ FITCW 37.2£2.1nM n.d.

h CD4GMY 4.9+0.3nM 27.4+3.7nM
h CD40.Flg"V 3.0£0.2nM 21.8+1.1nM

n.d. = not determined
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