)

GHENT

(m FACULTY OF
U PHARMACEUTICAL SCIENCES

UNIVERSITY

Ghent University

Faculty of Pharmaceutical Sciences

DESIGN OF IMMUMNDODULATING POLYMERIC
MICROPARTICLES BNWWOF
CEUDERIVED CANCER VWAETION

Lien Lybaert

Master ofScience in Drug Development

Thesis submitted to obtain the Degree of Doctor in Pharmaceutical Sciences.
2017

Promotor:
Prof. d. Ir. Bruno G. De Geest

Laboratory of Pharmaceutical Technology






The author and the promotor give the authorizatiorcemsult and to copy part of this thesis for
personal use only. Any other use is limited by the Laws of Copyright, especially concerning the

obligation to refer to the source whenever results are cited from this thesis.

Ghent,Janary 11", 2017

The pomotor
Prof. Dr. Ir. Bruno G. De Geest

The author

Apr.Lien Lybaert






Research funded by the Agency of Innovation and Enterprise in Flanders

Onderzoek gefinancierd dobet Agentschap Innoveren en Ondernemen

?( =\ AGENTSCHAP
(\2 | INNOVEREN & ONDERNEMEN






LOQA 2dzNJ OK2A0Sa GKI UG akKz2g
far more than our abilities.

Harry Potter and the Chamber of Secrdt& Rowling






ACKNOWLEMENTS

Five years ago | started my PhD and, overall, | look back at a challenging but rewarding journey that
has been the most educational period of my life so far in terms of both my professional and my
private life. This thesis is the result of a lot of hardkwand could not have been accomplished
without the help, advise and support of many people. Therefore | would like to express my
gratitude towards everyone who has played a role during these past five years. In particular, |
would like to thank the folloiwg people personally as they all have had an important impact on

my thesis:

Allereerst wil ik mijn promotor Prof. Bruno De Geest bedaremq ik wil je bedanken om mij

de kans te geven om een doctoraat te starten. Tijdens mijn doctoraat stond jeliiduwpen en

stond ik telkens versteld van de snelheid waarop je abstracten, papers en als laatste mijn thesis
hebt verbeterd. Je was ook heel positief tegenover mijn vraag om naar het buiteland te gaan en
kondaardoor in het labo vaProf. Esseikahn in California mijn onderzoek verder zetten. Daarvoor

wil ik je dan ook bedanken, het was een ongelooflijke ervaring mbeitkzal vergeten.

Prof. Remonook al hebben we niet nauw met elkaar samen gewerkt rond mijn onderzoek, ik kon
altijd bij u tereht voor allerhande zaken. Ik bewonder uw enthousiasme en gedrevenheid voor
wetenschap enorm en daarnaast wil ik u ook bedanken voor het steunen en het mogelijk maken

van de teambuilding met het labo.

Chris aan jou wil ik heel graag mijn oprechte dankbei betuigen voor je steun tijdens mijn
doctoraat bij het combineren van mijn onderzoek mettoral schoolslk apprecieer dit enorm

en ik kan je niet genoeg bedanken hiervoor. Ik vond het altijd bijzonder aangenaam om met je
samen te werken.eJwas oolaltijd heel enthousiast omtrent de organisatie van de teambuilding

en steeds in voor een sarcastische opmerking hier en daar.

| would also like to express my gratitude towaRief. Aaron Esséfahnwho gave me the

opportunity to join his lab in Irvine, California. This was, without a doubt, one of the most amazing



ACKNOWLEDGMENTS

experiences | have had in my life. Thank you for your kindness, for your scientific support and advise

during my stay and for valuing mypertise and knowledge.

In addition, | want to thardll colleaguesor their help with experiments, the pleasant lunch breaks,
your enthusiasm and team spirit during the teambuilding weekends, the fun after workastiihk

dinners and so much more. Therefore | would like to personally thank a few colleagues:

Mijn initiéle bureaugenootiesen€x2 f £t SIIF Qa . F NI X ! y2dzl 2 ¢AY Y
veel gelachen en onze gezamenliifieverslaving zorgde ervoor dat onkareau steeds een
zalige koffiegeur had, althans voor oBart ik kon me geen betere buur wensen naast mij. Je
nuchtere kijk op zaken heb ik altijd kunnen appreciéren. Ik vond het een hele eer om op je trouw
te zingen en, ondanks dat ik je nu veel mirdey ben ik blij dat we nog steeds contact houden.
Anoukskeonze prilmadam, je enthousiasme voor je onderzoek was altijd mooi om te zien en ik zal
22dz ALISOALFES LRI WaS iHEnhiNRKerdlé j©al yag thdens destBdiedlénd S NH
ik vondhet geweldig om samen met jou in hetzelfde labo ons doctoraat te volbrengen. We hebben
tijdens onze jaren op het labo een nog hechtere band opgebouwd en ik weet dat die hierna ook
zal blijven. Merci voor je steun als vriendin altijd en overal, ik bewgdedrevenheid enorm en
ik weet dat je het heel ver zal brengen. Ook heel erg bedankt dat we jou en Maxime mochten
bezoeken in New Yorkbttie jou kan ik eigenlijk geen (ex)collega noemen, ook al heb ik je pas
leren kemen toen ik startte op het labayant we zaten direct helemaal op dezelfde golflengte. Je
bent een super toffe madam met veel git ikwil je bedanken voor alle zalige momenten die we

al samen hebben beleefd en voor je luisterend oor en steun als ik het moeilijk had.

Mijn huidige bureagenootjes Fien, Zhiyue, Joris en Sink@en als mijn tweede buur kon
ik het niet beter treffenMerciom de bureau altijd te versieren in thema passend met de tijd van
het jaar.Zhiyue thank you for introducing me to Chinese tea and for your kind gifts from China.
Joris ook al ken ik je nog maar een paar maanden, merci voor de leuke b&inels als ik één

ding zal onthouden van jou is het toch wel je aanstekelijk enthousiasmetgoor

The colleagues of Bruno his grouptz, Marijke, Nane, Benoit, Zhiyue, Hui, Ruben, Sabah,

Alexandra, Simon and Jafféank you for your help with experiments, scientific discussions and



ACKNOWLEDGMENTS

the pleasant times at conferences. In particular, | wokedd thank.utz You are not only a bright
chemist who has helped me and everyone else of our gireapendouslybut you also have a
great personality which made it really pleasant to work with you. You are clearly an added value to

our lab in many waysd | highly appreciate your support and advise.

Wesley samen hebben we elk jaar de teambuilding georganiseerd en ondanks dat het altijd
veel werk was, heb ik mij altijd enorm geamuseerd. Zeker de voorbereiding met de filmpjes hebben
onstochweleeh  yil f 2y @SNHSGStA21S afF LIS 10K Y2YS

Uiteraard zal ik ook nooit je onderhandeling skills vergeten en culinair enthousiasme.

| also would like to express a few words towards my colleagues during niy Istaye.
From the start | felt so welcome in the lab and | could not have imagined it better. In particular |
would like to thaniMaya, KyleindNari who became close friendsy all the moments we spent
together. We had so much fun during experimentsetingsduring lunch and coffee breaks and

during late night Korean BBQ dinners

Als laatste wil ik graag ndige, Katharinen Christinepersoonlijk bedanken omdat door
KSy YAiey tS@Sy Sy RIG @Iy ttS IyRSNE &gffS3l ¢
voor al jullie hulp bij de bestellingen, de organisatie van conferenties en teambuildings en jullie

paraatheid om overal te helpen waar nodig.

Off course | want to tharfkiends and familyvho have had a major impact on me. Although they
may not havénelped with my research, my thesis could not have been completed without them. |
want to thank you all for your support and your friendship during my PhD and beyond. In this

regard, | would like to say some words to a few special people:

Regarding my ay in UC Irvine, | want to thank four very special people who | consider as
family.JulieAnn and Daviglou brought so much joy to our lives when we stayed in your little home
in the back of your garden in Santa Monica. You were so helpful and kind anddeus feel like
home. Thank you so much for everything you did, for inviting us inside your home for so many

dinner evenings andovie nights and for celebrating th& 4f July with us together with your



ACKNOWLEDGMENTS

family. We feel blessed to have met you! In &ddj| also want to thank your two daughtekyglea
and Cheneywho | see a bit like the sisters | never had. Thank you for the beautiful memories we
made together, for your kindness and for the pre bachelorette paryss you all very much and

hope to see you again some time!

Ik wil ook graaglle farma wijvekes bedankeBofie, Eveline, AfBophie, Annelien, Julie,
Sarah DS, Sarah P en lner de zovele mooie herinneringen van tijdens het studeren tot nu reeds

5jaar daarnalne, Annelien en Freddyk dikke merci voor de leuke lunch pauzes!

Ook een dikke merci aan de volley meisjesDarGentse leuteoor de ontspannende
trainingen en de fun tijdens de matchen maar vooral ook het plezier dat we hebben naast het veld

op de teambuildings, feestjes en zoveel meer!

Daarnaast wil ik odgien, Zuza, Ellen, Maaikeglyn, Joliehjeselotte, LaureritHarry, dikke
merci om mijn doctoraat na te lezénAna en Winbedanken voor jullie vriendschap, steun en

zoveel meer tijdens en naast mijn doctoraat.

Mijn familie en schoonfamilie verdienen ook een speciale plaats in dit doctoraat. Bedankt
voor jullie liefdeen steun tijdens alle momenten van mijn leven. In het bijzonder wil ik graag mijn
ouders en mijn broer bedankeMama dankjewel voor de warme thuis die jij altijd weer warmer
maakt en voor je enthousiasme voor alles wat ik ondernBama dankjewel voohet uitdrukken
van je trotsheid voor mij en bedankt voor je hulp in ons huisje. Mama en papa, jullie weten dit al
maar ik wil jullie nog eens zeggen dat ik heel dankbaar ben voor alle kansen die jullie mij hebben
gegeven. Jullie vinden dit maar meer daornmaal maar dat wil niet zeggen dat ik dit
vanzelfsprekend vind dus heel erg bedankt hiervoor! Broddjg bent mijn enige broer en wat

voor één! Ik ben een super trotse zus en ik zal er altijd zijn voor jou.

Als allerlaatste, een paar woorden voor mijn lieve 18tjm Er zijn geen woorden die
kunnen uitdrukken wat jij voor mij betekent want jij bent zoveel meer dan ik ooit had durven
dromen. De oprechtheid en de geborgenheid die ik voel bij jou maken mg iggdukkig. Ik hou

zielsveel van jou en ik weet dat dit wederzijds is en dat is het mooiste wdk etiege graag









TABLE OF CONTENTS

List of abbreviations

Outline and aim of this thesis

PART |
Chapter 1
Chapter 2

PART Il

Chapter 3
Chapter 4
Chapter 5
Chapter 6

Part Il

Chapter 7
Chapter 8
Chapter 9

Generalntroduction & background
The immune system

Orcology meets immunology

Design of immunenoduating polymeric miaparticles
Polymesprotein ligated nanaconjugates
Immunemodulating polymeric Ca@@icroparticles
Biohybrid tumor celtemplated capsules

Polyelectrolyteenrobed cancer cells

Future perspectives and general conclusions
Broaderinternational context, relevance and future perspectives
Summary and general conclusions

Samenvatting en algemene conclusies

CurriculunVitae

11

17
35

83

105
131
157

179
213
223






LIST OF ABBREVIATIONS

1-MT 1-methylD,L-tryptophan

ACT Adoptive cell transfer

ACVA n 2-azdbis(4cyanovaleric acid)
ADCC Antibodydependent celimediated cytotoxicity
AE Adverse events

AICD Activationinduced cell death

APC Antigen presenting cell

APMA N-(3-aminopropyl)methacrylamide
Argl Arginase 1

ATP Adenosine triphosphate

ATRA Alktrans retinoic acid

Bcl2 B-cell lymphoma2

BckXL B-cell ymphomeextra large

bmDC Bone marrowderived dendritic cells
BSA Bovine serum albumin

BTLA B-and Flymphocyte attenuator protein
Cadl Calcium chloride

CaCo Calcium carbonate

CAF Carcinomaassociated fibroblast

GAM Calcein acetoxymethyl



LIST OF ABBREVIATIONS

CAR
CCL
CD
CDC
CLIP
CLR
CpG
CRS
CRT
CT5.2eGFP
CTB
CTL
CTLA
CTP
CXCL
D0
DAMP
DC
DEXS
DLS
DMAc

DMEM

Chimeric antigen receptor

CC chemokine ligand

Cluster of differentiation
Complementdependent cytotoxicity
Class lassociated invariarthain peptide
Gtype lectin receptor

Unmethylated cfpsine guanine
Cytokine elease syndrome

Calreticulin

Colontumor-derivedcell line expressing eGFP
Cholera toxin subunit B

Cytotoxic flymphocyte

Cytotoxic flymphocyte antiges
4-cyanovaleric acid dithiobenzoate
CXC chemokingand

Deuterium oxide

Damageassociated molecular patterns
Dendritic cell

Dextran sulfate

Dynamic light scattering
Dimethylacetamide

5dz 6 S002Qa4 az2RATASR

9F 3¢t S

aSRA dzYy



LIST OF ABBREVIATIONS

DMF

DMSO

DMTMM

DNA

DP

DPDS

dsRNA

ECL

ECM

EGF

eGFP

EM

ER

ESIMS

FasL

FBS

FGF

FLIP

FSC

GCSF

GITR

Dimethylformamide

Dimethylsulfoxide
4-(4,6-:Dimethoxyl,3,5triazin-2-yl)}-4-methylmorpholinium Chloride
Deoxyribonucleic acid

Degree of polymerization

Dipyridyldisulfide

Doublestranded ribonucleic acid

Enhanced chemiluminescence

Extracellular matrix

Epidermal growth factor

Enhanced green fluorescent protein
Electron microscopy

Endoplasmic reticulum

Electron spray ionization mass spectrometry
Fas ligand

Fetal bovine serum

Fibroblat growth factor

Fasassociated death domain (FABIRg interleukingw Fconverting

enzyme (FLICHke inhibitory protein
Forward scatter
Granulocyte colongtimulating factor

Glucocorticoidnduced tumor necrosis factoeceptor



LIST OF ABBREVIATIONS

GM-CSF Granulocytemacrophage colongtimulating factor
HCI Hydrogen chloride

HIFEm h Hypoxiainducible factom h

HLA Human leucocyte antigen

HMGB1 High mobility group bok

HPMA N-(2-hydroxypropyl)methacrylamide

HSP Heat shock protein

ICD Immunogenic cell death

IDO Indoleamine 2,3lioxygenase

IFN Interferon

li Invariant chain

IL Interleukin

ITAM Immunacreceptor tyrosinebased activating motifs
KIR Killercell immmunoglobulidike receptor
LAG3 Lymphocyte activation gerie

LAL Limulus amebocyte lysate

L-arg L-arginine

LbL Layerby-layer

L-Cys L-cystein

LiBr Lithium bromide

LLC Lewis Lung cancer

LMP Lowmolecularweight protein



LIST OF ABBREVIATIONS

LOX
LPS
L-Trp
mAb
MDSC
MHC
MPLA
MTOR
MTT
MVD
MWCO
NaCQ
NaEDTA
NADPH
NaOH
NK
NKG2D
NLR
NMR
NO
NOD

Nos2

Lysyl oxidase

Lipopolysaccharide

L-tryptophan

Monoclonalantibody

Myeloid-derived suppressor cell

Major Histocompatibility complex
Monophosphoryl lipid A

Mammalian target of rapamycin
3-(4,5dimethythiazol2-yl)»-2,5-diphenytetrazolium bromide
Maximum valid dilution

Molecular weight cut off

Sodium carbonate

Disodium ethylenediaminetetraacetic acid
Nicotinamide adenine dinucleotide phosphate
Sodium hydroxide

Natural killer

Natural killer grou2 member D

NODIike receptor

Nuclear magnetic resonance

Nitric oxide

Nucleotidebinding oligomerization domain

Nitric oxide synthasg


https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Thiazole
https://en.wikipedia.org/wiki/Phenyl

LIST OF ABBREVIATIONS

Nox2

NRF2

OVA

OVAAF488

PAMP

PAP

PBS

PD1

PDES

PDL1

PDPA

PDS

PFA

PGE2

Pl

RARG

PLC

PMMA

PRR

PVP

RAFT

RID

NADPH oxidas2

Nf-E2related factor2

Ovalbumin

Ovalbumin Alexa Fluor 488
Pathogerassociated molecular patterns
Prostatic acid phosphase
Phosphate buffered saline
Programmeebleath receptorl
Phosphodiesterasg
Programmeebeath liganel
3-(2-pyridyldithio)-propanoic acid
Pyridyldisulfide
Paraformaldehyde
Prostaglandin E2

Propidium iodide

PolyL-arginine

Peptide loading complex
Polymethylmethacrylate
Pathogen recognition receptor
Poly(vinylpyrrolidone)
Reversible additiocfragmentation chaixransfer

Refractor index detector



LIST OF ABBREVIATIONS

RIG Retinoic acidnducible gene

RLR RIGI-like receptor

RNA Ribonucleic acid

ROS Reactive oxygen species

RPMI Roswell Park Memorial bitsite

SATP Sacetylthiopropionate Muccinimidyl ester
SDS Sodium dodecyl sulfate

SDSPAGE Sodium dodevyl sulfate polyacrylamide gel electrophoresis
SEAP Secreted embryonic alkaline phosphatase
SEC Size exclusion chromatography

SEM Scanningglectron microscopy

SMIP Small molecule immune potentiators

SSC Side scatter

ssRNA Singlestranded ribonucleic acid

STAT Signal transducer and activator of transcription
TA Tannic acid

TAA Tumorassociated antigens

TAM Tumorassociated macrdrage

TAP Transporter associated with antigen processing
TCR T-cell receptor

TEM Transmission electron microscopy

TGH Transforming growth facter



LIST OF ABBREVIATIONS

TH cells T-helpercells

TIL Tumorinfiltrating lymphocytes

TIM3 T-cell immunoglobulinand mucincontaining proteir3
TLR Tolkike receptor

TME Tumor microenvironment

TNBSA Trinitrobenzene sulfonic acid

TNM classification Tumor burderg lymph nodeg metastasis classification

tol-DC Tolerogenic dendritic cell

Treg Regulatory Tell

TSA Tumorspecific antigens

T-VEC Talimogene laherparepvec

UPR Unfolded protein response

VEGF Vascular endothelial growth factor
VLS Vascular leak syndrome






10



OUTLINE AND AIM OF THESIS

Anti-tumor immunetherapy has gathered major attention in the search for innovative
strategies to fight cancer in a more specific manner. It merges the field ofogyowith
immunology into immun@ncology, an exciting path that has the potential to dramatically
improve treatment efficacy and specificity whilst evoking immunological memory and
prolonged protection against malignancies. A promising immunotherapeutic strateges
vaccination which aims to educate dendritic cells at priming cytotapatt ilesponses that can

specifically recognize and eliminate tumor cells.

This thesis focuses on the design of immunogenic vaccine microparticles that encapsulate
cancer cell lysates in view of personalized-eawicer vaccination based tusmor-associated

and tumorspecificantigens. The majority of current a@ne approachesnvolve tumor
associated antigens arfdce several drawbacks such as limited applicability and treatment
failure due to thymic tolerance, mutation or lack of expression. Personalized cancer vaccines
that contain cancer cell material collected from biopsgwgery are therefore an interesting
approach to circumvent these drawbacks and hold potential to evoke more robust immune
NBalLlyasSa aLISOAFAOFLftE GFAf2NBR (G2 GKS LI GAS
In total four different strategies are developed that allowtfar formulation of cancer cell
lysate(Chapter 3and4) and whole cancer cell€ljapter Sand 6) under mild conditions into
microparticles. In addition, efforigre also devoted to enhance thenmunogenicity of the
microparticles to enable not only effinteinternalization by dendritic cells but also activation

of the latter which is required for optimal priming of robustell responses.

Chapter Jprovides a brief introduction of the innatamune systenandthe adaptive immune

system that protect the host against invading pathogens.

Chapter 2lescribes the dual and complex role of the immune system in tumor development
and tumor eradication, thereby raising the potential iofmunetherapy in anticarcer
treatment. In addition, an overview is given of the current approaches fecamteimmune

therapy.
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OUTLINE AND AIM OF THESIS

Chapter 3andChapter 4nvolve the formulation of soluble cancer cell lysates.

Chapter 3eals with the design of polymprotein conjugates formed by disulfide exchange.
For this purpose, polymeese developed that bear pending pyridyldisulfide moieties on their
backbone. The latter allows for reversible disulfide bonds with either cystereties or
synthetically introduced thiols on the protein backbone. Finally, the effect of polymer

conjugation on thén vitrointeraction with dendritic cellsinvestigated.

Chapter 4laborates on the encapsulation of cancer cell lysdteporouscalcium carbonate
(CaCe) microparticles by a orgtep coprecipitation reaction. To enhance the immunogenicity
of the microparticles polymesonjugated small molecule TLR-AGonistsare adsorbed nto

the microparticle surface. Additionallfet ability & these microparticles to activate dendritic

cellsisinvestigatedn vitro.

Chapter 5and 6 focus on the formulation of whole cancer cells into microparticles. Whole
tumor cells comprise cell membrane components, and when translated to whole tumor tissue,
also offer the possibility to eencapsulate stromal proteins.

In Chapter Siving cancecells are used as templates for lapgrlayer assembly of hydrogen
bonding species followed by hypemotic treatment to obtain biaybrid capsules loaded with
cancer cell lysate. Immunogenic properties are engineered into the capsulestigaprent

of the cancer cells with heat shock to induce expression of daaesgpeiated molecular

patterns.

As the layeby-layer approach is however labotensive and time&onsuming, an alternative
strategy is developed @hapter 6whichpresents a singlstepmethod to encapsulate whole
cancer cells in matrix microparticles composed of oppositely charged polyelectrolytes. In
analogy toChapter 4 the immunogenicity of the microparticlessenhanced by incorporation
of a polymerconjugated small moleal TLR7/&gonist. Finally,he interaction of these

microparticles with dendritic celisinvestigatedn vitro.

To conclude, an overview of the broader international context and relevance of this thesis

alongside future perspectives of antincerimmunetherapyis provided irChapter 7
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CHAPTER 1
THE IMMUNE SYSTEM

INNATE AND ADAPTIVE PROTECTION
AGAINST INFECTION

ABSTRACT

The immune system is the defense mechanism of the body against damage and infiltrating
pathogens such as viruses and bacteria. In addition, it is also involved in avoiding auto
immunity, i.e. recognition of sedintigens, by induction of selflerance. Inthis regard, the
immune system consists out of soldiers that are specifically trained to recognize damage and
foreign patterns and can distinguish between setf and self. It comprises different cell
populations and molecules that are part of the innaiemune systeng i.e. the initial and non
specific defense mechanisnor the adaptive immune systeqi.e. the slower but specific and

stronger immune response.
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THE IMMUNE SYSTEM

THE INNATE IMMUNE SYSTEM

Innate immunity is the first line defense of the body again&tctious agents. It acts
immediately upon recognition of damage or pathogen signals in order to confine any threat to
the host as fast and efficidptas possible. It is nespecific as it can only recognize patterns
that are common to many pathogens. Wetheless, it is a very important first line defense
mechanism to protect the body against any invading pathogend€&hi/leads to elimination

of the invaderut canalso lead to merely dampenimg the infection as the innate immune
system is oftemot strong enougho immediately eradicate the pathogemhisdampening
effectis however of high importance as it delays the infection and allows the adaptive system
to gain specificitand strength to ultimately eradicate the respective pathogete(nfra ¢ the
adaptive immune systémrlhe major effector mechanisms involved in innataunityrely on
neutrophils, monocytesjatural killer (NKgells, the complement system and macrophages.
These innate components all have the ability to bind or takengpsubsequently eliminate
undesirable materighrough different mechanisms. In addition, they induce inflammation and
recruit more immune cells to the infexxt or damaged site to increase the probability of
pathogen ehination or repair respectiveélyFurthermore, this chapter will devotecus to NK

cells, the complemensystemand macrophages due to their importance in the following

chapters.

Natural Killer cells are specialized in clearance of cells that are infected witiygagh mainly
viruses,and relyon the balance between activation and inhibition.-¢és express two
different type of receptors, i.e. inhibiting receptors and activating receptors. FirselNK
express killecell immunoglobulidike receptors (KIRs) and regulate theskiinction upon
interaction with major histocompatibility owplex class | (MHIE molecule$*. MHC class |
molecules are expressed in nucleated cells and interaction ofIMiG KIRs on theell
surface of Ni€ellsleads to inhibition of the killer function. In contrast, infected cells or cancer
cells downregulate MHCexpression to evade immune recognition by the adaptive immune
system yideinfra ¢ Chapter 2 Tumorimmuneescae). Therefore, theylo not providethe
inhibitory signal necessary to suppressddlk mediated elimination resulting in lysis of the
target cells via secretion of perforin and granzyrieSecond, activating receptors on the

surface of Ni€ellsactivateNkcell reactivity upon interactiowith their ligands. These include
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CHAPTER 1

receptors that interact with cytokinesi.e. interleukin (-1, 12, 1-:15 and IE18 ¢ or cell
surface molecules such aatural killer group 2 member INKG2[ and immunoreceptor
tyrosinebased activating motifdTAVIs)-"8 Therefore, Nells can be activated by two cell
types: [1] cells that lack MH@xpression such as cancer cells or infected; eglts [2] cells

that express MHCbut also exhibit expression of activating cytokines or molecules due to stress
or damageln addition, activated N&ells also produce praflammatory mediators to further

enhance inflammation and recruitment of other immune cells.

Another important innate protection strategy of the immune system is associated with the
complement gstem. The complement system comprises around 35 different soluble and
membranebound proteins and activation leads toascade of proteolytic reactiohgnitiation

of the complement pathway occurs when foreign material isgieized or upon recognitioof
aforeign antigerantibody complexvideinfra ¢ Blymphocytes This results in opsonization of

the material followed by cdysis or removal by phagocyte&¥’.

Macrophages on the other hand are very important phagocytes, are resident in maag tissu
and are primarily designed to ingest and eliminate dead or dying cells, cell debris and
pathogens. Due to the presence, although limited in number, of geretioeded pathogen
recognition receptors (PRRs) on the cell surface of macrophages, theyizecommserved
damage and pathogerassociated molecular patterns, DAMPs and Pé&Mery efficiently.
Macrophages ingest pathogens upon recognition of PAMPs resulting in entrapment of the
respective pathogen in the phagosome followed by fusion with sdgsmleading to enzymatic
destruction of the infectious agent. In addition, macrophages are also programmed to avoid
toxic accumulation of cell debris, dead or dying cells and prevent further cell damage upon
recognition of endogenous DAMPsBesides indttion of uptake of foreign and dead cell
material, activation of these PRRs additionally evokes production ahflarmmatory
cytokines, type | interferons (IFN) and chemokines leading to local and systemic inflammation

which in turn results in recruitmémlnd ativation of other immune cel4>16

Altogether, the innate immune system is a very important part of immunity as it protects the
body against infiltrating pathogens and tissue damage while inducing recruitment of other
innate immune cells and adaptive immune cells. Protection is basedagnitsan of highly

conserved patterns, whether or not of microbial origind is nonspecific which enables
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THE IMMUNE SYSTEM

immediate interaction and thus fast elimination of the originator. It is however often not
sufficient to completely eradicate the cause and raieshe adaptive immune system to fully

eradicate the infection.

DENDRITIC CELLS: THE LINK BETWEEN INNATE AND ADAPTIVE IMMUNITY

Dendritic cells (DCs) are necessary to direct the adaptive immune system specifically against
invading pathogens and atkerefore the critical factor in the interplay between the innate

and the adaptive immune response. They are the most potent class of antigen presenting cells
(APCs) dudo their high antigen presentation capacity and high PRR expression number
compared toother APCs such as macrophages -ceB of which theprimary function is
phagocytosis of foreign and dead cell matepiade supra¢ The innate immune systenor
antibody secretion respectivelyideinfra ¢ Blymphocyte} rather than antigen presentation.

DCs are highly efficient in pathogen recognition, uptake, processing and antigen presentation

alongside providing the necessary signals for optimal activation of lymphocytes.

1. ANTIGEN PRESENTATION AND-RESENTANO

Two main types of DCs exist, i.e. migratory DCs or resident lymphoid DCs. Migratory DCs
migrate to the site of infection followed by transptotthe draining lymph nodes whereas
resident lymphoid DCs do not migrate and are stimulated in the lymph opdasteraction

with migratory DCS. In additiona more accurate classificatiafi DCs is currently accepted,
involving plasmacytoid DCs, CD11b+ DCs and XCR1 DCs of which the latter can be subdivided
into CD103+ DCs and CD8+ DCs. Detailed descriptltmsefsubtypes wjlhowever,not be

adressed in this chaptesit isout of scope and not relevant for the following chapters.

Nawve or immature DCs recognize pathogens immediately dihe foresence of a high number

of PRRs on their surface and are therefore experts in capturing antigens via phagocytosis yet
are inefficient in antigen processing and presentation. However, stimulation of these highly
expressed PRRs by PAMPs or DAMPs ressttemng maturation of the dendritic cells which
exhibit much lower phagocytic properties in contrast to naive DCs and redistribute MHC
molecules to the cell surface accoamged with antigen presentatié®?°. Prior to antigen

presentation, the phagocytosed foreign material is processed in the phagosome of the
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dendritic cell. This occurs through fusion of the phagosome with lysosomes and subsequent
acidification (pH 4:5) resulting in degradation of the maiarin the prsence of lysosomal
hydrolasesDepending on the origin of material, i.e. exogenous or endogenous, the obtained
peptides are loaded onto MHC class Il or MHC class | molecules respectively which are
assembled and provided by the endoplasmiccudtim (ER). They differ issue distribution

and type of peptides that are presented due to different processing pathways.
Class | molecules are expressed by nucleated cells and are therefore widely ghwinelaats

MHCII is primarily expressed bytayen presenting cells of which DCs are the most efficient.

MHC class Il loading of exogenous peptides is triggered upon release from class Il molecules of
the invariant chain (li), a transmembrane chaperone protein, in response to proteases from the
MHCII peptide binding site only leaving a short MHC classdiciated invariasthain peptide

(CLIP) behind. Subsequently, exchange of CLIP with exogenous peptides can occur in the
presence of a catalyst chaperone protein HIM\ which facilitates CLIP rate from the MHC

class Il binding cavity and enhances antigen presentation. Followingl Midding of these
peptides, the MH@-antigen complex is transported to the cell membrand presented to

the environment?4, In contrast, MHC class | loadiragars to present cytosolic and nuclear
derived protein fragments at the cell surface. MHfresentation is important for the
establishment of selblerance and eradication of intracellular microorganisms and tumors.
The proteins are degraded in the cydbsef DCs by the proteasome followed by translocation

of the resulting peptides to the ER via TAP, a transporter associated with antigen presentation.
Like MHC class Il molecules, the MHilecules are stabilized by chaperone proteins in the

ER lumen andnsure efficient peptide loading. These chaperone proteins include calreticulin,
ERp57, tapasin and TAP, also called the pelatatbng complex (PLC). In addition, the
exchange of endogenous peptides with the PLC is facilitated by tapasin similailtivl kiak
catalyzes the ekxange on MHC class Il molecéfe&inally, the MHGantigen complex is

transferred to the cell membrane via the Golgi aus for antigen presentatiéf?%27

Because exogenously derived proteins are presented onto MHCIiclasdecules, this
implicates pathogens should be primarily presented on MBEZ APCs. However, this is often
not the case due to the induction of a process called gyossentation. This process only

occurs efficierly in dendritic cells which once @g points out the unique ability of DCs in
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priming the immune system. Crggsesentation is favored upon interaction of APCs with
particulate antigens such as pathogens and is a critical process for the eradication of infectious
agents via the adaptive mune systemyide infra ¢ T-lymphocyte} It involves two main
pathways, i.e. the TARdependent vacuolar pathway and the Fddpendent cytosolic
pathway. The latter pathway is similar to the standard NBi@igen presentation pathway for
endogenous pepdes and is therefore the most abundant. It comprises transfer to the
cytoplasm of the engulfed proteins mediated by thedEfRved Sec61 translocation complex
followed by degradation through the proteasome prior to MH@ading in the phagosome or

the erdoplasmic reticulum via TAP. In contrast, MH@ading in TAMdependent cross
presentation occurs in the phagosome vesicles and is also proteasdependent. After
uptake, the material is degraded by proteases present in the phagosome followed by
immediate loading of the peptides onto MHC classleculegprovided by the ER and transport

to the cell membran&33, An overview of the different MHC antigen presentation pathways is

illustrated inFigure 1

MHC class | pathway MHC class Il pathway E Cross-presentation
Peptide-MHC class |  Peptide-MHC class Il Exogenous : Peptide-MHC class |
(endogenous) (endogenous and exogenous) antigen ' (exogenous)

v

. R R Y

Endogenous
antigen

gctmmme
N

Q b —
49 %

" Endogenous
antigen

&6

: vﬁ :‘:@

Endocytic route

' Golgi Golgi §

E Endoplasmic reticulum
__ ___ MHC class| |3 ' 1 FMHC class it 7 P MHC class |

Figure 1IMHC antigen presentation pathwaiysdendritic cells (Figure adjusted fromeference33).
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2. DC MATURATION

Upon recognition of a pathogen by naive DCs, redistribution of MHC molecules and increased
antigen presentation ability occurs alongside maturation of the DCs and upregulation of
costimulatory molecules and cytokine secretion, providing the second and third signal for
activation of Icells yideinfra ¢ T-lymphocytels Caostimulatory molecules involbe cluster

of differentiation(CD molecules, CD80 and CD&#ich provide thesecond signal for optimal
T-lymphocyte activation via interaction with the CD28eptor on the Tcell surfacé . In
addition the third signal for Eell activation induces, depending dhe type of cytokines,
different Flymphocyte populations. Takéogether, this shows the high potential of dendritic

cells as they not only very efficiently present pathogenic peptides to the adaptive immune
system but are also able to optimally prime the immune cajjginst the respective

pathoger$®38,

Dependingn the type of pathogen, different PRRs are triggered. Several PRRs exist, involving
toll-like receptors (TLRS), retinoic aiducible gene (RI&Jike receptors (RLRsS), nucleotide
binding oligomerization domain (NGIiXe receptors (NLRs) andype lectin receptors (CLRS)

of which the TLRs are the most widetplored and well characteriZ€d®4C Different types of

TLRs exist and so far ten4k receptors have been idemgifl in humans referred from TLR1

up to TLRO. Some TLRs are cell membrapnend involvinghe TLRs 1, 2, 4, 5 and 6, all of
which primarily recognize bacterial products wherdlas TLRs 3, 7, 8 and 9 are confined in
intracellular compartmets and focus on viral matefia#*. Cell surface TLRs mainly interact
with microbial cdl membrane components such as lipidipoproteins and protein. TLR
recognizes lipoproteins and oligosaccharides originating from the cell wall of bacteria and
involves hydrphobic interactions whereas TaRhteracts with lipoteichoic acids and is
characterized by hydrophiligand binding. Both TLR1 and @kdtm heterodimers with TLR2

and by consequence lead to hydrophobic and hylitimpinteractions respectiveéfi*. TLR is

the most studied receptor and is targetbd lipopolysaccharide (LPS) and its derivatives such
as monophosphoryl lipid A (MPI*A)LPS or endotoxins are a part of the cell membrane of
Gramnegative bacteria. Note, that TLR2 and 4'L&e also present in intracellular
compartments of antigen preseng cell€®4°. TLR recognizes the motility filament of bacteria
flagellinand flagellirrelated peptide®>°L Despite the fact thalTLRO is an orphan eeptor

without defined ligandst has been shown to recognize specific pathogens such as Listeria, in
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collaboration with TLR and influenza A virti?53 Intracellular TLRs are exclusively found in
the phagosomal compartments of deitdr cells and macrophages. BlUbtnds specifichl to
doublestrandedviral ribonucleic acid (dsRNAwhereas TLRand TLRB recognize single
stranded RNA (ssRNA) The TL® receptor on the other hand interacts with foreign
deoxyribonucleic acid (DNA) and is activatgaligonucleotides such as Cpfrfethyldaed

cytosine guanine) sequendé$3°6:57

ADAPTIVE IMMUNITY

In contrast to the innate immune system, the adaptive immune system requires more time to
gain reactivity against invading pathogens. Adaptive immunity is specifically primed against
every new infectious agent that enters the body by antigen presenting cells, in particular by
dendritic cells \(ide supia ¢ Dendritic cells and is therefore slower but stronger and highly
specific. It involves-Band Flymphocytes that, upon optimaictivation by dendritic cells,
differentiate into plasma cells or memonc8lls CD4+T-helper(TH) cells an@D8+effector F

cells or memory-€ells respectively which all have different functions in combatting infections.

In general, Bymphocytes giveise to humoral responses whereadymphocytes induce

cellular immunity.

1. T-LYMPHOCYTES AND CELLULAR IMMUNITY

Activation of Tlymphocytes results in cetlediated immune responses as it gives rise to
effector Fcells such a€D8+cytotoxic ilymphocytes (CTLE}D4+-helper celland memory
T-cells which are primed upon recognition of antigen by nanalI3 followed by activation and
clonal expansion upon optimal stimulatiorcélls require three signals provided by antigen
presenting cells to be fully activated: [1] recognition of pepiid¢C complex by the-Gell
receptor (TCRJ)2] co-stimulation of the CD28 receptor on th&dll receptorand [3] cytokines
that influence the differentiation into the different types of efier cells, i.e. CTLs ©helper
cells(vide supra; T-lymphocyte} Inappropriate stimulation of naivec€lls however results in

functional inactive or anergiccElls and desnot result in an immune resporiSe

T-helpercells do not directly eradicate infected cells but aid the immune reaction via various

mechanisms. The major subtypes of TH cellFHfig TH2, THI7-cells and T follicular helper
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cells or Fucells and are defined by their diféet cytokine profilgoroductior?®° TH2cells are
involved in allergic responses and immunity against parasites through secrétidrantl H5
whereas # cells provide direct help to-&lls viaCD# ligand expressiorvifle infra ¢ B-
lymphocytes THIT7 cells are involved in early adaptive responses against extracellular
pathogens and fungi and produce-lll, 121 and IE22. THXcelk facilitate CFLand

I YR
IL-2 butalso enhance thETLrespong by expression of tHeD4 ligand®6%63, 11-2 is a cytoke

macrophagemediated killing of microorganisms by produciittitcytokines such as IFN

that is also secreted bihe T-cell itself to induce rapid proliferation by interaction of the
interleukin with the 2-receptor that ishighly expressed on theurfaceof T-cells Therefore,
secretion of K2 by THZXcels acts as a growth factavhich further amplifies the CD8%
lymphocyte proliferation. Expression of tH240 ligand on the other hand has an indirect effect
on T-cells by increasing the expressif castimulatory molecules on antigen presenting cells.

Upon efficient cell priming and clonal expansion, the resulting CTL®ffexgntly recognize

T B-cell
FH __ CD40
V: \\ ligand
‘/ Ab production by
\ / CD40 plasma cells
TH17
y \ IL-17,IL-21, IL-22 Fungi
‘ ] > Extracellular pathogens
NV
CD4 TH-cells
TH2
[ \ IL-4, IL-5 Allergy
‘. ,] > Parasites
W/
TH1
/’ \ IFN-y, IL-2 CTL- and macrophage-
‘.\ ’J —> mediated toxicity
CTL perforin
IL-2 granzymes
FasL Apoptosis/lysis of
CD8 T-cells . > pathogens and cancer cells
-2
receptor

Figure 2Cellular immunity against infection

25



THE IMMUNE SYSTEM

and killtheir target cells suchsintracellular microorganisms or cancer cells upon recognition

of the foreign antigen presented on the cell surface via MHC class | molecules. The target cells
are lyzed or killed by apoptosis induction upon binding of the TCR with theaigén
complex o the target cell through secretion of cytotoxins such as perforin, granzymes and Fas

ligand(FaslL%. Figure dllustrates cellular immunity to combat infection.

2. BLYMPHOCYTES AND HUMORAL IMMUNITY

In ontrastto T-cell mediated immunity,-B'mphocytes evoke a humoral immune response via
secretion of antibodies. -Bmphocytes are triggered by antigens amttelper cells and
differentiate into antibodyproducing plasma cells and memorgdls. Following uptake an
antigen by Bells, the antigen is processed and presentadAH C class Il on their surfét®.
Recognition and binding of the peptit#HGII complex to the TCR@D4+rHcells, stimulated

by the same antigen, offers additional stimulation-oEBs via interaction of théD® receptor

with the CD4® ligand and cytokines leading to proliferation and differentiation into plasma cells
and B memory cefi&’™. Plasma cells secesintibodies directed to the respectigatigen and
practice immunity hirough three mechanisms. The first pathway involves neutralization prior
to the invasiorof the targetin healthy cells. Second, antibody binding gives rise to opsonization
as it facilitates uptake by phagocytes such as macroplzagekads to antibodgiependent
cellular cytotoxicity (ADCQOYacrophages expressehFereceptor on their surface which

recognizethe constant and invariablegen of antibodies, i.e. the ¥egion, very efficiently.

healthy cell \‘[’ \‘( infected cell
B-cell O \‘(
{L?‘ +>
plasma cell \\@V

Y
MHC I CD40 - >
O,o\ % Ab-dependent
¥
‘ \ Y

J‘0/1// cellular cytotoxicity
e‘%
| v
\\ / (X Fagocyte
> ®
“a®
TFH cell .. Complement-dependent
Complement I cytotoxicity

Figure 3Humoral immunity against infection
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Thirdly,the antigenantibody complex can also trigger removal bg tomplement system
through Feregion recognitionfollowed by complementiependent cytotoxicity (CDE€)
Activation of Beells and humoral immune mediated fight against infection is illustrated in

Figure 3

CONCLUSION

To conclude, the immune system is a complex network of innate and adaptive immune cells
that work together to eradicate invading pathogénough unspecific and specific pathways
respectively. There is an important interplay between the innate and the adaptive immune
response which allows the adaptive immune system to gain specificity and power against the
infection that is initially attackkand restrained by the innate immune system. The essential
immune cells linking the innate and adaptive immunity are the dendritic cells that prime the
adaptive immune system specifically against every new pathogen leading to effector
T-lymphocytes and rgibodies that target and kithe invader directly or indirectly while
establishing immunological memory that protects the host upon encounter of the same

infection in the future.
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ONCOLOGY MEHWMMUNOLOGY

SHIFTING THE BALANCE ORNEV
SUPPRESSION TOWARDS IMMUONE/ATION
VIA ANFTUMORMMUNETHERAPY
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ONCOLOGY MEETS IMMUNOLOGY
INTRODUCTION

Cancer remaingne of the leading causes of death worldwide anslstated by the WHO that, in

the next 20 yearghe number of new cancer patient cases alithost doublelt is predicted that

40 % of men and women will be diagnosed with cancer in their life. Despite this increase in
incidence, the mortality rates decreasing which can be attributedtbh@ extensive research that

has been performedhe past years resulting in new strategies to tackle malignancies more
efficiently. Conventional therapies for cancer treatment involve hormone therapy, radiotherapy
and chemotherapy. Hormone therapy is only applicable to malignancies that rely on hormones to
grow such a breast and prostate canceherefore the range of application is narrow. The two
most conventional treatments are radiotherapy and chemotherapy, vaimcho destroy rapidly
dividing cancer cells by respectivelya}X radiation¢ to evoke DNAlamageg or by drugsc to

affect cancer cells at different stages of cell division. Both techniques however are prone to serious
side effects due to lack of specity. Moreover, these therapies do not seem to evoke a prolonged
protection of the patient against relapse and metastasis. One of the most excielgmaents

in this regard liemithe interface of oncology and immunology and prompted the emergence of
theimmune2 y 02t 238 FASEtR® ¢KS NIGA2Yy IS AalThis aSR 2
states that the immune system protects the host against tumor development
(immunosurveillance) but interestingly also can promote tumor growth (timounees@pef

4. Intensive research has been done to elucidate this dual role and the complex relationship
between the immune system and cancer in order to find similarities in cancer pathogenesis to
potentially enable targeting of the foundation of malignanaiegeineral and induce a prolonged

protective effect against cancer.

/' FYyOSNI AYYdzy2SRAUOAY3I O2yaraida 2dzi 2F GKNBS 90
the link between cancer pathogenesis and immunology as a dynamic bidirection&lké?és$he

elimination phase comprises the immunosurveillance stage where malignant cells are successfully
eradicated by a competent immune system. Innate cells are alarmed by inflammation or by
malignant cellular transformation and letwlimmune cell recrtiment (NKcells, macrophages,

dendritic cells) via local production I6N' and chemokinegvide supra; Chapter I: The innate
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immune system Immature dendritic cells awgctivated after which thegnature and migrate to

the draining lymph node wher€D4+TH1T-cell activation andCD8+CTL proliferation occurs
followed byT-cell homingo the tumor site and tumespecific eradication of the cancer cét8
Unfortunately, some tumor cells are alite avoidimmunedestruction by entering adynamic
equilitrium also called the tumor dormant state, the longest of the three phasgesh carpersist

for several years in the host. This equilibrium encompasses a balance between promotion of
elimination versus persistence and relies mainly om@Hliated immunig’2. In this phase cancer
immunoediting occurs, yielding potential resistance to an immune attack which arises from the
enormous plasticity of the cancer cell genome as a result of the heterogeneity and multiple types
of genetic instability!l. The resuing resistant variants enter the escape phase via a combination
of three mechanisms involving lower immunogenicihgrdased survival and an immune

suppessive tumor microenvironment (TME) allowing cell expansion.

TUMORMMUNEESCRE

The first escapenechanism leads to lower immunogenicity of the tumor evoking a decreased
recognition of the cancer cells by the adaptive immune system. One of the major effectors of this
escape strategy implies the modification of the antigen presentation macHirnEmg process is
altered through loss of MHC cldsmolecules or downregulation in more than 50 % of all tumors
but can also include antigenic drift, lack ofstionulation,TARdefects and lownolecularweight

protein (LMPY and LMP? deficiencie§ . Another important cause of obtained lower
immunogenicity and growth facilitation involves the absence or abnormal function tFNie
receptor pathway. As described aboley plays a role in increagjrtumor immunogenicity via
promotion of tumor cell recognition and elimination. Thus, by lowering th&#t sensitivity

tumors can escape these eveita!’,

Second, tumor cells can averdmunedestmuction via survival strategies and thus -@itluced
apoptosis resistance. This is obtained through -expression of ardapoptotic molecules
(such as RBell lymphoma2 (Bci2), Bcell lymphomeextra large (Bel), Fasassociated death
domain FADDJike interleukin (ll-m kconverting enzyme (FLIGHEhibitory protein ELIP) and
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survivin),signal transducer and activator of transcript{®TATFB activation and/or through lysis

resistance acquired by expression of mutated death receptors

And finally, the third tumor-escge mechanism comprises themmunesuppessive
microenvironment enclosing and protecting the tumor cells by coatiteking the immune
responseThe tumor microenvironment ensures that cancer cells cannot be reached ioiagtich

by antitumor effector cells via different routes. Several cell populations play a vital role in tumor
cell development, survival, growth and metastasis, all giving rise to multiple ir@scaee or
immunesuppressive actions forming a complex nettbat very efficiently evades or influences
the immune system. One of the most critical cell types involvathnmunesuppession are
myeloidderived suppressor cells (MDSCs). They accumulate preferably in peripheral lymphoid
organs or in tumor tissueggending on their main function. Recruitment of MDSCs is regulated
by a variety of chemokines produced by the tumor suc6@shemokine ligan@C)-2, CCLS5,
CCL7CXC chemokine ligaf@XC)-1, CXCL5 and CX&LBollowing chemoattraction, production

of chronic inflammation factors by the malignant tissue finally drives the MDSCs intmtheire
suppessive function. It i&known that the tumor environment is chronically inflamed which
maintains tumorigenesi% and evokes MDSC recruitment via productadnpro-inflammatory
growth factors such as vascular endothelial growth factor (VEGF), grandfagtephage)
colonystimulating factor (G(MESF) and primflammatory mediators such as prostaglandin E2
(PGR2), 11 and 11172224

MDSCs can influendee immune system via multiple mechanisms and suppress the cytotoxic
activity of CD8+T-cells in various ways involving expression arginase (Argl) and indoleamine
2,3-dioxygenase (IDO) giving rise to depletion -afdinine (EArg) and #ryptophan (L-Trp)
respectivel§??27. Arginase is an enzyme that degrad#gd and leads to anergiec€lls unable

to proliferate as 1Arg is essential fexpression of CD3, whichmiscessary for signal transduction

of the TFcell receptor (TCR). IDO, on theesthand, degrades the essential amino aeidf-for

T-cell survival and expansidiC. In addition to depletion of-Arg and Trp, the availability of
L-cysteine ({Cys) is also lowered by MDSCs. Naoa|3 rely olAPCgo acquire ECys as they are

unable to take up or tde novasynthesize this amino acid. MDSCs are also unable to synthesize
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L-Cys independently and consequently take up high amount€g$ thereby quickly limiting the
availability of 1Cys for Tcells in their proximif#2731.2, Summarized, by limiting several amino
acids, Tcell activation is halted by MDSCs as metabolic changes are essentiatetor T

proliferatior??24

Next to deprivation of nutrients, MDSCs develop several atimaunesuppiessive strategies to
evadethe antitumor immune attack force. On one hand, MDSCs produce NAPDH oxidage (Nox
and nitric oxide synthase 2 (NBpyielding hypeproduction of reactive oxygen species (ROS) and
nitric oxide (NG¥33 ROS evoke cellular damage, thereby enhancilagnimfation and apoptosis

of T-cells whereas NO can react with different compounds yielding toxicity. The latter prevents
IL-2 signaling which negatively regulates effector and memergll Tproliferation and also
synergistically enhances the activityAog1. On the othemand MDSCalsoinhibit T-cell migration

and induce Tell exhaustion by downregulation of selectins and expression of the programmed
deathligand 1 (PDL1) respectiv@l§*34 T-cell migration is impaired as selectins are required for
naive T-cells to adhere to and enter the tumor draining lymph nodes or the tumor
microenvironment>3¢. T-cell exhaustion achieved by PBixpression on the surface of MDSCs

will be discussed in detail further on in this section.

MDSCs alongside tumorlisealso recruit regulatory-dells (Tregell9 to the TME which are, just

as MDSCs, crucial cells involveninmuneescae. Treg cells are a subpopulatiorCid4+T-cells

that, under normal conditions, suppress the activation ofagifjen effector imnune cells to limit
autoimmunity and inflammation. However, in cancer tissue, natural residing Treg cells are
recruited alongside induction of Treg cells arising fnanaeCD4+T-cells in order to avoid cancer
cell elimination by antiumor specificT-cells and to escapammunedestiction. Treg cells
suppress the immune system via various ways of whichis secretion ofmmunesuppiessive
cytokines such as-Il0 andTGHF to evoke inhibition of expansion and functionGid8+effector
T-cells and dendritic cell maturati#fi®’. In addition, Treg cells secrete VEGF which positively
influences angiogenesishe formation of new blood vesselnd granzymes for cytolysis of
effector immune celf€-38 Treg can also cause loca2 ltlepletion and starve effector cells leading

to apoptosis*3%41, Next to cytokine production and2Ldeprivation, Treg cells can very efficiently
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promote tolerogenic dendritic cel($ol-DCs)hrough inhibition of costimulatory molecufésin
healthyindividuals tolergenic dendritic cellaintain peripheral tolerance against satitigens
however in a tumor setting teDCs induce-tell anergy, -€ell deletion and/or -Eell suppression.
T-cell anergy is induced when one of the three crucial Sgalnot provided to the-dells by the
dendritic cells(vide suprag¢ Chapter L Tolerogenic DCs often lack-stomulatory molecule
stimulation byCD® or CD& and downregulate prmflammatory cytokines while upregulating
anti-inflammatory cytokines shcasTGH | y1B643%] In addition, Treg cells directly impair
the cytotoxic activity and proliferation d€D8+ T-cells via immune checkpoint molecules
programmed death ligan#l (PDL1) and cytotoxiclyimphocyteassociated antigen (CTF4A
through nteraction with the programmed death 1 (RDPand CD28 receptors respectivefy.
Expression of CT#4Aon the surface of the Treg cells results in downregulation of costimulatory
molecules and thus-dell anergy alongside increased induction of IDO seorky DCs. CTidAis

a CD28 homolog and has a much higher affinitg ) andCD& compared to the CD2&ceptor
present on the surface ofdells. UnlikeCD®/CD®, costimulation ofnaiveT-cells upon CD28
receptor interactiorwith CTLA4 does not evoke a stimulatory signal which in turn inhibits optimal
T-cell activatiof®°. Whereas CTEAis confined to -Eells, PEL is more broadly expressed on
activated Tcells, Bcells and myeloid cells. Expression of the programmed deaitid lig(PDL1) by
Treg cells induces a-athibitory signal that is correlated with activatimaluced apoptosis and
anergy’#851 Note that PDL1 can also be expressed by the tumor cells themselvesdl as

MDSCs, macrophages and dendritic cells.

Finaly, in addition to Fymphocyte reprogramming, MDSCs also account for reprogramming of
other immune cells such as macrophages, natural killer celldendritic cellsfurther fortifying

the unfavorable atmosphere for asitimor immune cells near the TRRE2 These three immune

cell populations are all attracted by the tumor tissue itself through production effaonmatory
mediators such as chemokines, cytokines and eicosanoids evoked by chronic inflammation of the
tumor site. First, macrophages aretpaf the initial barrier of the innate immune system against
intracellular pathogens. They differentiate under influence IBN!' and/or LPS io
M1-macrophages and promote Tigblarization ofCD4#ymphocytes by L2 production. In turn,
MDSCs casubert macrophages to the Mghenotype via production of-10. This phenotype is
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also described as tumassociated macrophages (TAMs) wlaoh tunor-promoting instead of
tumoricidaP*>°8, TAMs promote tumor growth and angiogenasid suppress antumorimmune
responses through production of activation factors such as VEGépaietmal growth factor

(EGF or through expression of tyginflammatory cytokines like-ll0 andTGF  NB & LISOG A @S
The second population involves M#&lls which are the cytotaxinnate equivalent of CTLs in the
adaptive system. They can very efficiently kill tumor cells that lack or downregulaté MHC
SELINBa&aAzy YR GKSNBT2NB Ol yCO&T-cell§* NGty A T SR
to the TME and MDSCs howeube ell-mediated cytotoxicity of NB&ells is damaged as MDSCs
inhibit the production of perforins by the cells which is essential for apoptosis induction via cell
lysi€2®L Thirdly, DCs can also be reprogrammed by MDSCs, just as Treg cells. Subwarsi®n t

the type-2 tolerogenic phenotype favoring tumor outgrowth and immune tolerance by locally
releasing factors as IDDGF | y1B822443[%2 On the other hand,-Gell deletion is achieved by

the tol-DCs through production of the Fas ligand wintéracts with the Fas receptor present on

the T-cell membrane triggering a cascade of intracellular signaling for induction of programmed
cell death or apoptosid®4 Additionally, suppression ofc&ll mediated anttumor immunity is
obtained by a defdive antigen presentation function of the DCs. FinalD@s$ can also influence

T-cell proliferation via expression of PDL1 like MDSCs and Tr&fec#lls

Altogether, the tumor microenvironment, whether directly or indirectly, recruits immuneveells
secretion of chemokines and reprograms immune cells iAnfieonmatory and prdaumoral
phenotypes via release of cytokines andrduobitory signals. In tufrtheseimmunesuppessive
immune cells recruit more immune cells enabling a vicious circle of a strong unfavorable
atmosphere for anttumor immune cells. The recruitment and activation of this complex network
of immunesuppiessive cells and the appligdategies to lower the immunogenicity and increase

apoptosis resistance by cancer cete summarized and illustratedfiigure 1

Importantly,immunesuppeessive cells are part of a strong network surrounding the tumor, called
the tumor stroma, invoimg stromal cells, blood vessels, carassociated fibroblasts (CAFs) and
the extracellular matrix (ECM). The tumor stroma provides thremgakprotumoral strategies:

[1] an immunesuppressive environment for asttimor immune cells near the TME wiarious
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mechanisms that are described above in détgimmunesuppeessive cell§2] a physical barrier

for immune cells t@nter the microenvironmentnd [3]the supply of the necessary high amount

of nutrient$’. The invasion of the tumor tissue withti-tumor immune cells is physically blocked

due to stiffening of the ECM caused by crosslinking of structural proteins such as collagen and
elastin catalyzed by lysyl oxidase (LOX) produced b§*&ABsie to rapid proliferation, cancer

cells quickly xhaust nutrients and oxygen which limits tumor progression and triggers the release
of pro-angiogenic factors such as VEBGFand fibroblast growth factor (FGF) by tumor cells,
immune cells, stromal cells as well@AFs to promote angiogenésid However, the synthesis

of new blood vessels results in immature vessels leading to irregular blood flow, vascular leakiness,
chaotic architecture and thuails to providehe required amount of oxygeto the cancer cells.

The tumor microenvironment stays tiedore always hypoxic which was initially thought to be a
limiting factor for tumor growth. However, it has been elucidated that the TME can adapt itself to
prolonged hypoxic states and the latter promotes malignant progression (invasion, metastasis) and
increases resistance to conventional therafsi€s In addition, cancer cells upregulate glycolysis
upon nutrient shortage to support cell viability and proliferation resulting in increased conversion
of glucose into lactaté’®7’°. The latter evokeacidosis, acts as metabolic fuel for aerobic tumor
regions, induces angiogenesis and suppresses immune cells. This further contributes to tumor

growth and immune evasion.

In conclusiontumorimmuneescae is a very complex strategy of cancer cellsadeeradication

by the immune system comprising lower immunogenicity of the tumor cells, apoptosis resistance,
recruitment of immunesuppressive MDSCs afideg cells, damaged CTL andclK activity,
impaired functionality of dendritic cells, shift frAid1to TH2immune responsg physical barrier
formation preventing tumor infiltration of immune cells, angiogenesis and hypoxia. The combined
immunesuppeessive functions of the different cell populations along with thetymooral
influence of thechronically inmed tumor tissue clearly shalve complexity of the paradoxical

role of the immune system in cancer progression and points out the evident need for a multistep

approach in the battle against cancer.
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ONCOLOGY MEETS IMMUNOLOGY
CANCERMMUNETHERAPY

Extensive research avihe past two decades yieldéétter insight in how the immune system

can positively or negatively influence malignant transformation and it is clear that subtle
differences in the immune cell population can drastically change the impact of the immune
sygem. The interplay of oncology with immunology is therefore a very important key, if not the
most important, in the fight against cancer. Taking this into account, it is evident that trying to
alter the immune response inder to shift the balance of@ro-tumoral environment towards

an unfavorat# setting for cancer cellsagse of the most promising strategies to battle cancer.
This approach is recognized as camegnunetherapyand aims to manipulate thenmune
suppressive immune cells and tumor microenvironment via different routes. In comparison to
conventional therapies that are unspecific and evoke severe adverse events (alopecia,
gastrointestinal symptoms, myelosuppressiormunesuppession), cancéammunetherapy

has great potential as the side effects ioimunetherapy are less severe which improves
patient outcome, adherence and complianicegeneral, cancemmunetherapyinvolves both

passive or active therapies arahde specific or nespecific.

Passig immunetherapy does not rely on the immune system of the patient to attack cancer
cells but employs immune cells or other components that are, prior to administration into the
patient, synthesized outside the boax (vivd. This aids and strengthens the immune system
of the patientto fight tumor growth by providing an immediate and stronger immune cell force.
Passive immuntherapy bypasses the necessity to activate endogenous immunity and can be

advantageous when the imme systenof the patient is strongly weaken&g#?

In contrast to passive immusiBerapy, active immunéherapy reactivates the suppressed

and/or weakened immune system of the patient astufts the balance from immune
suppression towards immureetivation by increasing the amount of atuimoral specific
AYYdzyS OStfad LG NBtASAE 2y (GKS FoAftAle 2F GK
immunesuppression and induces an endogenous immune reaction against the mafigfffancy
Because of the patient’s own immune system is activated and induces proliferation of
lymphocytes, active immurtderapy does not have an immediate positive effect opposed to
passive immung¢herapy but it does produca strongmemoryresponsewhich is aradvantage

for longterm survival of the patient. Conventional therapies for cancer treatment often result
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in significant reduction of the tumor or complete remission, however, the prognosis for
advanced tumors is not optimistic. In addition, the majorftgancerrelated deaths is not
caused by the primary tumor but by metastasis and relapse. The induction of immunological
memory provides the patient with prolonged protection contrary to conventional applied
therapies, even after treatment, whilst decrewsthe possibility of tumor relapse that leads to
more resistant and more aggressive malignancies, which are often harder to treat and more

prone to metastasfs.

An overview of the different cancer immuttesrapieswill be discussed in detaiklowthereby
highlighting the mostpromising strategies regardingoersonalized medicine for cancer

treatment.

1. MONOCLONAL ANTIBODY THERAPY

Monoclonal antibody (mAb) therapy involves selective targeting of a specific protein that is
overexpressedmutated or selectively expressed on tumor cells involved in cancer initiation
and/or progressionilt is a passive immurteerapy that, upon imding of the mAb with the
respective targetleads to blocking of receptor binding sites sastgrow factor receptorsr

to elimination of the cancer cell mediated by antibaypendent cellular cytotoxicity (ADCC)
and complementiependent cytotoxicity (CD€)8485, Elimination of themalignantcells can
additionally evoke release of cancer gatis within the tumor proximity whiatanin turn

result in uptake by DCs and posséyantitumor directed adaptive response.

Many antibodies have received approval from the FDA for the treatment of various solid tumors
and hematological malignancie®. Although mAb therapy has shown promise, resistance due
to immuneescae via downregulation or loss of the expression of the target antigen is one of

the main reasons responsible for low response rates.

2. ADOPTIVE CELL TRANSFER

Adoptive cell transfe(ACT) involves isolation of lymphocytes from the paBigmripheral
blood, draining lymph nodes or tumor tissue followedekwivopriming into tumorspecific

CD8+CTLgprior to administration back into thgatientand is illustrated ifrigure 2
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Priming of the CTLlis achieved bgo-incubation with dendritic cells that are pulsed with tumor
associated antigen(s) by cytokine (H2, IFN+) activation After generating large numbers of
analogous tumoreactive CTLs, the-CElls are reinfused back into the patient often in
combination with 2 administration to boost the-dell proliferatiod’®. In this way, the
balance is shifted from-dell anergy ad tolerance to a superior amount of high avidity effector

T-cells that exert cytotoxic effects against malignant cells.

AT

—

T CELL SOURCE 0

CULTURE
\ Non-Specific TIL Expansion /

y 3 4

Antigen-Specific Expansion Genetic Engineering

Figure 2Adoptive autologuous-tell transfer beither tumorinfiltrating Fcells(TIL)or peripheral blood
cells requiring respectively napecific or specific expansion via antigeecific expansion (TCR4IS)
or genetic engineering (CARells)- (Figure adjusted fromeferences8).

An increased amount of effectorcélls ishowever not sufficienfor tumor eradication as the
T-cellsneed to be able to infiltrate the tumor tissue in order to perform their function. The
dense tumor stroma serves as a physical barrier withholding tumoricidal immurentrelfce

to the tumor abngside themmunesuppeessive environment created by MDSCs and Treg cells,
thereby limiting the efficacy of adoptive transfer of cytokimduced Hymphocytes.To

overcome fundbnal impairment of the -Cells adoptive transfer with tumeinfiltrating
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lymphocytes (TILg)irectly isolated from tumor mass and boosted wit2,llis a promising
alternative provided that administration of tm®n-specificallyexpanded TILs is preceded by
lymphodepletion. Lymphodepletion encloses deletiommohunesuppessie Treg cells and
MDSCs through chemotherapy alone or in combination with radiation and alleviates the
immunesuppeessive pressure near the tumor microenvironment leading to a more durable
responsé>%2, This approach faces umtionately several disadvanteg; [1]lymphodepletion

can be very dangerous and is-tifeeatening for immuneomprised patients or patientgith

an impaired immune system; [Bje expansion of a large amount of TILs is costly,-time
consuming and reques highly specialized personri8l;administration in conjunction with-IL

2 can simulate expansion of Treg cells; andigd]ation of reactive TILs from tumor tissue is
only possible for melanoma (in 50 % of the cases) while other cancer types rarely contain

sufficient tumorreactivelymphocyte€%,

An exciting new approach that aims to improve and broaden TIL adoptive transfer therapy
involves adoptive transfer of genetically engineered autologous normal peripheral blood cells
with receptors capable of recognizing carsgecific antigens in combination with
preconditioning othe patient with lymphodepletion. There is no need for surgical resection of
tumor tissue and other cancer types besides melanoma are also feasibleetbergineered
recognition of tumor antigens, in coast to ACT with TILs, providingmor-associated
antigens are identifiable. Genetically modifiedells involve expression of naturally occurring
T-cell receptors (TCRs) or rleric antigen receptors (CARSLRson one handrecognize
antigens presented via MHC molecules whereas CARs can identify antigens independent from
MHGCpresentation. Modification of the-Gells is obtained via transduction with viral vectors
containing TCR genes that specifically recognize tassmcited antigens. TCR-CEl
recognition of antigens is however restricted to Mpt€sentation and downregulation of MHC

by the tumor to evade cytolysis is a majbstaclé® %24 CAR -Eells on the other handare F

cells transfected with a viral construatcoding an extracellular singtbain antibody variable
fragment against tumor surface antigens fused to tleell'signaling domains. The antibody
targets the respective target antigens invidGindependent manner and thereby avoids
immuneescae by domregulation of MHC expressidilinicalstudiesshowedthat part of the
adoptively transferred CARcé&lls develop into memory-cellswho cansurvive for years and

offer prolonged and possibly lifelong lagtiprotectionagainst relaps&°8,
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A greatchallenge for both TCR and CAR engineereell§ is the selection of appropriate
antigens to refine the affinity and specificity in order to avoid toxicity that results in immune
mediated destruction of normal tissues and treatment failure due to mutatidhe target

antigen or absence of its expression. In addition, GédlisTalso face another disadvantage
called the cytokine release syndrome (CRS). Toxic quantities of cytokines can be produced by
large numbers of activated CAREIls and evoke fevehypotension and neurologic symptoms
which can sometimes be lifareatening’.°6°7.9 Therefore the off-target side effects due to
immunedestruction of healthy cells, the lymphodepletion related adverse effects and
limitations alongside the high cost and time consuming synthesis indicate that additional
research is required to optimize the adoptive transfer therapy as a broadly applintible a

cancerimmunetherapy.

3. CYTOKINE THERAPY

Cytokines are the messengers of the immune system and regulate both the innate and the
adaptive immune cells mediated by receptors. They play a crucial part in homeostasis and
function of lymphocytes. Siaccybkines function in cascadtie administration of a single
cytokineis unlikely to be sufficient and is the reason for the modest therapeutic effect in the
clinic®. In addition, systemic administration of an effective dosage of cytokines is often
associated with severe toxicities. In this regard, fusion with targeting antibodies appears to be
an attractive option that is currently explored to overcome these limaitati Moreover,
combining several cytokines @avmbination withother immunotherapies may potentially lead

to a more optimal response that better covers the cytokine cascade while reducing adverse

events as lower concentrations can be used opposed to meragii.

Three cytokines have been already approved by the FDA invol@ifay liymphoma, leukemia,
metastatic renal decarcinoma and melanoma, N g KA OK A& | RRAGA2Y | £ @&
2T £Sdzl SYAl | YR YGMPRSFb Gmulaielhdhia®pdiesis Fojowring
chemotherap$1%. IL-2 is a Tcell growth factor that is involved in the regulation of tolerance

and proliferation of Treg cells and effector lymphocytes respectinetietail 1.-2 influences

the ratio of effector Icells to Teg cells depending on its concentration. At low levels (during
homeostasis or steaestate), Treg cells arsuperioras they express high affinity receptors

whereas in higher concentrations the lower affinity receptors present on effectelisTand
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other immune cells are also activated. Due to this contradictory functi@thierapy suffers
from the disadvantage that Treg cells are simultaneously stimuldiedhdampers the antt

tumor immunity In addition, severdosedependent adverse eventge remrted involving
vascular leak syndrome (VicgSelatedto septic shoclg and activatiorinduced cell death

(AICD) of lymphocyte$°+103,

IFNh  tg @irectly on tumor cells via: [Hrowth inhibition throughdownregulation of

oncogene expression amaduction of tumorsuppressor genesand[2] immune recognition

promotion through induction of MHC class | molecules expression. It can promote
differentiation of monocytes to highly active dendritic cells and proliferation -@eNdand T

cells. Systemiinfusion of IFNT K2 6 SOSNJ S @2 | S al%1E& JmEuytsIt2 &nd LI2 (1 Sy
IFNh 620K | NB LRGSyd Oedz21AySa IyR KI@S aKz2gy
additional research is needed in order to obtain formulations thatles® toxt and more

specificco ameliorate the efficacy of other afsitimor immunotherapies.

At last,G:CSF and GI@SF are involved in differentiation of hematopoietic stem cells and are
used to help patiertto recover from leucopenia gn combination with adoptive immune cell

transfer, to aid stimulation of a strong immune respott§é®’

4. ONCOLYTIC VIROTHERAPY

Oncolytic viruses are setplicating and can be naturally occurring or genetically modified to
provide tumor selectivityNaturally occurring viruses enter both normal and cances o)

due to the immediate recognitioand rapid clearangehe virus is eliminated in normal cells
whereas in cancer cells the virus is not cle®fedherefore, many viruses preferentiatifect

cancer cells as they have a selective advantage for viral replication because they suppress
normal immune recognition/destruction and resist apoptosis. On the other hand, oncolytic
viruses can be genetically modified to exert more tumor selectivibugh e.g.targeting a
specific protein that is overexpressed on the cancer cell surface. Once the oncolytic virus has
infected the canceradl, it destroys the cancer cethroughoncolyticlysis, thereby enhancing

the immunogenicity of the tumor micragironment due to production of endogenous danger
signalyDAMPsand release of tumederived cytokinegType | IFNsYyiral PAMPs anthncer

antigens within the vicinity of the tum@P1® Due to this change in the tumor
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microenvironment, systemic immity is activated specifically against the malignancy of the
patient. In addition, the induced cancer cell lysis also gives rise to release of the virus, enabling
spreading of the latter in neighboring cancetls.Figure 3provides an overview of thenti-

tumor mechanisms induced byncolytic virotherapy.
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Figure 30Oncolytic virotherapy exerts its function through a combination of direct cancer cell lysis (viral
oncolysis) and indirect activation of atuimor immune responseg (Figure adjusted fromeference
110).

In most cases oncolytic virotherapy is injected #uraoral to avoid low efficacy due to the
presence ofthe physical, dense ECM bart¥8% This however limits its applicability to
malignancies that are physically accessible through palpation or imaging and is consequently
unlikely to infect and eliminate distant metastases. If oncolytic viruses could be delivered
intravenously rather thanigkctly into the tumor, the range aargetablecancer types would
dramaticallyincrease and oncolytic virotherapy would also potentially be an option to treat
metastasis. Another challenge using oncolytic viruses is the risk of being cleared by tiie@atien

immune system through neutralizing viral antibodies or cytooRi@+-cells'°. In this regard

50



CHAPTER 2

it is important to consider the prexistence of antibodies or memorycélls prior to therapy
decisions. Strategies circumventing this initial respooiséhe immune system involve
PEGylation and polymer coating which prevents antibody binding and neutralization or
modification of the viral genome to express products that inhibit antigen presentation and thus
awids recognition by the patie®@immune syeem!!L Additionally, careful patient selection is
necessary to avoid immunocompromised patients due to the risk of infection and biosafety
issues need to be taken into account during production, handling and administration. Another

risk of oncolytic virdterapy is that the virus can mutateregain its pathogenic potentia?.

Recently oncolytic virotherapy has gained a lot of interest due Talimogene laherparepvec (T
VEC) or Imlygic® for treatment of unresectable and recurrent melanoma, the first kA& dpp
virotherapy. TVEC consists out of a herpes simplex virus type | that is genetically modified to
attenuate the virus, to increase tumor selectivity and to secrete granulocyte macrephage
colony stimulating factor (GI@SF). Through deletion of two rRessential viral genes, i.e. a
neuro-virulence gene and an inhibiting gene for antigen presentati@pathogenesis of the

HSV is reducednd the tumor selectivity is increase@spectively. Secretion of GEISF
additionally recruits and activates antigen presenting cells to evoke a more poteinaoiti
responsé!®13 Phase Ill clinical trials indicatleat T-VEC virotherapy improvedurable
response rates, defined as partlcomplete response lasting continuously for a minimum of
six months, in patients with advanced melanoma. However, no significant difference in overall
survival was reported and no effect was seen for the metastatic lesions of the melanoma spread
in internal organs. Common side effects that have been reported invohi&elsymptoms
(fever, fatigue, chills), pain at the injection site and/or herpetic infecfibrverall clinical
tolerability of oncolytic viruses and safety is very good, even atighest feasible doses and
clinical results arencouraging and promising for the futufhe recent FDA approval of the

first oncolytic virotherapy will further boost research aiming to increase the clinical efficacy,

feasibility and applicabilitip-116

5. IMMUNE CHECKPOINT INHIBITORS

One of the most important tumor escape mechanisms invalvesinesuppression by cancer
cells and immune cells such as MD&fl=r0genicDCs, TAMs and regulatorcdllsthrough

immune checkpoint activation adimor-infiltrated Tcellsresulting in loss of CTL functieidé
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infra ¢ Tumor immune escapenhibition of these pathways has been extensively esthich
particularthe PD1 andthe CTLA4 pathway which has led to the developmerthe most
promising immungherapy strategy so far comprising immune checkpoint inhibiResent
FDAapproval in 2011 of the CT#éAnhibitor Ipilimumab (Yervoy®)!8and two PDAnhibitors
Nivolumab (Opdivo®§ and Pembrolizumab (Keytrud&®}?1in 2014 for the treatment of
renal cell carcinoma and for the treatment of melanoma and-small cell lung cancer
respectivelyhas dramatically boosted the field of immumicology Opposed to the rapid
response obtained with chemotherapy and othware traditional therapeutistrategies within

a few weeks after initiation, the responses to immwheckpoint blockers is a lot slower and
can take up to six months. In some cases this is even prebgdétke increase of metastatic

lesions before regression occurs.

6. INTRATUMORAL INJECTION CRGBRISTS

Intratumoral injection of pathogenecognition receptor(PRRagonistsaims tore-activate
tolerogenic DCs through induction of maturatidmlerogenicDCs are unable to boost the
immune system against the malignancy and attribute to tumor immune escaes(pra;
Tumor immune escapeMature DCson the other handgan prime Tcells via cestimulation
and cytokine signaling to proliferate and expamtd effector or helper Tells depending on
the cytokine spectrum rather than indian of T-cell anergyDCshighly express pathogen
recognition receptor®n their celular membranes and cytoplasntinfulation of the latter
leads to maturation of DCs and by consequence efficient primiag afti-tumor immune
response. In this regard, triggering of PRRxploed to redirect the immune system against
the malignancyToll-like receptor (TLR) agorssh particularhave shown promisas potent

activators of tolerogenic DCs following intratumoral injeclé@uling to tumor regressioff
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7. CANCER VACCINATION

Cancer vaccinatiofights cancer by reactivating the suppressed and/or weakened immune
system. laims at the generation of a tumspecific immune response by the host's immune
system and evokes relatively mild side effects (local erythemieflsymptoms) compared to
the haish side effects seen with chemotherdfSyDifferent from preventive vaccination, that

aims to provide protection against a possible future infection or disease, cancer vaccination

52



CHAPTER 2

induces a therapeutic effect in patients that have already developed gnavadly and aims at
boosting the malfunctioning immune system of the patient to recognize and kill off the cancer
cells specificalty®1?” Immunization for prevention of diseases has dramatically changed the
burden of infectious diseases worldwide as maiythem are dramatically reduced or
eliminated. Therapeutic cancer vaccination has however not yet met the high expectations
which can be attributed to themmunesuppressive microenvironment that was not well
understood up to a few years ago. The regaih in knowledge about how the TME influences
the immune balace in the patient and how tumaascape occurs, has revolutionized the
cancerimmunetherapyfield and will aid in the design of more potent vaccines with increased

efficacy in the near future.

Cancer vaccination involvdsndritic cells, the most potent class of antigen presenting cells in
recognition, uptake, processing and presentation of foreign material aradaaitgcal factor in

the interplay between the innate and the adaptive immune response. Dendritic cells can very
efficiently process exogenous and endogenous antigens followed by presentation onto MHC
or MHCII respectively. Recognition of the MH& MHGCII epitope complex bgD8+T-cells or
CD4+T-cells respectively subsequently evokes activation and expansion of the lymp¥écytes
131 In order to obtain tumor eradication, cancer vaccines need to very efficiently induce a
strong CD8+cytotoxic Tcell response as CTLs can specifically recognize the tartgetfarel
which they are primednd eliminate them via cell lysis or apoptosis induction. In add DA+
TH1helper TFcells are required for optimal priming of the CTLs and for expansion of memory
cells. Thus, cancer vaccination aims to target and activate dendritic cells to @d8ee
cytotoxic andCD4+THZcelk that specifically eliminate the malignant cells and induce

expansion of memory-dellg?7132134

Animportant factorinvaccircSa A 3y Aa (GKS OK2A0S 2F |y AYYdzy
arAl S Fada FffQ A a-tuhorafhetérégéneity)Niersity bdwedhdadiorin2 A Y
different patients, or intraumoral heterogeneity which involves the complexity of individual
tumorstt135136 Fyrther, immuneescage through mutabn as well aslownregulation or lack

of expression of the vaccine antigaso need to béaken into account. Two main approaches

for antigen selection are currently implemented either comprisingm@gcontaining defined

synthetic antigens or patiemterived cancer tissue.
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7.1.1 Defined synthetic antigen vaccines

Antigen vaccines involveuimor-associated nomutated antigens (TAAs) that are over
expressed by cancer cells but can also be present on noefial The requirements that the
antigens need to meet in ordeo be attractive targets are: [flmor-specificity: no or highly
restricted expression in normal tissuR] immunogenicity: constitutive expression during
oncogenesisand [3Joncogenicity: expression is essential for cell sut¥ivHlthose conditions

are notmet, the TFcellsthat recognizehe respective antigen will have poor reaiti which

will not lead to tumoregression. Vadawes containing TAAs amet universal beause they are
unlikely to be relevant for every single patighgy can be ineffective due tmmuneescae
(mutation, downregulation) anthey can also potentially encounter lower efficiency due to
inhibition of the immune response caused by thymic&siee. This can partly be circumvented

by using multiple cancer antigens which will give rise to a broader immune response directed
to a variety of antigenandloss of activity due to mutation or the lack of expression of one
specific antigen is a lesstdmental factor. However, relevance f®very single patienthymic
tolerance and the fact that specific antigens still need to be identified for numerous cancer

types are still issues encountered by MaAcine$38149,

In contrast, antigen vaccinesathinclude tumosspecific mutated antigens (TSAS), also known
as neeantigens, do not face these challenges. 4datigen vaccines involve formulation of
LINPGSAYya OGKIFG INB FoaSyd FNRY (GKS y2N¥IFf Kdzy
are createl by tumorspecific mutations yielding tumor antigens, different from shared non
specific TAA&M142 |dentification of ne@ntigens is performed hyarallelgenomic analysisf
patientderived tumor tissue compared to normal tissue of the patient followed by filtering for
gene expression and prediction of proteasomal processingamdn leucocyte antigen (HLA)
class | binding affinity. The peptides with the highestaiiiAty are selected and subsequently
synthesized to allow analysis of-fidactivity against the epitopes wvia vitro T-cell assays
132,143,144 Unfortunately his analysis procedurdlustrated inFigure 4 canbe costly, labor
intensive and complex. In dition, necantigen identification requires a solid tumor that can

be surgically resected.
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Figure 4.0verview of the genome screening procedure of patilmtved tumor tissue to identify
immunogenic neeantigens; (Figure djusted fronreferencel44).

Interestingly the immunogenicity of neantigens is not hangred due to thymic tolerance,
contrary to nommutated seHproteins, because they are patierdnd tumorspecific and
potentially evoke a more powerfudcEll response with affinity that is only restricted to tumor
cells of the patied#”.14214> Therefore, this is a very attractiapproach in the search for more
personalized immunotherapies and is currently widely exploredidqoiency as cancer
vaccine.The ongoing clinical studies suggest-aatigen vaccination is feasible and told

promise as a personalized cancemunetherapy.

In general, antigen vaccines can involve vaccination with synthetic peptides, recombinant
proteins or RNA/DNAncoding proteins derived from TAAs or {aenigens. Peptidbased

cancer vaccines rely on the ability efymphocytes to recognize antigeerived epitope
peptides. The short amino acid sequences of single-Mid@d peptides highly expressed on
cancer cells or DCs loaded with cancer cell lysate are identified using proteomic technologies
and subsequently synthesized for vaccindfiblithough short peptides have shown to elicit
anti-tumor immune responses, thegrelyhad effect on the tumor growth. This can likely be

attributed to induction of Iell tolerance or anergy due the absence of cetimulation as
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shortpeptides can dirett bind to MH@nolecules orevery MH@xpressing celithout the

need of @ processedAs consequence rMaGtargetingand nomemoryinductionoccurs4,

Long peptide vaccingsn the other hangconsistout of one epitope with flanking amino acids
or out of several epitopes. Both require processing prior to MkGSentation and are more
likely to be recognized by bottD8+and CD4 T-cells,of whichthe later are required for
memory Tcell induction. Normally only endogenous proteins can be presented ontel MHC
molecules, however longer peptide vaccines can also be presented viaditelCGprocessing
through a process called crgssesentation. This makes Ippeptide vaccines superior for
anti-tumorimmunetherapyopposed to shorpeptide vaccines as both CTLE&=HTHXcells

are inducedf’1%, Despitethis, complete recombinant protein vaccination is often favored as
peptide vaccines may not contain atiportant epitopes and experience higher elimination

rates”.

Another approach implements RNA or B&h&oding proteins which allows easy delivery of
Ydzt GALX S FyGAaSya | yR A a-tygeudlikeN@ptidéaNd poield R (2 |
based proténs. The main advantage of nucleic acid vaccines is the possibility edcalee
production and storage as they can be amplified yielding unlimited supply of antigen. DNA
based vaccines require the DNA plasmids to cross both the cellular and the mectdaane

of the dendritic cells and subsequent transcription and translation into the respective cancer
antigen followed by presentation of the processed peptides onto MHE contrast, RNA
based vaccinasnly require cell membrane crossing to enter the cytosol for translatidrhas

Nno oncogenic potentiahs it cannot integrate into the host genome. This way,-Basad
vaccines are considered to be superior to Bidsed vaccines. However, RNA degradatien

to extracellular exonucleases remains a significant stability concern forbd=kid\

vaccine§'s.149

Summarized, antigen vaccines are gaining more and more potency due to more personalized
approaches that are emerging, involving the formulation atiple TAAs or identification of
neoc-antigens. In particular, the nesmtigen screening to develop vaccines specifically tailored
for every individual patient has shown great promise and strengthens the importance of the

concept of personalized canaearmune-therapy.
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7.1.2 Patientderived cancer tissue vaccines

Another attractive approach to obtain a personalized vaccine comprises the incorporation of
patientderived antigens isolated from the patient’s own tumor tissue. This method includes all
potentiallyrelevant antigens, both TAAs and TSAs and contains the entire spectrum of antigenic
targets49150 unlike other techniquesvide supa ¢ Defined synthetic antigen vaccihem
addition, vaccines derived from patieffgrived cancer tissue circumveltHGrestrictiont4!

and the need for epitope identification of which the latter is a major advantage in comparison

to neo-antigen vaccines in terms of cost, labor burden and complexity.

Autologous cancer tissue vaccines contain cancer cell lysate or wholectlfaamcluding cell
membrane and possibly strofta The latter can potentially be interesting to evoke a broad,
alkembracing cytotoxic -Gell response that attacks not only the tumor cells but also the
immunesuppeessive surroundingtroma. The induction of a potent antiumor immune
response following cancer vaccination involving autologous tumor cell méasiallready
been reported®153 One should consider that autologogancer tissue vaccines require
sufficient amount of tumor and thwee only applicable for solid tumors that can be surgically
resected which is also true for na@atigen vaccines. Tavercome this, allogenic cancer tissue
vaccines based on two or three human tumor cell lines are a potential alternative that enables
large-scale production and standardization of quality and compodttiét?-15¢ This can
however evoke an anIHC immune response which can interfere with the -amtior

responsé>>.

7.1.3 Exvivossin vivotargeting

Dendritic cell cancer vaccination candmhieved bywo strategies{1] adoptive transfer of
autologous dendritic cells stimulated with cancer antigens and adjuamteg and [2]in vivo
targeting of dendritic cellEEx vivodendritic cellbased vaccineswvolve electroporation of
autologous5 / & RSNA QPGSR FNRBY (KS Ol y O&Nivowlh dahcery (i Qa
antigens and an adjuvant prior to reinfusion in the patfénthe culturing of autologous DCs

with antigens will provide immunity against the respective antigens and the immune
stimulating adjuvant is crucial to obtain mature DCs that are able to induce activation and
expansion of -lymphocytes. In 2010, the FDA apped the first Déased vaccine

Sipuleucell (Provenge®) for men with metastatic castratiesistant prostate cancer.
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Sipuleucell involves autologous APCs and blood monocytes exmosetl/oto PA2402,

a recombinant fusion protein composed of prostatiid phosphatase (PAP) and -GEF”

159 Despite the proven survival benefit, many other clinical studes\a¥dGbased vaccines
have failed to demonstrate clinical benefitsaddition.ex vivdDC vaccination is a highly costly,
laborintensive pocedure and does not take advantage of the physiological stimuli that occur

in directin vivoDC targetinf®-1%6

Optimal targeting and activation of D@wivoto induce a strong artumor immune response
however requires thelesign of aszaccine taresemble pathogens. This involves encapsulation
of cancer antigens into particulate carriersfoomulated with pathogesiecognition receptor
agonists to mimic a pathogenic infectiéfit4. First, it iknown that particulatébased antigens

have a dramati advantage over soluble antigens in terms of recognition and uptake efficiency
by dendritic cel$°. Particlebased vaccingsn the size range of 50 nm to 10 prasemble
viruses and bacteria and are therefore immediately recognized by dendritic ndlls a
processed. Peripheral migratory DCs recognize and take up particles at the injection site
followed by transportation via the lymphatic system to the draining lymph nodes and antigen
presentation to lymphocytes. In addition, only finparticles (sub 20@m range)can target
lymphnode resident DCs through drainage to the lymph nodes via passive diffusion into the
lymphatics from the injection site. Therefore, nanoparticles are preferred over microparticles

due to their higher tissue mobility and theirilitp to target different D&ubset$60.162.166,167

Second, a process called crpsssentation is favored in dendritic cells when particulate
material is taken up comprising presentation of the processed peptides ontel Mbkt€ad
MHCII, which isnormally the case for exogenously derived proteins. In this way, dendritic cell
can prime a cytotoxic-dell response against exogenously acquired proteins, which is essential

to elicit an antitumor effecf65167.168
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Figure 5. Optimal targetingof dendritic cellfor inducing a stron@Tkinducedanti-tumor response
requires the formulation of immunogenic antigens in patheijenvaccine particles.

Third, whereas formulation of cancer antigens into particulate carriers yields in efficient
targeting of dendritic cells and favors crgmesentation, it is not sufficient for optimal
activation of dendritic cells. Triggering of DC maturation is essential for optimal priming of the
T-cells viao-formulation of the cancer vaccine with agonists thigiger pathogen recognition
receptors that skewlHland CTL immune respon$&s6%170 Upon triggering of PRRs, the
dendritic cell undergoes maturation and is able to deliver the three signals necessary for
optimal priming of Tells In this regard, it is essential to-fmrmulate cancer antigens vaccine
particles wih pathogenrecognition receptor agonists to mimic a pathogenic infe¢igi "4

Figure Sllustrates the anttumor immune response mechanism that is generated bylign
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cells upon recognition of a particulate vaccine containing both cancer antigensHand

inducing adjuvants.

VACCINRELATED IMMUNOGENICTODUNTERINGCELL ANERGY

Optimal priming of -Eells is essential to induce a strong dntor immuneresponse. Lack of
vaccine immunogenicity is however a major limitation ebBsgd vaccines due to suboptimal
adjuvants. The induction of peripheral tolerance due-tellanergy (unresponsivecélls) is
one of the main reasons why therapeutic vaccinagehfailed to elicit a strong aritimor
immune response with clinical benefit for thatipnt. Dendritic cells requirgertain activation
stimuli to transform frormaive DCs into mature DCs in order to primee€lls rather than

tolerogenic DCs that indudecell anergy.

Currently, adjuvants licensed for use in human vaccines only involve a few possibilities including
aluminum salts, cih-water emulsions (MF59, AS03, AF03), virosomes and monophosphoryl
lipid A (MPLA). Alum is the most widely explored adjuvant used grousnvaccines, however

it can only induce a stronfH2type immune response which is unfavorable for cancer
vaccination as it does not promote @idtivatiort’>. Oilin-water emulsions are licensed for flu
vaccines and induce boffHX and TH2type immunty and are thus also less suited for cancer
vaccine purposég®l’®, In contrast, virosomesspherical lipid vesicles that contain functional
viral influenza glycoproteitf§18' ¢ and MPLA¢ derived from the natural adjuvant
lipopolysaccharide (LP%)®3 ¢ both induce strongfHXtype inmune responses. Thalffer

from the other licensed adjuvantia in their mechanism of action. Both virosomes and MPLA are
adjuvants derived from pathogens, in other words PAMPs, and tRéries on dendritic cells

very efficiently. PAMRelated adjuvants are therefore interesting to increase the

immunogenicity of cancer vaccines.

1. PAMPBASED ADJUVANTS

One of the most effective vaccines is a live attenuated vaccine, the yellow fever vaccine, that
induces D@naturation via signaling through TLR2, TLR7, TLR8 and TLR9 and appears to evoke
lifelong immunity after only one vaccination. Despite the high efficd the yellow fever

vaccine, the vaccine is contraindicatednimunesuppessed patients, infants (younger than
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6 months), elderly and pregnant women due to infectiot#3k8. For adjuvants derived from
pathogens in general, in additionitdection risk, these natural products experience variability
and sometimes difficulties to be extracted in sufficient quantities. Due to the discovery of TLRs
as key sensors in pathogen recognition,-dgétists hold promise as potent adjuvants for
cancervaccines as the PAMP motifs are immediately recognized by the immune system and
elicit a strong and broad immune response. In this regard, the design of synthetic potent TLR
agonist analogues that exhibit maximal immunogenicity without compromisingesaludity

and safety is extensively studied and has shown pro®iserisingly, despite the wide use of
TLRagonists as adjuvanthe complex mechanisms of action are not well characterized and
therefore there is sl room for improvement regarding optizing the immunogenicity of

therapeutic cancer vaccines.

In order to determine the optimal conditions for immune stimulation, some fundamental
guestions still need to be answered about the immune system. Current cancer vaccine research
mainly aims at céormulation of synthetic TL&jonists with cancer antigens without detailed
knowledge about how the adjuvant structure and combined signals interact with their
receptors and how this results in different immune responses. Therefore, there is a need for a
multidisciplinary approach in order to define the parameters that need to be met by a cancer
vaccineand tomaximize the immunogenicity without compromising on tolerabityichwill

require close collaboration of chemists, biologists, immunologists and pharmacists.

Four factorscan potentially findune the mmunogenicity of cancer vaccines inuggvmore
detailed knowledge aboufl] structure requirementsf2] concentrationrange;[3] spacing

and[4] synergism of adjuvants. Better understanding of the chemical structure holds promise
for designing more immunogenic and more effective vaccines and requires specific knowledge
about how and which chemical structures interacthwitnmune cell receptors and are
recognized as neself8-1%, Aside from chemical structure of adjuvants, the concentration can
be another important factor in optimizing vaccine immunogenicity. Hypdrypoactivation

of immune cell receptors results incomplete activation of dendritic cells causingell
anergy881°L |t is therefore of high interest to pay attention to the amount of adjuvant that is
co-delivered with the cancer antigens upon vaccination. Third, influencing immunogenicity

involves spacing of the TBBonist, i.e. the distance between the Fdg®nist nolecules. It is

61



ONCOLOGY MEETS IMMUNOLOGY

hypothesized that understanding of the spacing of PRRs on antigen presenting cells can
potentially increase activation of DCs via simultaneous association of the agonist molecules
with the receptor$®?194 Lastly, liis hypothesislso holdtrue forthe combination of different
adjuvants because int@gonist proximity, taking into account the spacing of the different
PRRs, will evoke confined and optimal interaction of the different adjuvants with their
respective receptors. The reasoniiog combining two or more Tkdgjonists is based on the

fact that one TLRgonist stimulates only one receptor leading to a partial response whereas
two or more simultaneously interact with multiple receptevbich amplifies the immune
response and isalso called synergist 1%, Exploring different spacing lengths and
combinatiors of agonists will further ameliorate the design of immunogenic vaccines.
Altogether, finetuning of the immunogenicity of vaccines can significantly enhance DC
activation efficieny leading taa stronger and broader immune response lowering the risk of

induction of Tcell anergy.

Importantly, optimized adjuvant structure properties, concentration, spacing and synergism
combinations will not only lead to optimal activation of the immune system but will also result
in reduction of the side effects related to adjuvants. Indeed, opeffiaacy of adjuvants could

be obtained if the inflammation induced immune response is more tightly controlled. However,
this will not be sufficient to avoid side effects as systemic dissemination of adjuvants is often
the cause of the severe adverse et In this regard, it is of high interest to finme the
physicochemical properties of synthetic ElgRnists in order to localize the inflammation at

the site of injection and limit systemic exposure and generalized inflammation.

A new and promisingeneration of TLRgonists involves small molecule immune potentiators
(SMIPs). Low molecular weight molecules allow easy and inexpensive synthesis which can be
optimized to increase specificity and potency while avoiding toxic effects. In additiocathey

be relatively easily modified and combined for efficient formulation in vaccine particulates and
delivery®®204 The latter is an appealing feature of SMIPs as this can reduce systemic exposure
and by consequence systemic adverse events. This reggsezgch collaborations combining
formulation chemistry with immunology and pharmacology and is currently investigated by
several groups showing that the potemayivoof several TL-Rgonists can be enhanced while

reducing the systemic side effects thgh adaption of the physicochemical properties of the
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adjuvantia. Several studies have shdipid-, polymer, polysaccharideand nanoparticle
conjugation of small molecule ligands strongly reduce systemic inflammation and yield potent
lymph node localizé responses that enhance the adaptive immune response against co

delivered antigerf§>2°7,

2. DAMPBASED ADJUVANTS

Aside from PAMPs, DC maturation can also be achieved by dassagegated molecular
patterns (DAMPs). DAMPs are, unlike PABWRI)genous factors of nemicrobial origirthat

are produced by the cells of the host. DAMPs are secreted or exposed on the cell membrane of
cells and can be a variety of molecules such as adenosine triphosphate (ATP), high mobility
group box 1 (HMGB1),leeticulin (CRT) and heat shock proteins (H&PBead or dying cells
release or expose DAMPs on their surface which are recognized by the immune system that is
programmed to remove the respective cells through phagocytosis to avoid toxic
accumulatiod®, In contrast, when DAMPs are secreted as consequensevefetissue
damage by stressed, injured or dying cells, they act as danger signals and adjuvants to mobilize
an immune defense mechanism to protect the host from further damage. DAMPs can bind PRRs
on dendritic cells and evoke subsequent maturation and activation of an immune response

against the originator of the tissue damai§gé'2

Aprocesgelated to this phenomenois called immunogenic cell death (IGDY has gained a
lot of interestrecentlyfor its potential adjuvant properties in ati@nceimmunetherapydue
strong inductio of a broad range of DAMPs. This lead®lease of these DAMPs alongside
cancer antigens upon cell deaffhe process of ICD underlines again the role oihthaune
system in the efficacy of cancer theragyd suggests that the type of tumor cell death
mechanism can be a key factor in initiating antamtior response. This knowledge widens the
potency of patienderived cancer tissue vaccines as the immunioggrcan bestrongly
augmented through induction of ICD prior to vaccine design. In thigheasgleased cancer
antigensand DAMPs will simultaneolysinteract with the PRRs resulting in a stronger-anti
tumor immune respongé>?®>. Interestingly, IC@an beinduced by existing antiancer
therapies, i.e. low dose chemotherapeutic drugs andotadiapy yide infrag Chapter 7),

broadening the application fetloftheseconventional therapies.
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Other strategiedo increase the immunogenicity of patietérived cancer tissue vaccines
which are not endorsed by the immunogenic cell death thedmyt merely increase the
immunogenicity of cellsgan involveheat shock treatmentoxidative treatment or UV
irradiationof the cellsprior to vaccine desigif?2L. Subjectin of cells to these immunogenic
treatmentsinducesproduction of specific DAMR®sd release of cancer antigewdich will,

upon DC targeting, support and strengthen the immunogenicity of the vaccine in eliciting a
stronger anti-tumor immune response.The mechanisms of I&fased vaccines and

immunogenic DC vaccines are illustrateBigure 6
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Figure 6lllustration of the induction of astumor immune responses evoked by 4xked vaccines
killed by immunogenic treatment compared to iC@igure adjusted fromeference221).

Although muctprogress has been made in the development of potent vacdthg is still a
lot of room for improvement in determining the optimal conditions #drRimmune
stimulation, i.e. taking structure characteristics, concentration and spacing into account

without compromising on tolerability and safety. Moreover, evidence of synergistic effects of
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combining adjuvants alongside the potential of synthetic smalkcule TLRgonists can also
contribute to optimization of cancer vaccine design. Wilshopefully lead to licensed use of
small molecule TL&goniss andto more potent formulations with limited systemic toxicity
profiles Of note, the other innatemmune receptors such &0Dlike receptors (NLRs), RIG
like receptors (RLRs) aneyPe lectin receptors (CLRsan also potentially broaden the
adjuvant synergistic possibis. Hbwever, further research is required to assess their potency
Altogether fine-tuning andcombiningthese strategies hofpromise to significantly increase
vaccine immunogenicity and decrease the riskaélTanergy through the induction of a more

potent and focused immune response against malignancies.
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CHAPTER 3

POLYMERROTEIN LIGATED
NANGCONJUGATES

ABSTRACT

Although the field of cancammunetherapyis intensively investigated, there is still a need for
generic strategies that allow easy, mild and efficient formulation of vaccine antigens. Here we
report on a polymeprotein ligation strategy to formulate protein antigens into reversible
polymeric cajugates for enhanced uptake by dendritic cells and presentatiGD&*T-cells.

A N-hydroxypropyl methacrylamide (HPMBased cepolymer was synthesized via RAFT
polymerization followed by introduction of pyridyldisulfide moieties. To enhance ligation
efficiency to ovalbuminwhich is used as model protein antigen, protected thiols were
introduced onto lysine residues and deproteciedituin presence of the polymer. The ligation
efficiency was compared for both the thiabdified versus unmodified owimin and the
reversibility was confirmed. Furthermotée obtained nanaconjugates were testeth vitro

for their interaction and association with dendritic cells, showing enhanced cellular uptake and

antigen crosgpresentation taCD8+T-cells.

83



POLYMERROTEIN LIGATED NAMONJUGATES

INTRODURGON

Dendritic cells (DCs) were first described by Ralph Steinman-aratlea's as heterogeneous,
large stellate cells that are potent stimulators of the immune system with a much higher
antigen presentation capacity compared to other cell subclass#gsa macrophages and B
lymphocyte? This discovery has led to major insights in how the immune system interacts
with foreign material, revealing dendritic cells as the critical factor in the interplay between the
innate and the adaptive immune respefi4. Therefore canceimmunetherapy, focusing on
stimulating DCs with cancer antig&rs, is a promising strategy that aims for harnessing the
patient’s immune system without facing the ubiquitous side effects of chemnd

radiotherapy2

In thisregard, formulating protein antigens into particulate carriers is highly attractive as this
dramatically promotes crogwesentaton relative to soluble antigetst®??, Submicron
particles are preferred over bigger ones due to their higher tissueity@mt by consequence

ability to target different DC subsets. On the one hand, peripheral migratory DCs can recognize
and take up patrticles at their injection site followed by lymphatic transport to the lymph nodes
and antigerpresentation to Icells. Ornhe other hand, only small nanoparticles, in the sub 200

nm range, will additionally drain to the lymph nodes via passive diffusion into the lymphatics

and alsaarget lymphnode resident DC%26.

This chapter reporten a generic strategy for the formulation of antigens into rscaded
polymeric conjugates based ongolymers of Nhydroxypropyl methacrylamide (HPMA) with
3-aminopropyl methacrylamide (APMA). The neutral hydrophilic HPMA moieties provide water
solubilty and biocompatibilit/-2°. Additionally, the APMA units will be used to introduce
pyridyldisulfide moieties for reversible protein conjugation via disulfide formation and
enhancement of cell uptake bytémaction with exofacial thiol3% Figure lshows a schematic

representation of the concept.
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Figure 1.Schematic illustration cd polymerprotein ligation strategy based on reversible disulfide
formation between free thiols on a protein and pyridyldisulfide moieties on a polymer backbone. A
mixture is obtained composed of multiple polymers per protein and/or multiple proteins |yengro

RESULTS AND DISCUSSION

1. Synthesis and modification of poly(HREAAPMA)

Copolymerization of HPMA and APMA was performed by reversible aefd#gmentation
transfer (RAFT) polymerization according to Zhu éiraPf? for a targeted degree of
polymerization (DP) of 100 repeating units (corresponding to a target molecular weight of
14 kDa) composed of 80 HPMA repeating units and 20 APMA repeating units. Being a controlled
radical polymerization technique, RAFT yieltsess to polymers with a weléfined chain

length and a low dispers#?’, which is of interest to obtain polymers with a molecular weight

below the renal clearance threshdtallow elimination fronthe body.
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Figure 2(A1)*H-NMR spectrum of poly(HPM#®-APMA) and (AZH-NMR spectrum of poly(HPMA
PDS)(B)In vitroMTT cytotoxicity assay of poly(HPRWWAPMA) on DC2.4 cells.
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'H NMR analysis indicated a conversion of 76 % and a compositiof0H8MA and 20 %
APMA, which is good accordance to the monomer compositiBiggre 2A A low dispersity
of 1.08 and a Mof 16 kDa was obtained via size exclusion chromatography (SEC) in

dimethylacetamide.

Subsequently we engineered antigainding propertieonto the polymersKigure 3A First,

we synthesized -8-pyridyldithio}propanoic acid (PDPA) by thitibulfide exchange of 2,2
dipyridyldisulfide and-&ercapto propionic acid in the presence of acetic acid, based on Hugh
et al33. Secouly, the APMA moieties were substiéd with PDPA using(4,6-dimethoxy
1,3,5triazin2-yl)}-4-methylmorpholinium chloride (DMTMM) as amidation reagent to
introduce pending pyridyldisulfide moieties onto the poly(HPMA) backbd#é&IMR
spectroscopy revealed a degree of substitution of 20f ¥he primary amine moieties. This
polymer will be further denoted as poly(HPMRRS) Kigure 2B Higher substitution
percentagesvere also obtainefresults not shown) but were not of interestsasficientlyhigh
conjugation efficienciesere achievedby 20 % substitution of the APMA moieties with PDS
(vide infrag Antigen conjugation The latter can undergo disulfide exchange with free thiols
present on cysteine residues of proteins and pyridyldisulfide based protejugation
strategies have beewidely explored in combination with RAFT polymeriz&iéh Indeed,
disulfides are attractive moieties for designing drug delivery systems. Firstly, they are readily
formed with free thiols of cysteine residues. Secondly, disulfides are stable(aridiative)
extracellular conditions but can be reduced to free thiols in the cytoplasm of celldy, Third
disulfide exchange with cell surface thiols can enhance cellular uptake and carggéo tri
dissociation of disulfidé%®l. Thepotential cytotoxiity of the residual amie groups on the
poly(HPMAPDS) was assessed by the MTT -(45-dimethythiazol2-yl)-2,5
diphenytetrazolium bromide) cell viability assay on the immortalized DC2.4 cell line for
increasing concentrations of poly(HPRAAPMA). Ashown inFigure 2Bupto a polymer
concentration of 0.2 mg/mho cytotoxicity is observed, evinced by a cell viability above 70%.
Note, thatthe MTT assagneasure the activity of mitochondrial enzymes (dehydrogenases)
rather then cell deathThereforeit can not be excluded thatoly(HPMAco-APMA)partially
inhibits these enzymes rather therducescell death above 0.2 mg/mL. Neverthelggdymer

concentrations well below this thresholdere used in further experimen{goncentration

86


https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Thiazole
https://en.wikipedia.org/wiki/Phenyl

CHAPTER 3

range between 0@11 mg/mk0.017 mg/mL) to ensure optimal cell viability during these

experiments.
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Figure 3(A) Modification of poly(HPMe&o-APMA) with PDRAB) Substitution of lysine residues with
SATP and subsequent deprotection to free th{@} Determination of the extent of OVA modification
with SATP determined by TNBSA assay.

2. Antigen modification with protected thiols

Antigen conjugation to poly(HPMZDS) requires the presence of free thiols on the protein
backbone for thietisulfide exchange with the PDS moieties. As the composition of every
protein differs, variable conjugation efficiency is likely for every other antigen. In addition, it is
possible that the amount of thiols per protein will not be sufficient to afford efficient
formulation of the respective antigen into nanonjugates. Thereforave opted to generalize

the conjugation strategy. In this regard, we introduced protected thiols onto lysine residues
that are more abundantly present on proteins than cysteines. As a miadein antigen we

used ovalbumin (OVA) becausecontains peptide sequences that are recognized by the
murine immune system &D4+and CD8+epitopes. Moreover, a wide varietyiafvitroandin
vivotools are available for immunological assessmenM# Based vaccine formulations. OVA
wasincubatedwith a molar ratio of OVA te&etylthiopropionate Muccinimidyl ester (SATP)

of 1 to 15. This compound substitutes primary amines on lysine residues with acetylated thiols
that can be deprotectedh situin presence of hydroxylaminEigure 3B and subsequently

undergo disulfide exchange with poly(HRRIAS). The decrease in free amines was gquantified
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by spectrophotometry using the (2,4yénitrobenzene sulfonic acid) assay (TNBSA), thereby
indicating 78% of all available lysines to be substituteigire 3¢

3. Antigen conjugation

In a first series of experiments, the polyrtenjugation efficiency of OV@ATP was compared
versus unsubstituted OVA. SBSGE was used to assess protein conjugatigolg(HPMA

PDS) to OVA and OBATP. For unsubstituted OVA, no difference could be observed upon
incubation of the protein with the polymer. In contrast,shown ifrigure 4the free OVA band
disappears almost completely when GS/ATP is usedhis confims that SATP substitution
strongly increases the polymprotein conjugation efficiency. Interestingtairee distinct
bands appear that correspond either to OVA that is ligated to several polymer stramoks or
versa along with a broad spread of highmaplecular weighbands. Theséata suggest that

besides polymers being grafted onto the protein, also polymeric crosslinking among different

proteins occur.
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Figure 4.(A) SD®AGE analysis of OVA and S¥AP ligated to poly(HPN?®S) in a 1:1 molaatio.
(B) DLS data of soluble OVA, poly(HP28) and the OVA:poly(HRMBS).
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Dynamic light scattering (DLFgure 4B revealed the presence of small conjugates without
extensive intejparticle crosslinking, as evidenced by both the size distribution and the

correlation curves. This property is of importance with regard to tissue mabwityo

The required ratio opolymer to OVAATP to yield optimal conjugation was determined by
visualization of the conjugation efficiency of different molar ratios of®AVFR to poly(HPMA
PDS), by SBFBAGEFigure 5indicates that approximately 10% conjugation can be already
obtained at an equimolar ratio of OABRATP to poly(HPM2DS). Therefore, we decided to use

a ratio of OVA to polymer of 1:1 in further experiments. To assess the reversible nature of the
disulfide bonds formed between OATP and the poly(HPNDS), SBDRAGEwas
performed in presence and absence ah2rcaptoethanol as a reducing agent. As shown in
Figure 5in presence of-tnercaptoethanol, the band corresponding to GYATP reappears

again as a single protein band confirming the reversibility of the caignga

non-reducing reducing
— ladder — conditions conditions
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. | B
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i .
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Figure 5SDSPAGE analysisOWASATP to poly(HPM2DS) conjugation for varying protein to polymer
ratios. Gel electrophoresis was performed under -remfucing and reducing (presence of 2
mercaptoethanol) conditions to investigate tleyersibility of the conjugation.

4. In vitro characterization

Next we aimed at investigating the effect of polymer conjugation on the uptake of OVA by DCs.
First, poly(HPMA&DS) was fluorescently labeled with Atto647 NHS ester and conjugated to
AlexaFluor88-labeled OVA (OVAF488) to allow analysis of the uptake of both OVA and the
respective polymer. The resulting conjugates were incubated in different concentrations

overnight at 37°C with DC2.4 cells (an immoreali murine dendritic cell lin&) Flow
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cytometry analysis of the mean AF488 fluorescence perFiglré 6A), showed a dose
dependent cellular association of the antigen and indicates that poly(HFENSA conjugation
leads, relative to soluble OVA, to higher uptake efficiency of OVA. A dos#éalependent
trend was observed for the mean Atto647 fluorescence per cell for poly(HPRN8Kigure

6A2. This data indicates that both OVA and the polymer associate with the dendritic cells.

To investigate whether the conjugates are internalized by the DCs or merely bound to the cell
surface, confocal microscopy was perfornfeigure 6Beveals that the conjugates are indeed
internalized by the DCs. The-logalizing signals of O\A&488 and fothe polymerAtto647

inside the cells also confirms that, upon uptake of the conjugates, the polymers are trafficked
within the same intracellular vesicles as OVA and the conjugates are not cleaved at the cell

surface.
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Figure 6In vitrointeraction of dendritic cellwith OVA and OVA:poly(HPMBS)(A) Flow cytometry
analysis of the interaction of DCs with OVA (A1) and with polyPP8A(A2), as function of OVA
concentration. (B) Confocal microscopy images. Cell membrane is staiméd-d&5abeled cholera
toxin B (CT®F555). Cell nuclei are stained with Hoechst. Scale bar represents 15 um.
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To identifythe reasonbecause of whicpolymerconjugated OVA shows higher uptake than
soluble OVA, we pulsed DCs with soluble OVA and poly(ABB)separately at°€. Under
these conditions, energy dependent uptake mechanisms are blocked. As sHeigurén7A
soluble OVA is not associateith the DCs at 4C, opposed to poly(HPMZDS) which does
show dosedependent cellular association. Confocal microscbjguge 7Boverlaying the DIC
and the Atto647 channel) confirmed that at@, poly(HPMARDS) is indeedbound to the cell

membrane.

Taken together, we hypothesize that remaining pyridyldisulfide moieties on the conjugates
promote interaction with cysteine residues of cell surface proteins amdiidind to the cell
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Figure 7Investigation oknergy independentellular association of DCs pulsed with soluble OVA and
poly(HPMAPDS) at 4C:(A) Flow cytometry analysi@B) Confocaimicroscopy images. Scale bar is
15 pm.
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5. Immunobiological evaluation.

Taking into account the high efficiency of OVA conjugatipoHPMAPDS) together with
the high uptake efficiency by DCs and the reversibility of the conjugation, we found the
poly(HPMAPDS) based system to have potential for the formulation of protein vaccine

antigens.

To assess the immunological potentialtieé conjugateswe determined whether or not
poly(HPMAPDS) conjugation enhances crpsssentation by DCs ©D8+T-cells via aim vitro
CD8+T-cell proliferation assay. Mouse bone marrow derived dendritic cells (bmDCs) were
isolated, pulsed with soluble OVA and OVA:poly(HPD®) in three different OVA
concentrations (0.2, 2 and 5 mg/mL) followed byalure with OFl cells. O cells ar€CD8+
T-cells that express the transgenicdll receptor that specifically recognizes €i@8+epitope

of OVA (i.e. SIINFEKL) presented via-MHI@2se OT cells were labeled with the fluorescent
label CFSE in order to allow monitoring of @@8+T-cell proliferation via flow cytometry
analysis. Upon division of the-Odells, the fluorescent CFSE marker will be equally divided into

the daughter cells leading to a decrease of the fluorescent signal.

Figure 8Ademonstrates that the OVA:poly(HPMRS) cojugates enhanceCD8+ T-cell
proliferation over soluble OVA as evinced by a more pronounced decrease of the CFSE signal.
Additionally, ELISA was performed to determine the amouliiMf that is produced by the
CD8+T-cells.IFN* is a preinflammatory ciokine that is highly upregulated upon activation of

the O cells and drives the effectorCEll response. As depicted Kigure 8Bthe IFN/
production is indeed higher wh&D8+T-cells are cacultured with bmDCs that are pulsed with

the OVA:poly(HPMRDS) conjugates compared to soluble OVA confirming the data obtained

by the TFcell proliferation assay.
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Figure 8.In vitro immunobiological evaluation(Al) Flow cytometry histograms of CFSE labeled
transgenic OT OVAspecificCD8+I-cells cecultured with bmDCs pulsed with different concentrations
of OVA and OVA:poly(HPNEBS) respectively. BmDC toell ratios of 1/5 and 1/20 were used (A2)
Corresponding quantification ofcEll proliferation expressed as the percentage of dididdeled
transgenic OT OVAspecificCD8+T-cells. (B) IFN

cultures measured by ELISA.

93

& S OmMNtBelsuperyatarit of the bmDGEEIl co



POLYMERROTEIN LIGATED NAMONJUGATES

CONCLUSION

To summarize, wehowin thischapterthat watersoluble HPM&Aased RAFT polymers with
multiple pending pyridyldisulfide moieties are well suited for protein conjugation, on the
condition that these proteins are modified with protected thiols that can be deprotected
situ. The obtained conpates are stable in agueous medium and can be disassembled in
response to reducing conditioria. vitroexperiments on dendritic cells show that the polymer
conjugation of a model antigen resulted in an increased cellular uptake, relative to
unconjugatedprotein, which we attribute to thiadlisulfide exchange between remaining
pyridyldisulfide moieties and exofacial thiols present on the cell surface. Furthermore, we
demonstrate that polymer conjugation increases antigen presentation by bmIZI38td-

cels in vitro. In future research, the effect of polymer conjugation on lymphatic antigen
transportation andn vivommune-activation will be studied as well as conjugation of molecular

adjuvants to these polymers.
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CHAPTER 3
EXPERIMENTAL SECTION

Materials.Hydroxypropyl methacrylamide (HPMA) and aminopropyl methacrylamide (APMA)
were obtained from Polysciences. Anhydrous acetic acid was purchased from Biosolve
chemicals. Dimethylsulfoxide (DMSO), mercgptpanoic acid, -tyanovaleric acid
dithiobenzoate (Ct U X -azabig(4cy@novaleric acid) (ACVA), basic aluming4,3
dimethylthiazol2-yl)-2,5-diphenyltetrazolium bromide (MTT) reagent, sodium dodecyl sulfate
(SDS), ethanol, dichloromethane,.ERTA, hydroxylamine Atto 647N NHS ester, NgHCO
paraformaleéhyde and PD10 desalting columns were obtained from Sigma Aldrich. Phosphate
buffered saline pH 7,2 (PBS), RBMtamax 1640 medium, fetal bovine serum EU qualified
(FBS), penicillin/streptomycin (5000 U/mL), sodium pyruvate (100mM), cell dissocidton buf
(PBS based), Hoechst and cholera toxine B conjugates to AlexaFluor5BE&389)Bwere
purchased from Invitrogen. Dipyridyldisulfide (DPDS) gA¢sDimethoxyl,3,5triazin2-yl)-
4-methylmorpholinium Chloride (DMTMM) were obtained from TCI America. 2
Mercaptoethanol, Laemli sample buffer (4x), Coomassie blue stab0j@nd the 20 % mini
protean TGX gels were purchased fromrB@h Sacetylthiopropionate Msuccinimidyl ester
(SATP), TNBSA solution and hydrochloric acid (HCI) 37% v/v were dioteimddermo
Scientific whereas the piteeated Spectra/Por 7 dialysis membranes were purchased from

Spectrumlabs.

Instrumentation.

H-Nuclear magnetic resonance (NMRMR spect were recorded on a Bruker 38Hz FT

NMRinBOandds-5a{ h® / KSYAOIf aKAFGAa o010 INBE LINROJAR

Size exclusion chromatography (SEEL elugrams were recorded o8hamadzu 20A system

in dimethylacetaminde (DMACc) as solvent containing 50 mM LiBr. The systeguigsed

with a 20A IS@ump and a 20A refractive index detector (RID). Measurements were recorded

Fd pn ¢/ 6AGK | Fft2¢ NIGS 27F n-Boolutil way doyled / | f
with polymethylmethacrylate (PMMA) standards obtained from PSS (Mainz, Germany).

Electron spray ionizatiemass spectroscopy (%) ESMS was carried out on a Waters LCT
Premier XETM TOF mass spectrometer with a ZsprayTM source, ESI and modular LocksprayTM
interface, coupled to a Waters alliance HPLC system.
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UMWVIS spectrophotomstr UMVVIS spectra were recorded on a Shimadzul&BOPC

spectrophotometer in 1 cm x 1 cm quartz cells.

Dynamic light scattering (DLBLS analyses were performed on a Zetasizer Nano S (Malvern

LyadNdzySyida [ GR®I al t @S NyJata sbatteping aggle 0fK73F | Sb S
Synthesis of poly(HPM®-APMA). Based on Qinet al®? a copolymer composed of
hydroxypropyl methacrylamide and aminopropyl methacrylamide (HEMWMA) was
synthesized via aqueous reversible addHimgmentation chain transfer (RAFT)

L2 £ @ YSNA | I Gakcbig(dcydziovalgrid acid)zas e initiatondad-cyanovaleric acid
dithiobenzoate as the RAFT agent. The RAFT polymerization was set for a HPMA/APMA ratio

of 80/20 and a target degree of polymerization (DP) 6f Rdter dissolution of HPMA431

M), APMA (8.3 M) and AEA (0.218 M) in deionizedater, CTP was dissolved in-tlidxane

and added in a final concentration of 0.436 M. Subsequently, oxygen was removed via four
cycles of freezpump-thaw. The polymerization was initiated by heating the mixture to 70 °C

in an oil bath for 24 h. Purificati of the cepolymer was achieved by precipitation in acetone
followed by removal of residual solvent via vacuum pump (24 h). Confirmation of-the co
polymerization was assessed'byNMR analysis and the DP was determined by GPC analysis.
Conversion ratefahe RAFT polymerization was achievedHbiNMR analysis of the reaction

mixture at different time point$H NMR peak assignmei®00 MHz, Bh 0 Y 1  06-LRAY VL n dd
(CHCH(OH)B;, CHC(CGH)CO), 1.84.92 (CLC(CH-CO, ChOLCHNH), 3.08
(CHCHCHNH), 3.24 (CONH&CH(OH)CHCONHBCHCHNH), 3.94 (CECH-(OH)CH).

Synthesis of PDPA&ased on Hugtet al. 3-(2-pyridyldithio}proparoic acid (PDPA) was
synthesizetf. In brief, 3mercaptepropanoic acid (0.0249 mmol) was added to a 0.623 M

a2t dzi A 2dipyrigyldisulideE (DADS) in anhydrous ethanol in the presence of acetic acid.

The solution was subsequently stirred for 2 hours at room temperature. PurificaffidR#

was assessed by basic alumina column chromatography using a 3:2 mixture of dichloromethane
and ethanol followed by elution of PDPA via addition of 4 % of acetic acid to the eluent mixture.
Traces of acetic acid were removed under high vacuum for #8ehsynthesis and purity of

the product was confirmed b¥H NMR analysis and -MS (E3) analysis!H NMR peak
assignment (300 MHzg8 a{ h0Y + OLIIYO HdPpd O6HI T G W I' 7
ddd, J = 7.1, 4.8, 1.2), 7.75 (1H, d, J =B®)1H, td, J = 7.9, 1.4), 8.4 (1H, d, J = 4.9), 12.43
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(1H, broad s). Theoretical mass of PDPA: 215.01 and experimental mass: ESI+ m/zcin MeOH
216.0 (MH+).

Synthesis gpoly(HPMAPDS)To a 5 mg/mL solution of poly(HPM&APMA) in a phosphate

buffered saline (PBS) 1.5 M excess of DMTMM was added followed by an equimolar amount of
PDPA dissolved in DMSO. The reaction was stirred overnight at room temperature followed by
purification via dialysis against deionized water (MWCO 3.5 kDa) for 24 h and lyophilization.

The synthesis was confirmed #aNMR analysis.

Cell linesThe DC2.4 cell line was a kind gift from Dr. Kenneth Rock (University of Massachusetts,
Boston, USY DC2.4 cells were cultured in RRMItamax medium supplemented with 10 %

fetal bovine serum, 1 % penicillin/streptomycin and 1 mM sodium pyruvate and incubated at
37 °C with 5 % GGaturation. Isolation of the cells for experiments was quaréd by

incubation of the cells in a PB&sed dissociation buffer for 10 minutes.

MTT assayCell toxicity was measured by seeding DC2.4 in 96 well plates at a density of 50000
OStftakY[ Ay O2YLX SGS wtalL YSRAdzy oG2GFt @2fd
concentrations of poly(HPM#o-APMA) in PBS. Subsequently the cells were edlfor 24 h
F2f{t26SR 0& FTRRAGAZY 2F nn >[ 2F GKS ac¢t¢ NB
23K 0GKS FT2NX¥YSR F2NXIFT Iy ONRa&aldlIfa 6SNB RAGazf
solution overnight protected from light. The absorbance was unedsy a microplate reader

at 570 nm. As a negative and positive control PBS buffer and DMSO respectively were added to

the wells.

Synthesis of OVBATPProtected thiol groups were introduced via interaction with SATP. First

a 120 pM solution of ovallmin (OVA) was prepared in PBS pH 7,2. Second, SATP dissolved in
dry DMSO was added in different molar ratios of SATP to OVA, i.e. 1.5, 1:10, 1:20, 1:50. After
incubation of 45 min at room temperature the unreacted fraction was eliminated via a
disposable B10 column. The pure fractions of protein were distinguished from the waste
fractions by UV spectrophotometry followed by lyophilization. Quantification of the introduced
thiol percentage was assessed by the trinitrobenzene sulfonic acid @$a$Ajhrough

measurement of the residual amine content
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TNBSA assayhe residual amine content of OVA after SATP substitution was determined by

the (2,4,6trinitrobenzene sulfonic acidsaay (TNBSA) according to the manufacfuger
instructions. First OVA and OBATP were solved in a 0.1 M sodium bicarbonate buffer pH

yo®p |0 pn >3kY[ TF2it26SR 06& IRRAGAZY 2F nodup
sample. After incubationf@ hours at 37 °C 0.25 mL 10 % SDS and 0.125 mL 1 N HCI were

added. Subsequently, absorbance was measured at 335 nm.

Polymerprotein conjugationTo a 0.465 M OVA solution in deacetylation buffer different molar
polymer:OVA ratios were added to a final volume of 1 mL in PBS. The molar ratios used were
1:1, 2:1, 2.5:1, 3:1 and 4:1. The reaction was incubated for 2 hours at room temperature
followed Ly visualization of the conjugation efficiency via-BRGE and semuantitative

analysis of the encapsulation via Image J.

Gel electrophoresis (SIPAGE)T 0 analyze protein conjugation or to determine the reversibility

of the synthesized particles, gel electrophoresis was performed. The samples were diluted with
respectively Laemli sample buffer solution (4x) or with a-in@2aptoethanol:Laemli sample
buffer solution (4x), incubated for 5 minutes at 95 °C and loaded2ih%4 precast gels. After

the run (150 kV), visualization of the protein bands was achieved by incubation of the gels into

Coomassie blue stain.

Fluorescent labelinghe remaining unsubstituted APMA units of poly(HHNIDS) were labeled

with the Atto647b | { S&a0GSNJ I OO0O2NRAy3a G2 GKS YI ydzFl Of
fluorescent dye was dissolved in dry DMSO (2.3 mM) and added to a 5 mg/mL polymer solution

in 0.1 MNaHC®buffer (pH 8.3) aiming a target degree of 2.5 %. After incubation of 30 to 60
minutes protected from light at room temperature the excess was removed via PD10 column
purification followed by lyophilization. Second, the fluorescent conjugates wehesized as

described above using the fluorescently labeled poly(HPBI®) and a molar ratio of
OVA:OVAF488 49:1. After 2 h incubation the particles were dialyzed against deionized water

for 48 h (MWCO 100 kDa).

In vitro DC2.4 uptake ass&C 2.4 cells were seeded at a density of 0.4 xelB/mL in a 24
well plate one day prior to the addition of the fluorescent particles at different concentrations.

After 24 h incubation the cells were dissociated using cell dissociation buffer followed by
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centrifugation for 5 min at 200 G at 0 °C. Afesuspension, the samples were stored on ice

and measured by the BD Accuri C6 flow cytometer. The data was analyzed using FlowJo.

Confocal microscopy imagirngC2.4 cells were seeded at a density of 0.2%xdlG/mL in a

glass bottom Wito dih and incubated overnight. Next, the fluorescent particles were added,
incubated for 24 h and fixated in a 2 % paraformaldehyde solution{bs hiinutes. The cells

were subsequently washed and simultaneously stained WAEFES and Hoechst for 1 h at
room temperature. Finallythe samples were washed with PBS and visualized by confocal
microscopy. This was carried out on a Leica DMI6000 B inverted microscope equipped with an
oil immersion objective (Zeiss, 63x, NA 1.40) and attached to an Andor DSi2alsmanner.

Images were processed with Imahe

In vitro OT proliferation assay and ELISfuse bone marrow derived DCs (bmDCs) were
isolated by flushing femns of C57BL/6 mice with complete RPMI with &2teedle. The cell
suspension was filtered through a 100 um cell strainer and incubatedsfoniButes in red

blood cell lysis buffer on ice. The cells were subsequently seeded into a 24 well plate i&f a dens
of 3 x 10 cells/mL in complete RPMI containing 20 ng/mL of@3% and incubated at
37°C/5% COQfor 7 days. To ensure optimal bmDC growth, fresh medium containing 20 ng/mL
GM-CSF was added on day 3 and on day 6 the medium was refreshed. On daynD@w

were isolated and pulsed with the test compounds containing 0.2, 2 and 5 mg/mL OVA followed
by caculture with CFSEbeled OVA specific transge@b8+T-cells, according to previously

described protocol®
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CHAPTER 4

IMMUNEMODULATING
POLYMERIC Ca®ARTICLES

ABSTRACT

Personalized antumorimmunetherapyhas recently gained major interest in the fight against
metastatic cancer. Here we report on a tatep strategy to encapsulate patietérived cell
lysate into immunanodulating microparticles as a general personalized vaccine formulation
approach. In dirst step cell lysate produced from cancer cells was entrapped into stable
porous calcium carbonate (Caf@icroparticles by a eorecipitation reaction. Second, the
surface of these microparticles was adsorbed with a polymer substituted with a sheallil@o
TLR7agonist to enhance the immunogenicity. Relative to soluble cell lysate, microparticle
encapsulation yielded higher uptake of cell lysate by dendritidreeitso. Also, microparticlte
adsorbed polymeric TLRIgonists retained their THRggeing capacity resulting in
immunogenic vaccine particles. We anticipate this strategy might hold potential to turn patient
derived tumortissueO2 YLINRA A Ay 3 (KS Llcintd Rosert geisondliged an dzii | y 2

cancer vaccines.
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INTRODUCTION

One of the main reasons why DC targeting andtantor immunetherapyin general has great
potential®, is the lack of unfavorable and unspecific side effects caused by conventional
therapie$®. In addition, and perhaps even more importdstthe indution of immunological
memory which provides the patient with prolonged protection, even after treatment, whilst
decreasing the possibility of tumor relapse that leads to more resistant and more aggressive

malignancies, often harder to treat and more proneénetastasis.

Recently, personalized medicine has gained major interest in the field-ohaogimmune
therapy and involves a patierdpecific approach that can potentially give rise to a more
efficient, more specific and more poterimmuneactivation’. Personalized medicine
encompasses different approaches such as the use of more than onedssomiated antigen

to increase the potency of the vaccine, the implementation of-ar@mens or the

incorporation of patienterived cancer tissue.

Inthe case of using multiple tumasssociated antigens, a broader immune response is directed
against a variety of known nenutated antigens. In this way, loss of activity due to mutation

or the lack of expression of one specific antl§€ris a less detmental factor as multiple
antigens are formulated together. Despite these advantages, this approach is not universal
because tumoassociated nomutated antigens are unlikely to be relevant for every single
patient and can also potentially encounter lovedficiencydue toinhibition of the immune

response caused by thymic tolerance.

Implementation of ne@ntigens on the other hangdinvolves formulation of proteins that are
absent from the normal human genome and are created by ttgpecific mutations yielding
patient-specific tumor antigens, different from skdrnonspecific cancer antigetfs'® Neo
antigens are not subjected tihymic tolerance, in contrast to nenutated selproteins,
because they are patienand tumor specific and potentially evoke a more powerfoéll
response that is only restricted to tumor cells of the patient. Identification ofanggens
however rguires genomic analysis of patient derived tumor cells whicbwadays stitlostly,

labor intensive and complex.
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In contrast, incorporation of patiemterived cancer tissue is more straightforward, less
complicated and ieferentiallyinduces a broad imune response against nonutated cancer
antigens as well as nemtigens leading to a more robust, a more powerful andrabracing

cytotoxic Tcell response compared to the otherrpenalized treatment strategitste,

To induce a strong artimor response, sspresentation of cancer antigens by DCs-te(ls

is required. Second, DCs need to be activated by the correct stimuli to further engage with
CD4+and CD8+T-cells to skewTHZ:driven and CTFtesponse$ 3 17 With regard to DC
activation,this is achieved when pathogeecognition receptors (PRRspresent on cellar
membranes and cytoplasgaretriggered by pathogeassociged molecular patterns (PAMPS)
anddamageassociated molecular patterns (DAMH%$)e latter arendogenous factorsf non
microbial originincluding heat shock proteins (HSR&)ich originatédrom necrotic or stressed
cell$®20, Therefore, strategies that can-deliver tumor-associatecantigens and activation

stimuli to DC# vivoare attractive in view of antiancer vaccination.

This chaptereports on a generic approach to encapsulate cancer cell lysates into calcium
carbonate (CaGPmicroparticles that are subsequently engineered with imnatmaulating

cues to improve their immunogenicity as depicteldigure 1Calcium carbonate microparticles
are known in a wide field of different applications and are used as templates foselatig

of protein and peptide antige®s’’. CaC® particles have a high loading capacity for
macromolecules, are inexpensivendaeasy to produce and exhibit high porosity,
biocompatiblity alongsideavith biodegradability?3°. Therefore, theyarean appealing platform

for vaccine formulationMoreover, the synthesis is venyild and carfully be performed in
agueous medium without the need of any organic solvents, reactive chemistry or high energy
input and only requires CaGind NaCQ which spmtaneously form CaGQnicroparticles.
Performing thesynthesign the presence of macromolecules allowstfa encapsulation of
biomacromoleculesnto the porous interior of the microparticles while the surface of the
microparticles can also be functioizald through adsorption afationic polymers equipped

e.g. withimmuneactivating cues.
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Figure 1.Schematic illustration of the vaccine approach for patgetcific antigen formulation into
immunemodulating microparticles.

RESULTS AND DISCUSSION

1. Synthesis of antigeloaded CaC{nicroparticles

CaC® microparticles were synthesized based on a procedure reported by Voktdiiff

Initially we used ovalbumin (OVA) as model antigérhe latter was encapsulated by-co
precipitation of NeCQ and NaGlas reported earlier by De Kolatral?¥23 31 Interestingly, we

found that nonaggregated spherically shapedterte CaCe microparticles Figure 2ED)

could be reproducibly obtained when the mixing of the respective reaction components was
performed on ice whereas at room temperature aggregate formation was commonly observed
(Figure 2A An OVA concentration op to 1 mg/mlcould be used while avoiding aggregation.
Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) gave further
proof of successful micropartidiermation. Interestingly, SEM imaging shoveeclearly visible

porous structureof the oltained microparticlesThe loadingfficiency of OVA into the Cat O
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microparticles was determined by measuring the free (i.e.-ammapsulated) protein

concentration in the supernatant by BAYS spectrophotometry to be 85 %-(4/14).

Figure 20ptical microscopy imaging of Ca@articles (Al) aggregated particles (ARonaggregated
particlesg Electron microscopy (EM) imaging of the Ga@i€roparticles (B) Scanning EM images and
(C) Tranmission EM images.
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2. Polymer adsorption oantigenloaded CaC{nicroparticles

To engineer the CaG@@icroparticle surface with molecular adjuvagisnd thus allow for co
delivery of antigen and immurstimulatory cueg we used a copolymer of(hydroxypropyl)
methacrylamide (HPMA) and-(Braminopropyl) methacrylamide (APMA) composed of
80 HPMA and 20 APMA repeating units, synthesized by RAFiefmhtion as earlier
reported®. Further on in thishapter(vide infrag Synthesis o0& polymericTLR78-agonis), this

polymer will be substituted with a small molecule-agBnist.

CaC®@microparticles were dispersed in deionized water at a concentration of 13 mg/mL and
incubated with different concentrations of polymer (i.e. §.50 mg/mL). Subsequently the
microparticles were centrifuged and the amount of adsorbed polymer was deterrhine
measuring the concentration of free polymer in the supernatant. As shdwigure 3Awhich
expresses the percentage of polymer thstadsorbed onto the CaG@nicroparticles, an
increasing amounf polymer can be deposited up to 0.285 mg polymér@:605) per 1 mg
CaC@ Based on these results a 10 mg/mL polymer concentration was used for further

experiments.

>

polymer adsorption (% )
[ ]
o

0.01 ' 0'1 S 1 10
polymer/CaCO5; weight ratio

Figure 3.Adsorption of poly(HPMAPMA) on antigefoaded CaCfOparticles (A) Efficiency of
deposition determined by UVIS (B) Confocal image of the absorbed polymer layer (in red) on antigen
loaded (in green) particles. Scale bar represents 10 pum.

Zetapotential measurements before and after polymer deposition indicated a charge reversal
from-23.73 mV (+0.416) to 3.52 mY#/- 0.586). The negative value of the GQgaded CaCO

microparticles can likely be attributed to the isoelectric point of 4.3 of OVA, meaning that it will
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bear a net negative charge at neutral pH. Protonation of the primary amine groups of
poly(HPMAAPNA) will confer a cationic charge and thus accounts for charge reversal upon
polymer adsorption based on a combination of electrostatic interactionpagdisorption
Polymer localization was visualized by confocal microscopy using poly&#RiA) that was
labeled with rhodamineRigure 3B This clearly shows the presence of the adsorbed polymer

layer on the surface of the CagI@icroparticles.

3. In vitroscreening

Next, in aseries of experiments, we investigated the interaction between the microparticles
and DCsn vitro. For this purpose, we used bone marrow derived murine DCs and pulsed with
microparticles loaded with AlexaFluor4@Beled OVA (1:50 ratio to unlabeled OwAdllow

for detection by flow cytometry and confocal microscopy. In these experiments we compared
OVAloaded microparticles with and without polymer coating with free soluble OVA. A dose
dependent increase in mean cellular fluorescence is obseRigde( 4), with a dramatic
difference between soluble OVA and Ca@@apsulated OVA. Furthermore, no significant
influence of the polymer coating on mean cellular fluorescence was observed.

mm soluble OVA
mm OVA-CaCO;

1 2 5 10 20 40
OVA concentration (pg/mL)

B mm OVA-CaCO;,
mm OVA-CaCOj; + poly(HPMA-APMA)

1 2 5 10 20 40 80
OVA concentration (pg/mL)

Figure 4(A)In vitrouptake characterization of OM#488 loaded Caggarticles (Al) Flow cytometry
analysis and (A&3) confocal imaginghé cell membrane was stained with AFRE&eled cholera toxin

B (CTBAF555) and the cell nuclei were stained with HeecBcale barepresents 10 pmA2) shows

one zplane plus caesponding crossections A3) shows the maximum intensity projection of the full
z-stack. (B) Cell viability measured by MTT assay of DC2.4 cells pulsed with different concentrations of
CaC®microparticleswith and without polymer coating.
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Both findings indicate that the particulate nature of the Ga€l0apsulated OVA and likely the

fact that microparticles tend to sediment account for a better association of encapsulated
relative to soluble OVA by DCs. Confocal microscopy gave further proof that the microparticles
were internalized by DCs and were narely bound to the cell membrane. MTT cytotoxicity
assay showed only a moderate decrease in cell viability at higher particle concentrations up to
40 pg/mL OVA (corresponding to 0.3 mg/mL of Ga@@ain with no influence of the polymer

coating.

4. Synthesis ofipolymeic TLR#B-agonist

Microparticulate formulation of antigens is known to enha@&8+T-cell presentation but is
insufficient to promote the induction of robuSTTtrespongs. Cedelivery with TLiRgands has
proven a viableapproach to enhance immunogenicity of vaccine formulations with

combination of multiple ligands to work synergistiéalfy?!: 33-

In this work we conjugated 2{4-((6-aminc-2-(butylamino)8-hydroxy9H_purin_9
yl)methyl)benzamidaleticacid), further denoted as CL264# poly(HPMAAPMA). CL264 a

small molecul& LR7/8agonistthat is the synthetic analogue of single stranded RNA which is
the natural ligand of TLR TLR7/8agonists are known to induce expression of type |
interferons which are potd activators of a THtlype immure responsgknown to be crucial

for the induction ofstrong antitumor immune responsesnterestingly we and others have
recently shown that lipid polymer and nanoparticleonjugation of small molecule ligands
stronglyreduces systemic inflammation and yields potent lymph node localized responses that

enhance the adaptive immune resperegainst calelivered antigerg36.

CL264 was conjugated to the primary amine moieties of poly(HHRWAA) via standard
amidation chemistry using4-(4,6-dimethoxy1,3,5triazin-2-yl)-4-methylmorpholind-ium
chloride(DMTMM) ascouplingreagent Figure %. *H NMR and SEC analysis of the riegplt
polymer is shown in Supporting Informatiéiigre Sjland confirmed successful substitution

of the polymer. The exterdf conjugation calculated froH NMR analysis was estimated at

14 %. This was confirmed via quantitative-\U8 spectroscopy, indiing that 12.5% of the

free amine groups originating from APMA were substituted with CL264. This polymer will

further be denoted as CL2¢pbly(HPMAAPMA).
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Figure 5Synthesis of poly(HPMAPMA) via RAFT polymerization and subsequent substitution of part
of the APMA repeating units with the TLRa@¢bnist CL264.

Next we investigated the influence of polymanjugation on the ability ahe TLRagonists

to triggerreceptoractivation For this purpose, we made use 8\MRBlue TLR reporter cell line.

The latter is derived from the murine RAW 264.7 aeis chromosomal integration of a
secreted embryonic alkaline phosphatase (SEAP) reporter construct inducibie by NF ¥y R ! t
1. Uponactivation of the TLReceptors, activatiorof NF¢ . | y1Rocclrs leading to
production of SEAP. The levels of SEAP can be easilpratbrby spectrophotometry.
RAWBIue cells were pulsed with increasing concentrations of soluble and palgmegated

TLRagonist alongside unmodified polymer as control.

As shown irFigure 6Athe soluble TLR7/8gonist CL264 and polyrmeonjugated TLR7/8
agonist wergotent activators of RAVBlue cells. A similar extent of activation was witnessed
for both formsat concentrations starting from 0.5 yMdicating that the polymer conjugation
does not impair the binding of the FhBonist to its receptoabove these concentratns In
contrast, no N#kB activation could be observed for the polyroenjugated TLRgonist in

concentrations below 0.5 pNNote that blank polymer did not induce any activation.
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To further support these findings, we investigated the effect of the soluble and pelymer
conjugated TLRgonists on the maturation of bone marrow derived DCs. For this purpose, DCs
were pulsed overnight with a concentration range of the respective sanipliesyed by
antibody staining again&€D® and analysis via flow cytomet@D® stimulates the CD28
receptor on Tcells, providing catimulatory signals for-@ell activation and skewing of TH1
immunity. The data obtained in these experimerigre 6B followed the same general
trends as observed in theAR/ Blue activation studies. Whereas the blank polymers did not
exceed the basal DC maturation level, both soluble and polyomungated TLR7/8gonist

induced DC activation.

>
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Figure 6.Screening of TEk&tivation potency of CL2gbly(HPMAAPMA)on: (A) RAW Blue
macrophageqB) bone marrow derived DCs.

5. TLRagonist engineering of antigémaded CaC{nicroparticles

First we tested whether the presence of the TLRay8nist on thepolymer backbone
influenced the adsorption behavior of the polymer onto @&dled CaC{microparticles. To

do so, we repeated the experiment outlined in one of the previous sectiaressprac
Polymer adsorption on antigdnaded CaCgnicroparticleyand found no significant influence

of the substitution of the primary amino groups of poly(HPAPMA) with the TLR7&yonist
CL264. Data is summarizedrigure S Supporting Informatiarinterestingly, these findings
point at the importance of elexastatic contributionsdue to the remaining cationic APMA
moietiesalongside norelectrostatic contributions, such as van der Waals interactions, on the
adsorption behavior of the polymer onto Ca@dcroparticles(vide suprag Synthesis oh
polymerc TLR7/8agonis).
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Figure 7.Screening of the potency of CL3&sly(HPMAAPMA) whether or not eformulated with
antigenloaded CaCfparticles compared to theohuble TLR7Aigand via the RA\Blue assay.

Prior to determiniation of TLRctivation bypolymeric TLR7/8goniss adsorbed onCaC®
microparticles, we confirmed the absence of LPS contaminbyi@nLAL assaypporting
information, Figure SB TLRactivation wasthen subsequently assessed via the RBWe
reporter cdl line. RAWblue cells were incubated with increasing concentrations of £€aCO
microparticles engineered on their surface with polymeric TL-BJ@8ist up to a notoxic
particle concentration of 0.3 mg/mL. As showFRigure 7he polymeic TLRagonist could still
trigger itsreceptor when adsorbed onto Cagiicroparticles. Interestingly, theLRligand was
more potent when adsorbed onto Ca{3croparticlegshan unbound The increase in potency
can be explained by thmore efficient uptéae by the RAVBIue cells of the THRand when
adsorbed onto microparticles, which leads to enhanced interaction of thkgah@g with the
receptor upon cell uptak&lote that as a control uncoated Ca@@rticles were included which

resulted in no TLBctivation.

6. Formulation of cancer cell lysate

As a model for patienderived tumor cell lysate we used the Lewis Lung cancer cell line
expressing ovalbumin (LLC.OVA). First, we compared the two most widespread techniques to
induce cell lysis, i.esmotic shock in deionized water and repeated frebasv cycles, in terms

of efficiency with respect to the yield of free protein in solution. Bradford assay revealed that

repeated freezehaw cycles yield a highergtein concentration which cdikelybe attributed

115



IMMUNEMODULATING POLYMERIC €BE8RTICLES

to the harsher circumstances the cells were exposed tgoeosd to osmotic shoclFigure

8AL).

Al A2 1) -

0.3 0.3 - mm lysate-CaCO; particles
= 30000
s
[

. = 20000 i

© -
&
=
< 10000

X 2 0. x

1 2 5 10 20 40

osmosis  freeze thaw lysate concentration (ng/mL)

yield (mg/mL)

Figure 8(A) Cell lysis protocol optimization by assessment of the extent of protein recovery in the final
lysate measured via Bradford assay: (A1) osmosis compared to freeze thaw cyclescamip@xZon

of additional steps to increase protein recovery sagication (sample Apr not (sample B); followed

by centrifugation (sample C); whether or not followed by filtratgar a 100 um filter (sample D).
(B)In vitrouptake of lysatdoaded CaCfparticles by: (B1) flow cytometry analysis and (B2) confocal
imaging. The cell membrane is stained with AFEeled cholera toxin B (GAB555) and the cell
nuclei are stained with Hoechst. Scale bar represents 15 um.

Secondwe assessed the influence of sonication and filtration on the amount of protein that
can berecovered. After cell lysis by freetaw, the samples were subsequentionicated
(sampleA); or not sampleB);, followed by centrifugationsempleC) whether or not followed
by filtration over a 100 um filtersémpleD). As shown irFigure 88, this revealed that
sonication yields higher protein recovery potentially due to increased release of cellular
contents caused by disruption of the cell membranes. Filtration after centrifugation did not

have an additive value over centrifugatidore. Overallwe concludedsix repetitive freeze
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thaw cycles followed by sonication and centrifugation to be an optimal protocol for the

preparation of cell lysate.

In a next stepthe encapsulation efficiency of LLC.OVA lysptepared via the above outlined
method ¢ in CaC@microparticles was assessed.-UN analysis of the supernatant revealed

an encapsulation efficiency of 77(44-0.6),which was similar to the encapsulatiefficiency
obtained for soluble OVAifle supra; Synthesis of antigdloaded CaC{microparticles The
presence of eGFP lysate inside the microparticles was visualized via confocal microscopy,

shown inFigure 3B

To investigate the influence of microencapsulation on the uptake efficiency of cell lysate by
DCs, we prepared cell lysate of the enhanced green fluorescent protein (eGFP) expressing colon
tumor-derivedcell line (CT5:8GFP) to obtain fluorescent micropeles that can be tracked

by fluorescencéased techniques. Flow cytometry demonstrated a clear-dependent

uptake of cell lysate and importantly showed a dramatic increase in uptake efficiency 8f CaCO
encapsulated cell lysate compared to cell lygasolution. Furthermore, confocal microscopy
confirmed the presere of the fluorescent cell lysate loaded microparticles inside the DCs and

not merely bound the cell membran€igure 8B

To further explore the potential of the lysdteaded CaC{nicroparticles as vaccine carriers,

we investigated whether the model tumassociated antigen OVA can still be processed and
crosspresented by DCs when the cell lysate is encapsulated irs @a€Qparticles. For this
purpose,DCs (note that the DC2.4lcline was used for this assay) were pulsed with a
concentration range of respectively soluble and encapsulated LLC.OVA cell lysate.
Subsequently, the DCs were staineith an antibody recognizin§lINFEKIthe OVACD8+
epitope complexed to MHC classH2Kb molecules and analyzed by flow cytometry. As
depicted inFigure SALLC.OVA lysate was not sgtgd to crosgpresentation. Ircontrast, the

results obtained for encapsulated lysate i@taC®microparticles indicattenhanced cross
presentation. Furthein vivoproof is however needed tavestigate the therapeutic potential

of this strategy
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CONCLUSION

In summary, we demonstrated that Ca@tcroparticles hold potential as vaccine carriers for
cancer cell lysates. Cagjarticles exhibited lower cytotoxicity and strongly enhanced cellular
uptake of the cell lysate by DCs, leading to an improvement of thepressentation efficiency.

In addtion, the microparticles could be engineered with polyfigated TLR7/gonists to
increase their immunogenicity. Future studies will focus to unravel the cytokine spectra that
are induced by the TLR7&)onist andn vivostudies will need to be undexrken to assess the

potential of our strategy to evoke tumspecific immune responses.
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SUPPORTING INFORMATION
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Figure S1Characterization of the substitution of poly(HRKMRMA) with the TLR7 agonist CL264
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Figure S2Coating deposition efficiency of poly(HRWRMA) on CaGQarticles substituted with the

TLR7agonist CL264 compared to unsubstituted poly(HARMA) determined by UWIS
spectroscopy.
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A -LPSTHO

B-F - Endotoxin standards
B G -CaCl
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Figure S3Endotoxin LAL assay result of the Gaa@icles and the separate components used for the
synthesis.
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Figure SAMHCI presentationn vitroby dendritic cells of the lysateaded CaC{particles.
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EXPERIMENTAL SECTION

Materials.Calcium chloride (Ca¥;lsodium carbonate (N@Q), 3(4,5dimethylthiazol2-yl)
2,5diphenyltetrazolium bromide (MTT) reagemspdium dodecyl sulfate (SDS), dimethyl
sulfoxide (DMSO), bovine serum albumin (B3} ,6-dimethoxyl,3,5triazin2-yl)-4-
methylmorpholind-ium chloride(DMTMM), succinic anhydride, NaOH, DMBHC® and
paraformaldehyde (PFA) were obtained from Sigma Aldrich. Ovalbumin (OVA) was obtained
from Worthington. Hydrochloricacid (HCIl) 37 % v/v, rhodamisethiocyanate were
purchased from Fischer Scientificdzf 6 SO02 Qa4 a2RATFTASR 9138 S aSR
medium, fetal bovine serum (EU qualified), penicillin/streptomycin (5000 U/mL), sodium
pyruvate (100 mM),-glutamine (200 mM), red blood cell lysis buffer, cell dissociation buffer
(PBS based), PBS buffer (pH Hagchst, cholera toxine B conjugatesilexaFluor555 (CTB
AF555) and Zeocin were obtained from Invitrodgnadford reagent was obtained from Biorad
whereasthe pretreated Spectra/Por 7 dialysis membrane were purchased from Spectrumlabs.
The anti-Mouse OVA25264 (SIINFEKL) peptide bound+@Kb PE antibody and the anti
MouseCD® PE antibody were purchased from eBiosciencéarzehti blue stain was obtained

from Invivogen. Deuterated.8 (BO) and ¢DMSO were purchased from Deutero. The
ToxinSensdM Chromogenic LAL Endotoxin Assay Kit was obtained from Genscript whereas the

TLR7agonist was purchased from Invivogen.

Immortalized cell lines

DC2.4 cell lineThe DC2.4 cell line was a kind gift from Dr. Kenneth Rock (University of
Massachusetts, Boston, UBhe cells were cultured in RPMI medium supplemented with 10 %
fetal bovine serum, 1 % penicillin/streptomycin, 2 mlutamine and 1 mM sodium pyruvate

and incubated at 37C with 5 % Caturation.

RAWBIue cell lineThe RAWBIue cell line was purchased from Invivogen. The cells were
cultured in DMEM medium supplemented with % heatinactivated fetal bovine serum, 1 %
penicillin/streptomycin, 2 mM-glutamine, 1 mM sodium pyruvate and 0.01 % Zeocin and
incubated at 37C wth 5 % C@saturation.

LLC. OVA cell linehe LLC.OMWIl line was a kind gift froRrof. Karim Vermaelen (University

of Ghent, Belgium). The cells were cultured in RPMI medium supplementetiOvéthfetal

121



IMMUNEMODULATING POLYMERIC €BE8RTICLES

bovine serum, 1 % penicillin/streptomycin, 2 ridglutamine and 1 mM sodium pyruvate and

incubated at 37 °C with 5 % £faturation.

CT5.2eGFP cell linghe CT5-:2GFP cell liféwascultured in DMEM medium supplemented
with 10 % fetal bovine serum, 1 % penicillin/streptomycin, 2 gMtamine and. mM sodium

pyruvate and incubated at 37 °C with 5 % €&@uration.

Electron microscopy

Scanning electron microscodycanning electron microscopy (SEM) was performed on a
Quanta 200 FEG FEI instrument. Samples were deposited onto a silicon wafer and dried under
a gentle nitrogen stream at ambient temperature. Prior to imaging, the samples were sputtered

with a palladiunfgold coating.

Transmission electron microscopsansmission electron microscopy (TEM) was performed on

a JEOL 1010 instrument. Prior to imaging, samples were subjected to series of fixation (0.1 M
Na cacodylate buffer (pH 7.2) containing g&¥aformaldehyde and 2.5 % glutaraldehyde) and
dehydration steps, embedded in epoxy resin and cut into ultrathin section using an

ultramicrotome.

Synthesis CaG@articles.The synthesis of calcium carbonate particles was based on Volodkin
et al In brief 650 pL of a 1 M CaGblution and subsequently 650 uL of a 1 MA@ solution

is added to 5 mL of a 1 mg/mL solution of ovalbumin (OVA) or a 1 mg/mL solution of cancer cell
lysate under vigorous stirring for 30 seconds on ice. The resulting suspension is centrifuged at
300 G for 5 minutes at 4 °C followed by removal oftheernatant and two washing steps with
deionized water. Samples were visualized dreiga DM2500P microscope equipped with a

40X (NA 0.75) objective, DIC filters and a DFC360FX camera.

Encapsulation efficiencyEncapsulation efficiency of both OVA andCIOVA lysate was
performed by UWVIS spectrophotometry. The absorbance of the supernatant after synthesis

of the particles was compared to a standard curve of OVA and LLC.OVA lysate respectively. The
UWVIS spectra were recorded on a spectrophotometan{&tzu UVL650PC) in 1 cml cm

quartz cells.
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Conjugation of TLRigand CL264 to poly(HPM¥MA)

Synthesis CL2¢gbly(HPMAAPMA). Poly(HPMAAPMA), dissolved in LPS free water, was
incubated with an equimolar amount of TEHRAnd CL264 to APMA unasernight under
continuous stirring at room temperature in the presence of 1.5 M excess of DMTMM. After 24
h incubation the reaction mixture was dialyzed against LPS free water (MWCO 3.5 kDa) for 1

day and lyophilized.

'HNMR and SEC analydite obtained polymers were all analyzed'tyNuclear Magnetic
Resonance (NMR) and Size Exclusion ChromatographyN[MRGpectra were recorded on a
Bruker 300 MHz FT NMR isCD Chemical shifts Y are provided in ppm relative TtMS.SEC
elugrams were recorded on a Shimadzu 20A system in dimethylacetamide (DMAc) as solvent
containing 50 mM LiBr. The system was equipped with a 20putS@and a 20A refractive

index detector (RID). Measurements were recorded &iCo®ith aflow rate of0.7 mL/min.
Calibration of the 2 PL &m MixedD columns was done with poly(methyl methacrylate)
(PMMA) standards obtained from PSS (Mainz, Germany).

Polymer deposition efficiencyAfter synthesis and two washing steps the particles were
incubated with different concentrations of polymer for 5 minutes under continuous shaking to
ensure optimal interaction. The particles were centrifuged at 300 G for 5 min. followed by
measurement ofUV absorbance of the supernatant compared to a standard curve of the
respective polymer. The zeta potential was measured after two washing stepZetasizer
Nano S (Malvern Instruments Ltd., Malvern, U.K.) with a HeNe<4asg83 nm) at a scattering
angle of 173.

Fluorescent labeling of poly(HPMRMA)Poly(HPMAAPMA) was incubated witim aquimolar
amount of rhodaminasothiocyanatein 0.1 M NaHCbuffer overnight under continuous
stirring. Subsequently the obtained mixture was dialyzed against deionized water for 3 days
(MWCO 3.5 kDa) and lyophilized.

Isolation of bone marrow derived dendritic ceNMouse bone marrovderived DCs (bBCs)
were isolated bylushing femurs of C57BL/6 mice with complete RPMI withar&&edle. The
cell suspension wdgdtered through a 106-m cell strainer and incubated fobS min in red

blood cell lysis Hter on ice. The cells were subsequently seedieda 24 well plate at a density
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of 1.5x 10° cells/ mL in complete RPMI containing 20 ng/mL ofG3% and incubated at

37°C/5 % Cgfor 7 days. To ensure optimal Brf@ growth, fresh medium containing 20 ng/mL

GM-CSFgrovided by the VIB Protein Service Facility, Ghent, Belgasrgdded on day 3, and
on day 6 the medium was refreshed. On day 6 or 7emigipg on the experiment, the AdCs

were isolated, seeded and pulsed with the test compounds.

MTT assay.Cell viabity was assessed by the-(85dimethylthiazol2-yl)-2,5diphenyl

tetrazolium bromide (MTT) assay. Bone marrow derive dendritic cells were seeded in 96 well
LI I GS&a 4 | RSyaaide 27T pnn ol or§yi6f Subsagiently G 2 G I f

the cells were incubated with different concentrations of Ggfa@icles and cultured for 24 h
FYR F2NJny K F2ft26SR 6& FRRAGAZY 2F nn

period of 23 h the formed formazan crystals were dissolved in3100 2 ¥ | wmn 37z

> [

YK @

M HCI solution overnight protected from light. The absorbance was measured by a microplate

reader at 570 nm. As a negative and positive control PBS buffer and DMSO respectively were

added to the wells.

In vitrouptake assayBore marrow derived dendritic cells were pulsed at day 7 fiuithhescent

particles at dierent concentrations. After 24 h of incubation, the cells were dissociated using

cell dissociation Hter followed by centrifugation for 5 min at 200 G &C0Afteresuspension,

the samples were stored on ice and measured on a BD Accuri C6 flow cytometer. The data was

analyzed using FlowJo.

Confocal microscopy imagingC2.4 cells were seeded at a density of<014° cells/mL in a
glass bottom Wito dish and indeated overnight. Next, thiguorescent particles were added,
incubated for 24 h, anfixated in a 2 % paraformaldehyde solution fokEBmin. The cells

were subsequently washed and simultaneously stained WAEFES and Hoechst for 1 h at

room temperatue. Finally the samples were washed with PBS and imaging on a confocal

microscope (Leica DMI6000 B inverted 241 microscope) equipped with an oil immersion

objective (Zeiss, 694 242 NA 1.40) and attached to an Andor DSD2 confocal scanner.

In vitroMHGI presentation assajnC2.4 cells were seeded at a density d&AL0° cells/mL in

a 24 well culture plate and incubated overnight followed by incubation with different

concentrations of the samples. After 48 h at 37 °C the positive control (S)MBEkdded in
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triplicate in a concentration of 1 pg/mL, 1 hour prior to staining with SIINFH&LPEabeled
antibody for 30 minutes on ice protected from light. Subsequently the samples were
centrifuged for 5 minutes at 200 G at 4 °C, resuspendedB& &d analyzed with flow

cytometry.

In vitroRAWBIue assayR AWBlue macrophages are seeded in a 96 well round bottom plate at
a density of 0.5 x 2@ells/mL and immediately pulsed with the desired concentrations of the
test compounds in sifold. As a negative control PBS is added. After 24 h incubation, 50 pL of
the supernatant is transferred into a 96 well flat bottom plate and incubated with 150 p
Quanti blue solution. After 3 to 6 h incubation at@#he color change absorbance is measured

with a plate reader at 62655 nm.

In vitroBM-DC maturation assayhe bone marrow derived dendritic cells are pulsed on day 6
with differentconcentrations of the test compounds in triplicate and PBS or DMSO as negative
control. After 24 h incubation the cells are dissociated with cell dissociation buffer followed by
centrifugation for 5 minutes at 200 G at 4 °C and resuspension in 50 plibodgrdocktail.

After 30 minutes of incubation on ice protected from light, the samples were centrifuged (5

minutes, 200 G) at 4 °C, resuspended in PBS and subsequently measured by flow cytometry.

LAL testA Limulus Amebocyte LysateAL) assay was parited to verify that samples were

not contaminated with endotoxind.he Toxinsensor Chromogenic LAL Endotoxin Assay Kit is
performed according to the manwfarerQinstructions. In brief, the samples are diluted based

on the maximum valid dilution (MVD) in order to overcome interference of the test compounds
while still allowing detection of the endotoxin limit. A standard curve is prepared by dissolving
the lyophiized endotoxin standard in LAL reagent water and diluting the resulting stock in 5
concentrations ranging from 0.01 to 0.1 endotoxin unit per mL. Furtheallosamples and
standard are incubated with the LAL lysate for 40 to 60 minutes at 37 °C, fdtipwddition

of the chromogenic substrate and incubation for 6 minutes at 37 °C. Next, the reaction is
stopped by addition of the color stabilizers #1, #2 and #3. Finalbathples are measured at

545 nmby UWVIS spectrophotometry.

Lysate preparatiorf-irst, the cells are suspended in deionized water at a density of 20 x 10

cells/mL and sequentially & via different methods. On the one hand, the cell suspension is
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frozen in liquid nitrogen and thawed in a warm water bath at 37 °C in six fold bateddor
60 minutes on ice to allow osmaotic lysis, on the other. Then, the samples are sonicated for 10
seconds followed by 50 seconds rest on ice in six fold, centrifuged for 5 minutes at 2000 G at

4 °C. The supernatant was subsequently isolated apHilized.

Bradford assayl.he efficiency of the lysate preparation protocols is determined via measuring

the protein content in the supernatant after celligysTherefore, serial dilutiomgere prepared

of a Bovine Serum Albumin (BSA) standard solution (2 mg/mL). The Bradford reagent was
LINS LI NBR F2tft2¢6Ay3 GKS YIydzZFlF OG0 dzNENRA Ay aid NIz
deionized water followed by filtration over a Whatmanrfitér. Next, 10 pL of the standards

and the test samples were transferred in a 96 well plate and incubated with 200 pL of the

Bradford reagent for 10 minutes on ice and measured at 590 nm with a multiplate reader.
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CHAPTER 5

BIOGHYBRID TUMOR
CELTEMPLATED CAPSULES

ABSTRACT

For the development of effective artiincer vaccinesymor-associatedntigens need to be
internalized by antigen presenting cells alongside specistiroalatory signals. Interestingly,
relative to soluble antigens, nanand micreparticulate antigens are much better presented

to CD8+T-cells, a crucial step in the inttion of cytotoxic Tells that can eliminate malignant
cells. In this regard, a stey to encapsulate cancer ed#rived proteins into a particulate
delivery system would be of high interest. Here we present a versatile approach to incorporate
cancer ell proteins into polymeric capsules using the cells themselves as templates fer Layer
by-Layer assembly ebmplimentary interacting species. After coating, the cells are killed by
hypo-osmotic treatment leading to bibybrid capsules loaded with celldyes. Particular focus

is devoted in thishapteron choosing the optimal coating components and conditions to
maximize cell membrane integrity during the coating prodessjnimize premature protein
release ando achieve optimal encapsulation of cgbdte upon lysis of the cells. To further
underline thepotential of our approach, we demonstrate that heat shock proteins, important

immuneactivators, can be induced and encapsulated into thénpmid capsules.
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INTRODUCTION

Despite major effort ircancer research, there remains a great need for more specific and
targeted therapies to combat metastatic disease and to reduce the need for traditional-chemo

and radiotherapies that are Hotprone to serious side effeéfs Anti-canceimmunetherapy

ing2ft dSa LINAYAyYy3 GKS LI GASandaimipaeynalignant cfsS & & &
To achieve targeted treatment, cancer antigens have to be internalized by dendritic cells and
presented toCD8+T-cells in combination with the appropriate cytokisgedrum and ce

stimulatory signalg”1%, Recent advances at the interface between immunology and materials
chemistry have elucidated that formulating protéiased antigens into particulate carriers in

the range of 50 nng 10 um strongly promote crogsesentation by DCs 6D8+T-cell$-15,

These findings provide a clear rationale to design strategies for the delivery of antigens in

particulate form to DCs.

Unfortunately, encapsulation strategies for turassociated antigens are limited agtigens

of many cancer types are still unidentified on the one hand and are also prone to continuous
mutation on the othef®!”. To overcome these limitations, we detail an approach to
encapsulatdumor-associatedntigens by templating a synthetic memiieaonto the surface

of cancer cells followed by lysis of the cancer cells retaining cell lysate within the hollow void of
the obtained capsuled=igure 1A Cell encapsulation has not yet been used forcaricer
immunetherapybut has found applicatioria several biomedical applications including tissue
engineering and diabetes treatméftl. Current progress on implementing whole cell lysates
as anticancer vaccine is mostly basedeonvivoDC therapy, involving electroporation of DCs
derived from thecancNJ LJF 0 A Sy G Qa 2 g% ThisiL 2 Hghlyycasyyror G S a
intensive procedure and does not take advantage of the physiological stimuli that occur in

directin vivovaccination and therefore urges towandable alternative’s,

By employingnvivodi F NBESGAyYy 3 2F | dzi2f232dza (GdzY2NI OS¢t ¢
specific and/ortumor-associatedantigens can be delivered to the immune system in an
immunogenic fashion, which should enable the induction of broader immusponses
specifically tailored to theJr G A Sy G Q& dzy A |j &5 Hawdr¥r2oNd migitlailgye2 Y S
that immunization of cancer patients with a vaccine containing autologous tumor cell lysate

could lead to induction of autoimmunity against cellular prateirat are shared with normal

132



CHAPTER 5

cells.However, this has, at least to our knowledge, not yet been reported in bethincal

and clinical studieg?s,

Layerby-Layer (LbL) assembly of complementary interacting components is an attractive
technique to depsit a sempermeable membrane on thaigace of norplanar substrates:

It allows an easy, algueous mild encapsulation of a wide variety of species, mostly polymeric
or inorganic template particles that are used to design hollow capsules. Studras have
already been reported on LbL coating of cells mainly focusing on encapsulétrorgofeast

cells or bacteri#-3°32, However these microbial cells are more robust due to their rigid cellular
wall whereas mmmalian cells are more fragiteHere we present the LbL encapsulatidn o
murine melanoma B16.F10 cells model cancer cell line, aiming at high preservation of the
cell membrane integrity and good protein retention contained within the deposited multilayer

coating.

RESULTS AND DISSION

1. Screening the interaction between cells and oppositely interacting species

Due to the overall negative charge of the cell membrane, we attempted at first to coat B16.F10
melanoma cells based on electrostatic interaction of the oppositely chaajgelectrolytes
poly-L-arginine (PARG) Figure 1Bl polycation) and dextran sulfate (DEXSyuUre 1B2
polyanion). This choice is based on our previous work where we showed multilayer capsules
composed of these polyelectrolytes are biocompatible, dedpyadn vitro** andin vivé® and

induce broad cellular and humoral immune respensgainst encapsulated antigé#t.
However, whereas in the form of a polyelectrolyte complex-pakginine is not inducing

acute cytotoxicit$?, we observed thaincubation of live cells in a pelyarginine solution at a
relevant concentration for Laydwy-Layer assembly (i.e. 0.1 to 1 mg/mL in isotonic HEPES
buffer) induces instantaneous aggregation, cell lysis and cell dedghirffrac Figure2 and

Figure3).

Therefore, we were prompted at investigating an alternative for electrostatic assembly to
assure a better preservation of cell viability during cell coating. In this regard, hydrogen bonding

is attractive because it involves nmmmic species and partitarly hydrogen bonded thin films
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composed ofeutral charged hydrophilic polymers such as e.g. poly(vinylpyrrolidone) (PVP,
Figure 1BBand tannic acid (TAFigure 1B#which have recently attractednteres! 3240
Although PVP and TA form stroogmplexes, PVP/TA multilayers have been reported to
gradually disassemble over tinikely due to oxidation, and atieerefore an attractive system

for delivery purpos€d#2 Additionally we have recently reported the design of porous
micropatrticles bsal on TA/PVP via spray dryfhdheseparticles were used to encapsulate
protein antigens and we successfully demonstrated that the antigens, after cellular uptake,
could still be processed together with a dramatic increase in-presgntation. This suggests
that in intracellular conditiongroteases are still granted access to the payload that is firmly
entrapped within the particles under extracellular conditidremnic acid is a safe fogdade
compound that is applied in biomedical applications including hemostatic coatings, nano
capsules and cell encapsulation. Besides via hydragenling, tannic acid has also shown its
capability to form thi films via multiple mechanisii4°. PVP is a neionic polymer that is

approved by the FDA for pharmaceutical applications.

LbL strategy electrostatic assembly ——
A B1 B2 0
—h "
-0,8 o s
(@ (b) ‘o8 1
Pl \ . 0

H,N H*

— hydrogen bonding

BN B4 HQ  OH
(d) v,
el
HO 0 £ yd OH

G;o

Figure 1.Schematic representatioifA) of the design of Lbtoated biehybrid cancer cetemplated
capsules with alternating layers (steg)aof either the electrostatically interacting polyelectrolytes
dextran sulfatdB1l)and polyL-arginine(B2)or poly(Nvinylpyrrolidone)(B3)and (B4)tannic acid that
interact via hydrogen bonding followed by lysis of the cells upondstpotic treatment (step d).
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As the aim of our work is to encapsulate whole cancer, delésimportant to preserve cell
integrity as much as possible while affecting cell viability as little as possible in order to retain a
maximum amount of cellular proteins within the LbL coating. Therefore, in a first series of
experiments, we investigad the effect of incubating cells in isotonic aqueous solution of
respectively DEXS,ARG, TA and PVP on cell integrity and cell viability. For this purpose
B16.F10 cells were incubated in 1 mg/mL HERESed solutions of eitherlRRG or DEXS
while onthe other hand the B16.F10 cells were incubated in PBS buffered 1 mg/mL solutions
of either TA or PVP. HEPES buffer is used to solubilize DEXSR&ddthe latter is not soluble

in PBS due to ionic crosslinking of the cationic guanidinium moietié® 61ARG by the
trivalent phosphate anions of the PBS buffer. To avoid active phagocytosis of these components
during the coating process, all handlings were performed on ice to block eleggydent

internalization pathways.

The effect of the respectiviest components on cell viability and membrane integrity was
subsequently assessed by inline flow cytometry (FACS) in presence of a live/dead stain
(Figure2). This technique comprises continuous sampling/measuring of a cell suspension while
adding the ést component of choice at a certain point to probe for the effect on cell viability.

In addition, the flow cytometry observations were supported by visualization of the cytotoxicity
by staining the B16.F10 cells with cale®ivi (GAM) and propidium iodidéPl). GAM is a cell
permeable dye that is converted by esterases into agabpermeable state upon cellular
uptake. As such, it strongly stains live cells. Pl intercalates with ér#rided DNA, as found

in the cell nucleus, but is cell impermeal#é will thus only stain the nuclei of cells that have a

damaged cell membrane and is therefore used as a probe for cell membrane integrity.

The gating strategy applied to analyze the inline flow cytometry experiments is steiguren

2A. Here we deliberately did not gate out (by plotting AS&G. FSE and SSB vs SSH)
doublets or multiplets (i.e. clusters of multiple cells instead of single cells) thus allowing us to
probe possible induction of cell aggregation upon addition ofdsiecomponent to the cells

during the flow cytometry measurements. The first gate (forward scatter versus side scatter)
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Figure 2(A)Flow cytometry gating strategy for determination of B16.F10 cell viability offline and inline.
(B) Inline flow cytometry data representing the response to the addition of the respective test
components in the F8 fluorescence channel (live/dead staining and the forward (FSC), respectively
side (SSC) scatter channels. The dashed red line indicatesehmints at which the test components
were added(C)Fluorescence microscopy images of B16.F10 cells staining-AMIRT after 10 min.

incubation with the respective test components on ice. Overlay of the DIC, green and red fluorescence
channels. S¢abar is 50 um.
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serves to select both live and dead cells and to exclude cell debris. These two populations are
marked by respectively a green (livegyelhd a red (dead cells) dashed rectangle. In this regard,
as shown in the second gate, it is important to realize that when performumigocell culture
experimentsthere isalwaysa small amount of dead ceflsesent. The next step in the gating
strategy is plotting the fluorescence channel used for the detection of live/deexhg (i.e.

FL-3) infunction of time. To gather additional information on the cellular respondbeo
addition of the respective test components, we also plotted the fawWB6C) and the side
(SSC) scatter channel as function of time. The paneKidune 2epresent the evolution over

time of the live/dead signal of cells present in the gate that contains both live and dead cells.
The measurement was started at time gaiaro and the test components were added after 2
minutes. To validate the sep, we used PBS and Tri&r(i.e. a detergent that solubilizes the

cell membrane) as controls. PBS is expected to not affect the cell viability, whilT&itould
immediatdy kill the cells. Indeed, the inline flow cytometry plotEigure 2Bdo not indicate

any alternation in the signal fiunction of time when PBS is added. By contrast, TKton
dramatically changes the response iR3FIESC and SSC channels combindd avitrong
decrease in numbers of events immediately after addition of THtandicating massive cell

death and cell lysis.

Subsequently, we evaluated the influence on cell membrane integrity upon addition of the
components that are of interest for lexyby-Layer coating. DEXS did not influence the
fluorescence signal. This is also confirmed by the corresponding fluorescence microscopy
images irFigure 2Crecorded from an identically treated cell suspension as for the inline flow
cytometry. Clearly, tnmajority of the cells exhibit strong green fluorescence-AGtaining

and onlya few are stained red by PI. By contrast, addition 8R& causes an immediate
distortion of the fluorescence and scattering signals. Observation of clogging of thedtudbing

to aggregating cells (evidenced by the sharp decrease in FSC and increase in SSC signal), forced
us to abort the measurements. The corresponding fluorescence microscopy iFigges2E
confirmed the aggregation and the nuclear staining with Plestiggghat the majority of the

cells have indeed lost their membrane integrity. When the inline flow cytometry experiments
were performed with TA or PVP, no loss of cell viability/integrity was observed by either flow
cytometry or microscopy. These datarmoout the superior performance of TA and PVP,

compared to polyelectrolytes, to encapsulate cells in a polymeric multilayer coating while
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maintaining membrane integrity as much as possible and affecting cell viability as little as
possible. Remarkably,dase of TA, a slight increase in the fluorescence signal from the live cell
population was notedwhereas the dead cell population slightly decrelase signal upon
addition of this component. Moreover, the FSC and SSC signals appear slightly altetegh Altho

it is most likely that tannic acid interacts via hydrogen bonding with cell surface proteins or the

live/dead stain, the exact reason for this subtle shift in fluorescence remains unclear.

Next, we also assessed the cellular viability/integrity ¢atimmon offline) flow cytometry
(Figure 2A comprising live/dead measurements after deposition of the test components and
two washing steps to remove naasorbed materialHigure 2A However, one might argue

that in case cells completely lose their intggor in case cells are lost during the multiple steps

of pipetting, washing and centrifugation, they can no longer be stained by any of the dyes used
in the previous experiments (i.e. live/deadiK and PI). By consequence, these would neither

be inclded in the amount of dead cells nor in the total cell number, and thus give rise to an
overestimation of the cell viability. In order to address this issue we performed a MTT cell
viability assay on B16.F10 cells that were incubated for 10 min on icéhevigspective test
components. MTT assay probes for the metabolic activity of cells by measuring the enzymatic
conversion (which can only by performed by viable cells) of the subsBédes
dimethylthiazol2-yl)-2,5-diphenyltetrazolium bromide into thpurple-colored formazan. As
such, relative to a blank control, this assay quantifies the percentage of live cells taking into
account the possible lost cells due to induced lysis by the test component or the multiple
washing/centrifugation steps the cellare exposed to.Figure 3 summarizes these
measurements and compares the values obtained by live/dead staining and MTT assay. Clearly,
the observed trends correspond well for both techniques, with only a slightly lower cell
viability/integrity measured by WMI' assay. Besides being independent of fully disintegrated
cells and a small amount of cells that were aspirated when pipetting during washing and
centrifugation, another differendeetween the live/dead measurement atiee MTT assay is

that thethe latterrequires, after pulsing and removal of the test component, an additional 2 h
incubation period of the cells with the MTT substrate. As such, the cell viability/integrity
measured by MTT assay probes for lorigan effect than the online FACS live/deadagys

that depicts the immediate cellular response to the respective test compounds. Deeper

investigation into this phenomenon is beyond the scope of this work. However, generally we
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can conclude that the inline flow cytometry gt is a straightforward mebd to assess the

instantaneous cellular response to a specific test component.

100+

80+

cell viability [%]
3

40
20+ FACS live/dead
0 8 MTT

DEXS PLARG PVP TA

Figure 3Cell viability/integrity, measured via MTT and FACS live/dead assay, measured after 10 min
incubation of B16.F10 «cells on ice with the respective test components. n=6.
*** p <0.001. 8: FACS live/dead analysis was not possible due to massive celtiaggrega

2. Characterization of the LbL coating

Based on our initial flow cytometry and microscopy findings, we next attempted to coat the
B16.F10 cells with a multilayer film by alternated assembly of TA and PVP. For this purpose,
cells were sequentialipcubated in 1 mg/mL solutions of respectively TA or PVP in PBS bulffer.
Also in these experiments, all handlings were performed on ice to block elegrgydent
internalization pathways. After deposition of each layer, the cells were centrifuged and washed
two times with PBS buffer to remove nabsorbed materia An important aim in this chapter

is to measure the effect of these handlings on cell viability and more importantly on cellular
integrity. Therefore, &fore dispersion of the cells in the respeeticoating solutions, cell
viability/integrity was monitored by optical microscopyA(@/PI staining), FACS (live/dead

staining) and MTT assay.

As repeated incubation on ice, pipetting, washing and centrifugation steps might have an effect,
we also performed control experiments by subjecting cells to the same regime of handlings,
but fully in PBS instead of using the respective coating comporidrgsevolution of the

cellular integrity/viability (monitored by either MTT or FACS live/dead) of these control groups
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is represented by the dashed curvegigure 4AFACS live/dead assay does not point out any
significant cell death during repeated wangjicentrifugation, whereas MTT assay does indicate

a significant loss. Again, as discussed in the previous paragraph, this can likely be attributed to
the longer time that is required to perform the MTT assay, to the small fraction of cells that is
aspirded during the centrifugation/washing cycles and to possible induced cell lysis by the test
component. m view of these findings future research will focus on novel strategies, thereby
reducing loss of cell viability and membrane integrity, that allowstepecoating of cells based

on novel concepts that were recently introduced into fileé of colloidal engineerifitye.

LbL hypo-osmotic
A coating treatment

X 80-

>

% 60-

.g - -/x- MTT - PBS control

3 4 MTT - LbL coating

© 204 -O- FACS live/dead - PBS control
i -® FACS live/dead - LbL coating
£ o & & Q&

@g QQ\QA é& (\&4 év\QA
B

(TA/PVP), (TA/PVP), 5 (TA/PVP), (TA/PVP), 5 (TA/PVP),

Figure 4. (Arell viability, measured via MTT and FACS live/dead assay, measured after each deposition
cycle during LbL coating of B16.F10 cdlle images are an overlay of the DIC, green and red
fluorescence channels. N{B)Fluorescence microscopy images of B16.F10 cells stainingANRC

after each deposition cycle during LbL coating of B16.F10Tde#ismages are an overlay of the DIC,
green and red fluorescence channels. Scale bar is 50 um.

The nondashed curves iRigure 4Arepresent the evolution of cell viability/integrity during LbL

coating of the B16.F10 cells and indicate a gradual decrease as function of time. MTT and FACS
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live/dead assay show a similar trend that is confirmed by the microscopy imagesyasrsh
Figure 4B indicating increasing amounts of dead cells when depositing more layers.
Importantly, no massive cell lysis or aggregation is observed during LbL coating of the cells.
Figure 4Aalso represents the effect of a hypemotic treatment on ta cell viability/integrity.
Previous studies on LbL coating of living cells describe cell survival of approxintédtely &0
95%32 47 Our results show howevea dramatic reduction in cellular viability/integrity after
deposition of 2 bilayers. We assume this can be attributed to the different approach we
elaborated on in our present work to assess the effect of LbL coating on cell integrity. So far in
literature either yeast cells or bacteria, both having a rigid cell wall, have been used for LbL
coating or cell viability/cell membrane integrity has been monitored solely afteritiepas

the entire LbL coatirg 4" “8 The latter thus excludes the extentoedl death or lysis that occurs
during the coating process itself, which appears, at least ifirmings to play an important

role.

3. Assessing the influence of the starting layer on cellular integrity

Next we also aimed at investigating the effect of the starting layer (i.e. TA or PVP) on cellular
integrity. Interestingly, when the Layley-Layer coating was initiated from PVP rather than TA,
maintenance of the membrane integrity was improved as measurdgdidyoflow cytometry

and MTT assayrigure 5A This suggests that using TA as starting material feeoglated

LbL assembly gives rise to an increased cytotoxicity upon further LbL coating. Although PVP is
known for its norfouling behavior, exhibitgionly very low interaction with the cell surface,

we observed that starting Layby-Layerassembly with PVP afforded a better preservation of
the membrane integrity during the coating procelse possibility of decreased penetration of

the MTT dye shodlhowever be considered due to increasing thickness and strength of the
polymer coating that is deposited on the cells. In this respect, we were interested in gaining
further insightn how the cell surface is affected by incubation of the cells withyebitoating

either initiated with PVP or TA, by transmission electron microscopy (TEM). For this,purpose
cells were coated with a (PVP/I@dY)a (TA/PVREoating, fixated and embedded in epoxy resin.
Figure 5Bshows the TEM images recorded from ultmatlsiections cut from the epoxy
embedded cells. These images cleddgnonstrate the formation of an electron dense layer
surrounding the cells and thereby confirm successful deposition of the coating on the cell

surface. Interestingly, when comparing celtmted with a (PVP/TAyersus a TAPVB:
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membrane, a dramatic difference in morphology of the resultingter@iblated capsules is
observed. In case of (PVP/Aégated cells, the electron dense coating was confined to the
surface of the cells, whereas in case of a (TAfRRGR{ing, electron dense material was found

to be spread throughout the interior of the capsules as well (indicated by the red arrows).

cell viability [ %]
8

-o— starting with TA
0 & starting with PVP

0.0 0.5 1.0 1.5 2.0
number of bilayers

B Uncoated cells (PVP/TA)2

Foure 5. (ACell viability, measured by a FACS live/dead assay, after each deposition cycle during LbL
coating of B16.F10 cells. LbL coating was started with either TA (red curves) or PVP (blue curves). N=3.
(B) TEM images of B16.F10 cells coated witHe®dvis initiated with either TA or PVP compared with
uncoated cells. The dashed rectangles show a zoomed area. Scalejar EBh2 red arrows indicate

the LbL coating.
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Thesefindings corroborate the MTT data atite live/dead flow gtometry data, suggesting

that TA partially crosses the cell membrane thereby creating pores in the cell membrane and
thus enabling the upke of the live/dead dye PI. In contrashen cells are first incubated with
PVP, only a coating on the cell surfsogeposited, suggesting that adsorption of PVP onto the
cell surface in a first step prevents cellular infiltration of TA in subsequent steps of the cell

coating process.

To gain further high resolution morphological insight into the cellular resporisé and PVP
during Layeby-Layer coating of the B16.F10 cells, TEM imd&ggaré ¢ were recorded after
deposition of each layer, either starting LbL assembly with PVP or TA. When LbL coating is
started with TA, the morphology of the cells changesdirafter addition of the first TA layer,
witnessed by the presence of an abnormal amount of vesicles (orange arrows). This indicates
immediate cellular toxicity, likely attributed to tannic acid that crosses the cell membrane. In
addition, the extent ofwollen ER (blue) and mitochondria (yellow arrows) gradually increases
as function of the number of deposited layers. Finally, after two TA/PVP bilayers, the cells
exhibit a high amount of lysosomes (green arrows), i.e. degeneration remnants of the
mitochordria, along with a high extent of degeneration of the cytoplasm and the cell nucleus
(purple arrows). This can probably be attributed by the presence of additional pores in the
plasma and nuclear membranes together with the presence of the electron dews¥TA

material (red arrows) on the cell surface and inside the cell.

In contrast when the LbL coating is started with PVP, the cells exhibit a normal morphology
after deposition of the first (i.e. (PVP/9)Ajilayer as the morphology of the celfgpears to be
unchanged compared to uncoated cells. However, during the position of the third layer (i.e.
(PVP/TA)) the cell morphology starts to change, witnessed by the presence of swollen
endoplasmic reticulum (ER), swollen mitochondria and lysosantsated by respectively

blue, yellow and green arrows. After deposition of two PVP/TA bilayers, the cellular
degeneration process appears less pronounced than when LbL coating was started from TA and
no PVP/TA complexes are observed inside the celge\¢r, also in this casan increased
amount of abnormal cell structures together with initial degeneration of the cytoplasm and the

cell nucleus (depicted by the purple arrows) are observed. These findings support our previous
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observations on membranategrity Figure 53 where we observed a gradual increase of Pl

uptake in function of the alternating deposition cycles.

Figure 6TEM images of B16.F10 cells coated with 1 to 4 alternating layers of PVP and TA, either started
with PVP (left panels) or TA (right panels). The dashed rectangles show a zoomed area. Scale bar is 3
pm. The arrows indicate different cell structures: Orangesicles, Yellow = swollen mitochondria, Blue

= swollen ER, Green = lysosomes, Purple = cell degeneration. The red arrows indicate the LbL coating.
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