Dissertation

submitted to the
Combined Faculties for the Natural Sciences and/fmthematics

of the Ruperto-Carola University of Heidelberg, @any

for the degree of

Doctor of Natural Sciences

presented by
Markus Granzin (Master of Science)
Born in Erfurt, Germany

Oral-examination: 25 April 2016



HIGHLY EFFICIENT
ACTIVATION AND EXPANSION
OF NATURAL KILLER CELLS
FOR CLINICAL USE
IN CANCER IMMUNOTHERAPY

Referees: Prof. Dr. Viktor Umansky
PD Dr. Adelheid Cerwenka



Parts of this thesis have been published in:

Granzin M, Soltenborn S, Miller S, Kollet J, Berg M, Cerwank, Childs RW, Huppert VFully
automated expansion and activation of clinical-gragtural killer cells for adoptive immunotherapy.
Cytotherapy 17, 621-32 (2015).

Parts of this thesis are from a prepared manuscripintended for publication:

Granzin M, Miller M, Childs RW, Huppert V, Cerwenka A. “Highefficient IL-21 and feeder cell-
driven ex vivo expansion of human NK cells with therapeutic agtiin a xenograft mouse model of
melanoma “submitted manuscript

Conference presentations:

Oral presentation:"Fully automated expansion and activation of clatigrade natural killer cells for
adoptive immunotherapy”. ATMP 2015 — Issues andlehges from bench to bedside, 2015. Tutzing,
Germany

Oral presentation:” Ex vivo generation of therapeutically relevant numbersaifvated natural killers
with potent anti tumor activityn vitro andin vivo". European Congress of Immunology. 2015. Vienna,
Austria

Oral presentation: “Generating therapeutically relevant numbers of bi#ls with potent anti tumor
activity in vitro andin vivo” . PhD Retreat — Helmholtz International Gradu&ehool for Cancer
Research. 2015. Germany

Poster: Granzin M, Soltenborn S, Miiller S, Kollet J, Berg M, ChilR§V, Cerwenka A, Huppert V'
Fully automated expansion and activation of clihgrade natural killer cells for adoptive
immunotherapy” 15th Meeting of the Society for Natummunity - NK2015. 2015. Montebello, Canada

Poster: Granzin M, Soltenborn S, Miiller S, Kollet J, Berg M, ChilB§V, Cerwenka A, Huppert V'
Fully automated expansion and activation of clihgade natural killer cells for adoptive
immunotherapy” DKFZ PhD Poster Presentation. Héige), Germany

Oral presentation:”Automation of clinical-grade and highly efficieNK cell expansion for therapeutic
use”. Natural Killer Cell Symposium. 2014. Hanngv@ermany

Poster: Soltenborn SGranzin M, Delso M, Siegesmund F, Dzionek J, Huppert V. ikl scale
TCRa/B-CD19 depletion followed by CD56 enrichment — A netwategy for NK cell separation”.
Natural Killer Cell Symposium. 2014. Hannover, Gany

Poster: Granzin M, Bruning M, Spiegel I, Mueller S, Blaschke J, HapgpV, Schmitz J. “A Novel
Process Technology for Automated NK Cell Culturd &nrichment” - BMT Tandem Meeting 2013. Salt
Lake City, USA

(continued on next page)



Conference and workshop presentations (continued):

Poster: Granzin M, Milller S, Gerstmayer B, Tomiuk S, Jabobs A, Widllid B, Huppert V. “Extensive
characterization oéx vivo activated and expanded human NK cells for cartenapy”. 14h Meeting of
the Society for Natural Immunity - NK2013. 2013.i¢tberg, Germany

Poster: Soltenborn S, Mekes AGranzin M, Kauling B, Huppert V. “New technology for fasblation
of NK cells from human whole blood”. 14h Meetingtbé Society for Natural Immunity - NK2013. 2013.
Heidelberg, Germany

Poster. Granzin M, Milller S, Gerstmayer B, Tomiuk S, Jabobs A, Watllid B, Huppert V, Schmitz J.
“Characterization of activated and expanded hurresaral killer cells for the use in cancer therapy”.
International Congress of Immunology. 2013. Mildaly

Poster: Granzin M, Briuning M, Spiegel I, Muiller S, Huppert V, Schmid. ,A Novel Process
Technology for Automated Natural Killer Cell Exp#&ns'. DECHEMA Fruhjahrstagung der
Biotechnologen. 2013. Frankfurt, Germany

Oral presentation:”Automatisierte Isolierung und Expansion von NK-2el unter Verwendung eines
neuartigen klinischen Separations- und Suspensittusgystems” 3rd Meeting Industrial Cell
Technology. 2012. Lubeck, Germany

Poster: Granzin M, Brining M, Spiegel I, Miller, S, Blaschke J, HepipV, Schmitz J. “A novel
process technology for automated NK cell culture enrichment”. CIMT (Association for Cancer
Immunotherapy) annual meeting. 2012. Mainz, Germany



Content

(0] 01 (=] o1 P PSPPI
ZUSaMMENTASSUNG .....uuiiiiii e o e e e e e e e e e eeeeas V
SUMIMATY .« e e e e e e et e e e e anns VII
1. Introduction and Background ..........c.cccooevveemnieeiiiiinieeeennnnn, 1
R O = o o] T R 1
1.1.1  Adisease Of the gENOME........ccciiiiiieeeeeee et ee s 1
1.1.2  The hallmarks Of CANCET ..........oeiiiiiiii e 2
1.2  Theimmune SYStEM ... 5
1.2.1  Theinnate immuNe SYStEM ........ccovviiiiiiiiiieeeiieeeeeee e eeens 5
1.2.2  The adaptive immuUNE SYSIEM ..........vviiiiieereeeeie e aa e 5
1.2.3  The role of immuNoIOgy iN CANCE .........uuueeeeeeiiiieiieeeeeeeeeeeeeeesveee e vreveees 7
1.3 Natural Killer Cell BiolOgY .......uuvuuuiiiiiieei i, 10
1.3.1  NK cell classification — innate immune cells wittheptive features.................. 10
1.3.2 Regulation of NK cell aCtivation.............cceeeeeeeeiiiiiiiiiiiieeee e 12
1.3.3  NK cell effector functions in cancer immunosunamte ..................cccooeeuvneeen 14
1.4 NKCells N CaNCEr tNEIAPY ......ccviiiiiiiiim et e e enrreee e 16
1.4.1  Therapy with lymphokine-activated killer cells.................oevvrerriieriiiiiiiiininnnnn, 16
1.4.2 The importance of NK cells for hematopoietic stestt ransplantation............ 17
1.4.3 Adoptive NK cell therapy .........coooeei i 20
1.4.4  Obstacles and perspectives for NK cell based caheeipy .............cccvvvvvvnnes 25
1.5  EXVIVO NK Cell EXPANSION.......uuuiiiiiiiiiiieeetesmmmmressserenennsnennnnnnnnnnnnnennn s nnn 28
1.5.1 The starting material and the importance of NK paliity...............ccccoennnnnn. 28
1.5.2 Cytokines forex vivo NK cell @XPanSion ...........cccoeeiiiiuees s seinneeeeeeeee e 30

1.5.3 The role of accessory cells and feeder cells forddKexpansion.................... 31



Content

1.5.4 Challenges for NK cell expansion due to clinicajueements ........................ 37
2 Aimofthe Study......ccooooiiiii 39
3 Materials and Methods...........coovvviiiiiiiicemm e, 40

3.1 MALETIAUS e en e e e 40
3.1.1  Primary cells and Cell lINES............ooiimmmmiiii e 40
.12 MGt 40
3.1.3  Cell CUltUre MEIA .......oeeiiiiiiiiiiiiit e e e 40
3.1.4 Laboratory accessories and cell culture products............ccceeeeeeeini, 41
.15 SOIULIONS ...ttt e 41
3. 1.6 ANLDOAIES ... 42
3. 1.7 KItS QN FEAGENIES .....eeeiiieeiiiiiite sttt e e e e e e e e e e s nnnnee e e e 43
3.1.8 Devices and EQUIPMENT .........cooiiiiiiiiimmmeieee e e e e e e e e enreeeeeas 44

3.2 MEENOGAS ... e 45
3.2.1  Flow cytometry and Cell COUNTING ...........immmmeeeeeiiiiieiee e 45
3.2.2  Cell counting with Neubauer chamber ........cocceeeeeiiiiiiiiiieee 54
3.2.3  Freezing and thawing of CellS.......ccooiiiicccccr e 45
3.2.4 The CIliniMACS Prodigy system as tool for automatd€i cell processing ...... 45
3.25  Cell SEPArAtION ......ceveeeiieeiieie e 47
3.2.6  EXpansion of NK CElIS..........oouiiiiiiiiicmmemeeeee e 48
3.2.7  GENE EXPIESSION ...eiiiiiiiiiiieeee e e e e et e e e e e e et e e e e e e e e e s e e e eesaaae 49
3.2.8  CyLOtOXICITY @SSAYS......iicuerrreeeeeieeesmmmmmneeeee et e e e e s s s e e e e e e e e s s reeeeesaane 50
3.2.9 Degranulation and production of IFNand TNFel ...........ccccceeeeiiiiiiiiiiiieeeeeen 50
3.2.10 Cytokine detection assay using a multiplex beadyaaissay................ccceeveeee.. 51
3.2.11 Telomere lIength @nalySiS...........ccoocei e eeeeiiiii e 51
3.2.12 Proliferation assay using Celltrace Violet.............ccoooiiiiiiiiiieiiiniie 52
3.2.13 Conjugate formation @SSAY .........uuvrrrriimcereeeeeeeeiieeiieeeieeeeee et reerieeeen 52
3.2.14 TransSWell ASSAY ...cccoceeeiii i 52



Content “

3.2.15 Mouse xenograft MOAEIS .............uuuummmimmmmmmmeeeeeieiiieieeeeieee e 52
3.2.16 Statistics and data analySiS ............uumemmemeeeeieeiiieeiieeieee e 54
A RESUILS ..o e 55

4.1 Fully automated expansion and activation of clinickgrade NK cells for adoptive

] 08T Te 1 aT=T =T o )PP 55

4.1.1 Automated or manual NK cell cultivation resultsdomparable NK cell fold

[ 0 L= L ] (0] o PO TP OPPPPPPPPPPPPPN 56
4.1.2  Automatically and manually produced NK cells hawsilar functionality....... 58
4.1.3 Expanded NK cells do not show a reduction in tel@hength......................... 60

4.1.4 Flow cytometry profiles of automatically and manyaxpanded NK cells are

similar, whereas they differ clearly from naive EIIS ... 61

4.1.5 Gene expression analysis reveals only minor difiege between NK cells after

automated or manual NK cell eXpansion......ccccccevieieiiiiiieeeieeeeee 62

4.1.6 Automated NK cell expansion can be complemented pyeceding, automated

NK cell separation, enabling a fully automated N#l production process..................... 64
4.2 Development of an optimized protocol for NK cell egansion and activation..... 66
4.2.1 EBV-LCL-based NK cell expansion is significanthcineased by IL-21 ........... 66

4.2.2 IL-21 induces IL-10 production of EBV-LCL, but feexdcell derived IL-10 does

not affect the expansion of NK CElIS ........ceeeiiiiiiiiiiieeeeee e, 69
4.2.3 EBV-LCL-dependent NK cell expansion relies on diresll-cell contact......... 70
4.2.1  NK cells exhibit significant expression of CD25 mpmontact with EBV-LCL. 72

4.2.2 EBV-LCL co-culture combined with IL-21 supplemenat yields NK cells with

potent anti-tumor FUNCHONS VITFO.........uuuiiiiiieeiiiiiiiie et mmre e e e e e 76

4.3 Evaluation of expanded human NK cells for therapelt efficacy using a

Xenograft MOUSE MOEL..........ooiiiiii e 78

4.3.1 High numbers of expanded human NK cells show amier effect in a

xenograft “co-injection MOAEl” ......... .o 78

4.3.2 High numbers ofex vivo generated NK cells control tumor growth in a

therapeutic xenograft model .......... ... 79

4.3.3 Exvivo generated NK cells change their phenotype anditmm vivo .......... 81



Content

4.3.4 IFN-yand TNFa inhibit the growth of SK-MEL-28 cellgvitro..................... 84
4.3.5 NK cells obtained by the optimized protocol showtdreanti-tumor efficacy and
in vivo persistence compared to conventionally IL-2 attigddNK cells.......................... 86
5 DISCUSSION ...uuiiitii e ee e emmmmmr e e e e e e e e e et eeeeans 88
5.1 Fully automated expansion and activation of clinicegrade NK cells for adoptive
(10 0 g1 a1 g =T = o )Y/ 88

5.2 Development of an optimized protocol for expansiorand activation of human
N S 0= | 93

5.3 Evaluation of expanded human NK cells for therapeut efficacy using a

Xenograft MOUSE MOEL..........ooiiiiii e 97
5.4  Conclusion and PEerspeCtiVES .........ccooiiiiimiiiriieeeeieiiii e 101
6 ADbDreviations ..o 103
7 REfEIENCES .ovviii i e 105

8 Acknowledgments .........cooveiiiiiiiiii e 125



Zusammenfassung

Naturliche Killer (NK) Zellen kénnen Tumorzellenkennen und zerstdren und die Behandlung
von Krebspatienten mit NK Zellen stellt eine mégicOption der Krebstherapie dar. In diesem
Zusammenhang wird diex vivo Expansion genutzt, um grofe Mengen an aktivieN&n
Zellen herzustellen, denn eine ausreichende ZadediEffektorzellen ist essentiell fur eine
erfolgreiche NK Zell basierte adoptive Krebsimmuwertpie. Jedoch stellen die Entwicklung
effizienter Protokolle fur die NK Zell Expansiondider Transfer dieser Protokolle in klinisch
anwendbare Methoden eine groRe Herausforderundpdaer war das Ziel meines Projekts die
Entwicklung einer klinisch anwendbaren Methode,gti@3e Mengen an hochfunktionellen NK

Zellen hervorbringt.

Zuerst wurde ein vollautomatisierter technischeszBss entwickelt fur die Aktivierung und
Expansion von NK Zellen mit Interleukin(IL)-2 uncestrahlten Feederzellen mit klinischer
Qualitat (EBV-LCL). Im Vergleich zur manuellen Pemiur lieferte der automatisierte Prozess
ahnliche NK Zellen in Bezug auf die Zellzahlen, dafil von Oberflichenmarkern, die
Genexpression und dia vitro Effektorfunktion. Durch die Expansion hatten di& Xellen
funktionelle Oberflachenmolekiile hochreguliert, wiB. TRAIL, FasL, NKG2D und DNAM-1,
sie erhohten die Produktion von Interferon (IRNynd Tumornekrosefaktor (TNFy und
wurden zytotoxischer gegentber Tumorzelllinien. Mdie NK Zell Expansion bei dem
verwendeten Protokoll auf eine Dauer von 2-4 Wodbeschrankt war, wurde als néchstes ein
effektiveres Protokoll fiir die Langzeitexpansiorivdokelt. Die manuelle NK Zell Expansion
mit EBV-LCL und IL-2 induzierte im Mittel nach eineWoche eine 22-fache NK Zell
Expansion, welche durch die Zugabe von IL-21 delitiuf eine 55-fache NK Zell Expansion
erhoht wurde. AulRerdem ermdglichte die wiederhStimulation mit EBV-LCL und IL-2 und
die Zugabe von IL-21 zu Beginn der Kultur eine demale NK Zell Proliferation mit 16-
facher NK Expansion nach sechs Wochen, was eimeadioy hohe Expansionsrate darstellt, die
durch andere Methoden bisher nicht erreicht wiran Avichtigsten jedoch war, dass der
adoptive Transfer von NK Zellen, die mit dem openbén Protokoll expandiert wurden, zur
Inhibierung des Tumorwachstums in einem Melanom of@msplantat Mausmodell fuhrte,
wodurch die therapeutische Wirksamkeit amrvivo generierten NK Zellen nachgewiesen
wurde. Dieser therapeutische Effekt war deutliclhesgepragt als bei konventionell mit IL-2
aktivierten NK Zellen und zeigt, dass die optimreeMethode fir die NK Zellexpansion nicht

nur die Quantitdt sondern auch die therapeutischeli@t der NK Zellen erhoht.



Zusammenfassung

Zusammenfassend ist das Resultat dieses Projekigobautomatisierter Prozess zex vivo
Produktion von NK Zellen und ein optimiertes Pratlbkfir die NK Zellexpansion mit
beispielloser Effektivitat. Die expandierten NK &gl besitzen Eigenschaften fur eine wirksame
Krebsbek&mpfung und sie zeigten therapeutischesafmkeit in einem praklinischen Melanom
Xenotransplantat Mausmodell. Damit dient das Ptdfgkischen Anforderungen und macht es
moglich hohe Dosen an funktionellen NK Zellen zung@eren fir den Einsatz in der

Krebsimmuntherapie.



Summary

Natural killer (NK) cells can detect and kill tumoells and infusion of NK cells to cancer
patients may be a promising option to treat caroethis contextex vivo expansion is used to
produce large quantities of activated NK cells,ause sufficient numbers of these effector cells
are essential for successful NK cell based adogtwveer immunotherapy. The development of
efficient NK cell expansion protocols and the tfen®f these protocols to clinically applicable
methods represent a major challenge. To overcolseigbue, the aim of my project was to

develop a clinically applicable method that yidiage numbers of highly functional NK cells.

First, a fully automated technical process was lgesl to activate and expand NK cells with
(interleukin) IL-2 and irradiated clinical-gradeefter cells (EBV-LCL). In comparison to the
manual procedure, the automated process yieldetasiMK cells in terms of cell numbers,
surface marker profile, gene expression amditro effector functions. Upon expansion, NK
cells up-regulated functional surface moleculeshsas TRAIL, FasL, NKG2D and DNAM-1,
they increased the production of interferon (IFNJad tumor necrosis factor (TNE)and they
became more cytotoxic against tumor cell lines. tNbrcause in the used protocol NK cell
expansion was restricted to a period of 2-4 weeksjore efficient protocol for long-term
expansion was developed. Manual NK cell expansiith BBV-LCL and IL-2 induced a 22—
fold mean NK cell expansion after one week that wigmificantly increased to 53—fold by
addition of IL-21. Furthermore, repeated stimulatiwith irradiated EBV-LCL and IL-2 and
addition of IL-21 at the initiation of the cultuadlowed sustained NK cell proliferation with
10"—fold NK cell expansion after six weeks, which isunprecedented high expansion rate not
achieved by any other method so far. Most impolgaatioptive transfer of NK cells expanded
with this optimized protocol led to significant ibition of tumor growth in a melanoma
xenograft mouse model, proofing the therapeuticatly of theex vivo generated NK cells.
This anti-tumor efficacy was superior over thatirgonventionally IL-2 activated NK cells,
demonstrating that the improved NK cell expansi@ihad enhanced not only the quantity but

also the therapeutic quality of NK cells.

In conclusion, the outcome of this project is dyfalutomated process fex vivo production of
NK cells and an optimized protocol for NK cell exgéon with unparalleled efficacy. The
expanded NK cells possess potent anti-tumor festarel showed therapeutic efficacy in a
preclinical melanoma xenograft model. Thereby,ghgect serves clinical needs and makes it

possible to generate high cell doses of functidttalcells for the use in cancer immunotherapy.



1. Introduction and Background

The herein described work deals with cells of thman immune system, so called natural killer
(NK) cells, and their use in therapy of cancer.sTimtroductory chapter starts with a brief
description of cancer. Then, an overview of the imm system is given followed by

background information about NK cells includingithagpplication in cancer therapy.

1.1 Cancer

1.1.1 A disease of the genome

When abnormal body cells start to grow and divideanmtrolled, this can cause a multitude of
different and severe diseases, which are defined byigle term: cancer. Cancer is a leading
cause of death in the world. “There were 14.1 omllnew cancer cases, 8.2 million cancer
deaths and 32.6 million people living with cancaiitliin 5 years of diagnosis) in 2012
worldwide.™ When Boveri, a German biologist who fundamentediined the understanding of
chromosomes and genetics, already proposed in that4lefects of the chromosomes lead to
abnormal cell proliferatioh, he postulated an important underlying mechanismcaricer
development, because today we know that “cancer dssease of the genomietCancer can
occur when specific mutations change the genomegivedrise to cancer-causing genes, which
can be subdivided in oncogenes and tumor-supprgesms. Thus, mutagens that damage the
genome such as ultraviolet light, certain virused eéhemicals like acryl amide increase the risk
of cancer formation. However, most genome mutatiares “passenger” mutations and don'’t
give rise to cancer-causing genes, while only a‘f@niwver” mutations trigger cancerogenesis.
Tumor suppressor genes, as the name says, keep dewvelopment under control, and loss of
these genes can cause cancer. Whereas oncogenestated versions of normal genes that
favor cancerogenesis in their altered form. In galnecancer-causing genes modify cells in
different ways during a multistep process, whiclrtst from former normal cells and passes
through pre-malignant stages until these cellsllfindecome highly malignant tumor cells.
Thereby, analogous to the Darwinian evolution, eacidification results in an advantage for
the cell to survive, such as increased cell grdattexample’ Outgrowth of a whole population
of malignant cells then results in tumor formatimmd has consequences beyond the cellular
level. Over time, more knowledge about cancer agpraknt allowed better understanding of
cancer characteristics and this finally made itsfime to develop new strategies to treat cancer,

such as immunotherapy, which is explained later.
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1.1.2 The hallmarks of cancer

Cancer was introduced as the generic term for pleltiseases that arise from uncontrolled cell
growth, but the nature of cancer is by far more glemand can be characterized by additional
factors. Today eight major “hallmarks of cancertiptwo cancer “characteristics” are defined
by Hanahan and Weinberg (Figure 1.1), includingetial functional properties for cancer cell

proliferation, survival and disseminatién:

Sustaining Evading
proliferative growth
signaling suppressors
(hallmark) (hallmark)

Deregulating Avoiding

cellular immune
energetics destruction
(hallmark) (hallmark)

Resisting Enabling
cell replicative
death immortality
(hallmark) (hallmark)
Genome Tumo.r-
instability & ~ promoting
mutation inflammation

L characteristic
(characteristic) (char istic)

Inducing Activating

angiogenesis invasion &

(hallmark} metastasis
(hallmark)

Figure 1.1 Scheme showing the hallmarks of cantteat “allow cancer cells to survive, proliferatedan
disseminate; these functions are acquired in @iffetumor types via distinct mechanisms and abwuari
times during the course of multistep tumorigenésikdified from Hanahan and Weinberg (2011)
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(1) Sustaining proliferative signalinig probably the most obvious cancer attribute. c8an
cells deregulate their cell cycle by producing gitoviactors themselves or by stimulating
tumor-associated stroma cells for growth factordpation® Furthermore, cancer cells up-
regulate receptors that are responsible for grdathor binding to reduce the threshold for
growth factor signaling. Alternatively, a constiat activation of the proliferation signaling is
implemented by changing the structure of a groathdr receptor or by direct modification of a
downstream pathway to maintain an activated pratifee signaling. An example for the latter
would be the modification of the B-rapidly accetedhfibrosarcoma (B-Raf) protein that plays
an important role for cell division and cell diféstiation through the mercapturic acid pathway

(MAP) and extracellular signal-regulated kinase KERignaling pathway?

(2) Evading growth suppressois another strategy to bypass the regular cellecydntrol,
allowing cancer cells to become unresponsive toadggthat normally dampen the cell growth.
The frequency of mutations of such tumor suppregmgares is very high among different

cancers, as shown exemplary by the tumor protd®53°

(3) Resisting cell deathy evading the normal apoptosis machinery is @erdgil feature of
cancer. The “programmed cell death” is controlledtgh a balance of pro- and anti-apoptotic
regulators of the B cell lymphoma (Bcl)-2 familycathe cell death is initiated in normal cells
as a response to deoxyribonucleic acid (DNA) damegergy stress, growth factor withdrawal
or hypoxia’® In many cancers, the death program is circumvehyedver-expression of anti-

apoptotic Bcl-2 family members.

(4) Enabling replicative immortalitys required for cancer cells to overcome the nadsmal
limited capacity for cell division. Normal cellsaeh a senescence state after a certain amount of
repeated cell divisions and this is regulated om ¢thromosomal level. The ends of the
chromosomes, named telomeres, consist of hexanigddeepeats and become shorter after
each cell division. After a certain number of cdllisions the telomeres are completely
destructed and the chromosomal DNA forms end-to-&umlons thereby initiating cell
senescence followed by cell dedttHowever, certain cell types such as stem cellsiregn
enhanced capacity for cell division that is achiewsy longer telomeres and expression of
telomerase, a specific enzyme capable of telomgrehssis and elongatidf. Increased

telomerase expression of tumor cells is neededdocer progression.

(5) Inducing angiogenesis required to ensure supply of nutrients, gas amxgh and removal
of metabolic end-products via the blood system. idgenesis is the spreading of new blood

vessels and is controlled by angiogenic regulatstgh as the pro-angiogenic vascular
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endothelial growth (VEGF). In cancer, chronicallgtigated angiogenesis is implemented for

example by up-regulated VEGF expression directlpigogenes or through hypoxfa.

(6) Activating invasion and metastasfacilitates cancer cells to disseminate. Adhesion
molecules such as E-cadherin maintain the cohdsétween cells within a tissue structure.
During cancer, inactivation of E-cadherin allowsgse tumor cells to leave the tissue formation,
to migrate to another location within the body a@ndebuild a distant tumdr. Thereby, cancer
cells make use of the epithelial-mesenchymal tt@msi(EMT) process that is normally

involved in the organ and tissue formation duriegelopment and tissue rep#ir.

(7) Deregulating cellular energetar reprogramming the energy metabolism is necedeary
cancer cells to ensure the supply of “fuel”. Thediurg effect” describes that cancer cells
mainly produce energy through glycolysis even ia iesence of oxygen, while normal cells
mainly use oxidation of pyruvate in the mitochoadunder aerobic condition$Surprisingly,
this type of “aerobic glycolysis” is even less eifint in production of adenosine triphosphate
(ATP). Probably the changed metabolism is a coressgpi of hypoxia within tumors and is
used to bypass the mitochondria regulated apoptwsishinery of the cell. Furthermore,
glycolysis provides intermediates for those biokgiit pathways that lead to nucleosides and

amino acids that are urgently required to generevecells.

(8) Avoiding immune destructiois a protective strategy since the immune systermailty
detects and eliminates abnormal cells such as twelts. This topic is described in detail in
chapter 1.2.3.

(A) Genome instability and mutaticare fundamental for cancer development and carglsr ¢
often actively increase the rate of occurring matest This is achieved by oncogenes that either
increase the sensitivity to mutagenic agents actly lead to DNA damage or inactivate the

machinery for DNA maintenance and regéif’

(B) Tumor-promoting inflammations a typical cancer associated condition charastdrby
infiltration of immune cells into the tumor tissuEhese immune cells are actually supposed to
protect the body and eradicate tumor cells, bueats they generate a chronic inflammatory
response that even enhances tumor cell growth amekc progression. The mechanisms behind
this misdirected immune attack are explained inptdral.2.3 after a short introduction about

the immune system in the following section.
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1.2 The immune system

The immune response is defined as protection dbdlly against potentially harmful pathogens
such as viruses or bacteria. This protective respds mediated by a variety of molecules and
effector cells that together form the immune systéhis chapter gives a brief introduction into
the very complex field of immunology based on cutrextbook knowledgé', and focuses on
leukocytes, the white blood cells that build théuter immunity. Leukocytes are derived from
bone marrow hematopoietic stem cells that diffeadatinto myeloid and lymphoid progenitor

cells and finally give rise to “innate” and “adajai immune cells.

1.2.1 The innate immune system

Cells of the innate immune system are called tist fine of defense, since they play a major
role during the first contact with pathogenic ageand they induce a fast immune response.
The innate immune response relies on unspecifiecten of general pathogen characteristics
by means of a variety of immune cell receptors. Thportant class of Toll-like receptors
(TLRs) for example recognizes a multitude of difetr parasites and leads to recruiting of
immune cells, local control of pathogens and ativaeof adaptive immune cells. Innate
immune cells are classified in granulocytes, motesymacrophages, dendritic cells (DCs) and
NK cells.

Granulocytes destroy pathogens by release of fmxiteins and enzymes. An important feature
of neutrophil granulocytes, macrophages, monocyerd DCs is the incorporation and
neutralization of pathogens within the cell, callgdhgocytosis. Upon phagocytosis, soluble
factors such as interleukin (IL31 IL-6 and tumor necrosis factor (TNE)are released that
trigger other immune responses and induce an infiaiory condition. In addition, upon
phagocytosis macrophages and DCs process the paibogroteins to smaller peptides and
bind these protein fragments to major histocompayittomplex (MHC) structures. Later, the
cells can act as antigen presenting cells (APC$rbgentation of the MHC-peptide complex on
the cell surface to activate cells from the ada&ptamune system. NK cells can be seen as the
prototype of lymphocytes among innate immune caligl their biology and function is

described in chapter 1.3.

1.2.2 The adaptive immune system

In contrast to the innate immune system, the adapthmune system reacts delayed but more
specific against a certain pathogen. An educated pbcells generates a cellular memory,

which accelerates the response when a specifiogathis encountered again at later time
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points. Adaptive immune cells are lymphocytes tzat be subdivided in B cells and T cells and
they highly efficiently detect specific structusalbstances defined as antigens. Every B cell or
T cell bears an unique and highly specific recefiibia specific antigen. This high diversity of
B cell receptors (BCRs) and T cell receptors (TCRs)chieved during the development of B

cells and T cells by randomized re-combinationegfrsents of the receptor DNA sequences.

B cells get activated upon binding of the antigehie BCR. The antigen gets internalized and
Is processed intracellular into smaller peptides #re finally presented on MHC class Il on the
B cell surface. Binding of certain T cells to thepfide-MHC Il complex stimulates B cells to
differentiate into memory B cells or into plasmédisePlasma cells secrete antibodies, which are
proteins that bind highly specifically to the enntared antigen. An antibody is also called
immunoglobulin (Ig) and consists of a variable freamt for antigen-binding (Fab) and a
constant fragment (Fc) that allows communicatiothwther cells via Fc receptors. Fc receptor
expressing immune cells can detect antibody caadbsl, resulting in phagocytosis of the target
cell or lysis of the target via antibody-dependeeliular cytotoxicity (ADCC). Furthermore,
antibody-binding can directly lead to functionalutralization of the antigen, which is

especially important in case the antigen is a toxia functional viral component.

The TCR enables T cells to recognize small peptidasare bound to MHC molecules. MHC
class | can be found on virtually every cell wittire body and its function is to present peptide
structures of intracellular proteins on the cellfate. Thereby foreign structures such as
pathogen derived peptides can be detected by aytoid cells expressing the cluster of
differentiation (CD)8 co-receptor that bind to theecific peptide-MHC class | complex and
directly kill the target cell. Thereby CD8 T celisduce cell contact-mediated apoptosis or
release cytotoxic granules. In addition, cytokisesreted by CD8 T cells, such as IFNFNF-

a and lymphotoxin (LT)a can contribute to target cell killing and stimelather immune cells
such as macrophages. Peptides presented on APGmaned to MHC class Il and can be
recognized by T helper (Th) cells expressing the4@d-receptor or by regulatory T cells
(Tregs). Naive Th cells differentiate into Thl dn2lcells after activation via antigen contact.
Thl cells are mainly involved in the activation mfcrophages during infection and they
interact with B cells to augment the productionaottibodies. Th2 cells on the other hand
activate naive B cells and carry an important fiomcin the initiation of antibody production.

Tregs are important for the regulation and attdonaif immune responses.
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1.2.3 The role of immunology in cancer

A rough idea existed for long time that the immsystem could not only eliminate pathogens
but also combat cancer. Then, in the sixties Buamet Thomas could show that the adaptive
immune system indeed protects against cancer amy ftoined the term cancer
immunosurveillancé>*® Today much more is known about the importancehef immune
system in this context and the complex interplagwben cancer and immune cells. The
iImmune system prevents cancer by (1) protectiomnaga&iruses and therefore virus induced
cancers, (2) avoiding prolonged, cancer promotinijainmation by fast neutralization of
pathogens that induce inflammation and (3) direcognition and elimination of cancer céfls.
However, cancer can also bypass or even utilizéntheune system for cancer progression and
the cancer immunoediting hypothesis describes élspanse of cancer cells to the immune

system in three sequential phases: eliminatioriliegqum, escape (Figure 1.2§7*°

Elimination is the first phase of cancer immunoediting and waentioned already as a
protective mechanism of the immune system. Recdognétnd subsequent elimination of cancer
cells is possible, because cancer cells eitheregphate ligands for activation of the innate
immune system or they express “cancer rejectioigem” that stimulate the adaptive immune
system. In addition, danger signals such as typteiferons are released by tumor cells during
cancer development and trigger adaptive immuneoresgs. The stress ligands MHC class |
polypeptide-related sequence (MIC)A and MICB arereplary cancer associated ligands that
are detected by NK cells and certain T cell subsgpecific cancer rejection antigens can be
derived from non-mutated highly over-expressedutailantigens or from proteins that T cells
normally don’t have access to, because the expressirestricted to germ line cells or specific
tissues. The human epidermal growth factor recgptBR)-2, the melanoma-associated antigen
(MAGE) and the cancer-testis antigen NY-ESO-1 repné these types of tumor antigens for
instance. On the other hand, cancer antigens camebantigens, meaning antigens that are
normally absent from the human genome. In additmrcancer associated virus antigens,
neoantigens are mainly generated by modified prsteis a result of tumor specific DNA
mutations. The somatic mutation prevalence andetber frequency of neoantigens that are
immunogenic is cancer type dependent with the Bigihecidence for melanoma, lung and

colorectal cancet
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illustration of the complex interplay between tunand immune cells. Modified from Vesely efal.
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Equilibrium is the next phase in case some tumor cells suthi@eslimination phase for any
reason. The tumor cell outgrowth is still contrdlley the immune system, but complete
elimination is not achieved. This stable conditicem persist for long time without cancer
progression. Experiments in mice showed that ILIERI-y and T cells are mainly responsible

for holding up the equilibrium phade?*

Escapeoccurs after tumor cells finally managed to cirgemt the immune system and cancer
progression is initiated. There are several reasbas can lead to tumor immune escape.
Alterations of the tumor cells can cause the lossamcer antigens or the tumor cells can
acquire resistance to anti-apoptotic effector maksx: As a consequence of “natural selection”,
tumor cells with less susceptibility to immune rmespes grow out to visible tumots.
Furthermore local or systemic immunosuppressivehaagisms as well as chronic inflammation
can cause immune escaP&his state can be actively induced by tumor délilsugh secretion
of immunosuppressive factors such as transformirgyip factor (TGF)-R, Indoleamine-
pyrrole 2,3-dioxygenase (IDO), IL-10, VEGF and gdile Prolonged inflammation leads to
presence of chronically activated leukocytes anthmeilation of immunosuppressive Tregs,
M2 Macrophages and myeloid-derived suppressor QeIBSCs). All of these three, Tregs, M2
macrophages and MDCSs produce TGF-3 and IL-10.sTi@ther inhibit T cells through the
negative co-stimulatory checkpoint regulators ayta T-lymphocyte-associated protein 4
(CTLA-4) and programmed cell death protein 1 (PD-¢qusing T cell exhaustion and
suppression of T cell activation. Tregs cells fartbonsume IL-2 by expression of CD25, the
chain of the high affinity IL-2 receptor, therebgpleting IL-2 that is required for maintenance
of effector T cell functions. MDSCs can recruit sevia secretion of the cc-chemokine ligands
(CCL)3, CCL4 and CCL5. MDSCs further act immunogegpive by production of membrane-
bound TGF-B, and active inhibition of T cell fumeis by TCR nitrosylation and depletion of

the amino acids arginine and tryptopHan®

Since the immune system is able to eliminate tuoetls and because cancer development is a
consequence of cancer immune escape, it appeaicsushto reinforce the immune system to
treat cancer. In fact, cancer immunotherapy reptesen emerging field and was acclaimed as
“breakthrough of the year 2013” by the famous jali®ciencé’ Immune checkpoint blockade
targeting CTLA-4 and PD-1 is among the most promgsiapproaches and show very
encouraging clinical efficaci¢$® Another type of immunotherapy is to treat canciemts by

adoptive transfer of effector immune cells, suclb@s, T cells or NK cells.
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1.3 Natural killer cell biology

NK cells were first described in 1975 and namedinadtkiller cells due to their ability to kill
tumor cells*** Since then, other important NK cell functions swh elimination of virus-
infected cells became manifest and many researdheestigated these remarkable immune
cells and their biology, leading to the knowleddmttis available today about NK cell
classification (chapter 1.3.1), NK cell receptonsl &K cell activation (chapter 0) and NK cell

effector functions (chapter 1.3.3).

1.3.1 NK cell classification — innate immune cells with daptive features

NK cells are classically defined as innate immuaksc due to their ability to react against a
certain target without prior sensitization. Howevierdings during the last years show that NK
cells also feature typical characteristics of asdapimmune cells, indicating that the historical

classification between innate and adaptive immyseesn might start to bluf*®

First of all, adaptive immune cells and NK cellssarfrom the same lymphoid progenitor and
share requirements for their development, suchoasmon y-chain-dependent cytokin&%>
Furthermore, similar to T cells, which undergo #ction process in the thymus to avoid
unwanted responses against “self-antigens”, NKsce#lss through an education process to

regulate their responsiveness and functfon.

However, the most convincing adaptive attributeaNéf cells is their ability for memory-like
responses, characterized by an intensified responaeepeated stimulation. A first indication
for NK cell memory has been observed in T and Baeficient mice that showed an enhanced
secondary immune response against chemical haptigrems>? It was demonstrated that liver-
resident NK cells are responsible for the effecpedwlent on the chemokine receptor
CXCR62*>* Another hint for mouse NK cell memory is given &specific Ly49H NK cell
subset that is responsive against mouse cytomagzso(MCMV) glycoprotein m157
expressed on infected cells. Similar to T cellgsthNK cells respond in three phases upon
MCMYV infection, starting with expansion of virus espfic cells, followed by apoptosis of
effector cells within a contraction phase and finanding up in a long-lived stable pool of
memory cells® Upon MCMV re-challenge, these memory NK cells bithtypical adaptive
features as they undergo a secondary expansioe phdsenabling a better control of the virus.
Human CMV (HCMV) infection and reactivation is astded with specific expansion of a NK
cell subset positive for CD57 and NK group 2 recepNKG2)C?>® that is dependent on IL-12,
monocytes and human leukocyte antigen (HLAREitro.>” HCMV induced CD57 NKG2C
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NK cells have a distinct epigenetic profile comyieato cytotoxic T lymphocyte¥;*® but the

relevance of this NK cell subset is still unknown.

Of note, treatment of NK cells with IL-12, IL-15@hlL-18 leads to a cytokine-induced NK cell
memory, defined as long-term capacity to produde¢-yfFso that several weeks after the initial
activation the NK cells still mediate an enhancgtbkine response upon re-stimulatf§r?

Thereby, cytokine-induced memory manifests as w#tinsic effect that is passed on to

offspring cells.

Besides the disputable historical classificatiorNéf cells as innate immune cells, the former
view of NK cells as the only lymphoid cell type amgpinnate immune cells has changed after
identification of a whole family of so called ineatymphoid cells (ILCs) with distinct
characteristics and functioffsThereby, striking similarities exist between ttiffedent ILCs
and T-cell subsets regarding transcription factamsl cytokine profiles, so that ILCs may
resemble the T cell counterparts in the innate imersysteni*®>NK cells are currently defined
as Kkiller ILCs due to the expression of IFNEOMES and TBET and their ability to directly
kill target cells, similar to cytotoxic CD8 T cellarhereas the other ILC subsets, ILC1, ILC2,
ILC3 and lymphoid tissue—inducer (LTi) cells ardpse ILCs corresponding to the different
types of Th cells. NK cells generally lack the eegmion of CD3 and human NK cells are
classically subdivided in CD88™ and CD58™ NK cells depending on the CD56 expression
level®® Of note, defining NK cells as CD5FED3" NK cells spares CD56NK cells, a subset
that is rare in healthy individuals but that isdominantly found in patients infected with the
human immunodeficiency virus (HIV) or hepatitis @tipntsS”®® Alternatively, the surface
marker NKp46 is utilized to discriminate NK cellst NKp46 is also expressed by subsets of
NK-like T cells and LT The CD56™ NK cell subset represents 90% of the NK cells in
peripheral blood and is considered to be highlyotogRic, whereas cytokine production is
restricted to a short duration after activatibrOn the other hand, CDBB™ NK cells are
predominant in lymph nodes and tonsils, have a pmtential for natural cytotoxicity, but
possess a high capacity to produce cytokines sfitaulation. CD58™ NK cells express high
levels of the Fc receptor CD16 and the chemokimept®rs CXCR1 and CX3CR1, whereas
CD56™"™ NK cells are CD16 low or negative and positive @ER7, a chemokine receptor

responsible for homing to secondary lymphoid organs
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1.3.2 Regulation of NK cell activation

To mediate adequate protection, NK cells need sbngdjuish between normal cells on the one
hand and tumor cells, virus infected cells or galterstressed cells on the other hand.
Importantly, the essential NK cell ability to spemlly recognize abnormal cells does not
require prior sensitization for a specific targegcause it's based on the interaction with target
cells via a complex system of germ line coded atitng and inhibitory receptors. Important

receptors for human NK cells are described in dhewing.

Inhibitory receptors dampening NK cell activation

Normal autologous cells dampen NK cell activatignexpression of MHC class | molecules,
mainly by binding to inhibitory killer-immunoglobml-like receptors (KIRs). Human MHC is
classified as HLA and KIR genes are extremely digeand differentially expressed, forming a
heterogenic population of different NK cells witistihct KIRs and specificities for HLA alleles
374 Thereby, potentially auto-reactive NK cell cloregressing no inhibitory KIR for at least
one self-HLA class | become anergic during NK cdikvelopment to ensure “self-
tolerance”>’ This NK cell education process is similar to thelestion process during
development of adaptive immune cells, but the ateamechanisms and involved cell types are
still under investigatio’’ NKG2A is another inhibitory receptor on NK celicognizing HLA-

E, and same as KIRs, NKG2A signals through an inoregeptor tyrosine-based inhibitory
motif (ITIM).”® The T-cell immunoreceptor with Ig and ITIM domaifldGIT) is expressed by
NK cells and it counteracts the NK cells activatidnGIT binds to CD112 and CD113 and
shares the ligand CD155 with another inhibitoryegior, CD96? In addition, the killer-cell
lectin like receptor G1 (KLRG-1) and the carcinoeyamic antigen-related cell adhesion
molecule 1 (CEACAM1) also inhibits NK cell activeiti®*®*

Activating receptors induce NK cell activation

The group of NK cell receptors containing an imnmaeeptor tyrosine-based activating motif
(ITAM) consists of activating KIRs, NKG2C, natumjtotoxicity receptors (NCRs) and CD16.
Same as for their inhibitory counterparts, HLA sldsnolecules are the ligands for activating
KIRs, and similar to NKG2A, NKG2C binds to HLA-Eh& three NCRs discovered in the late
1990s, are NKp46 (NCR1; CD335), NKp44 (NCR2; CD3a6d NKp30 (NCR3; CD337).
NCRs recognize viral and bacterial structures kg tumor associated liganffsNKp46 is the
only NCR universally expressed by NK cells and @¢mserved in humans and mice. Tumor
relevant ligands for NKp46 are found for example melanoma cell® NKp44 is only
expressed by activated NK cells and it recognizgants on tumor cells, such as the

proliferating cell nuclear antigen (PCNX)NKp30 is expressed on all mature NK cells and
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binds to HLA-B-associated transcript 3 (BAT3) and amily member B7-H6, both produced
by tumor cell€>% CD16, also known as FRllla, belongs to a class of receptors that bind to
lgG antibodies and enables NK cells to detect dindreate antibody-coated cells, as described
as ADCC beforé! NK cell mediated ADCC represents an important moflaction of many
therapeutic antibodies in cancer therapy suchaasuzumab, cetuximab or rituxim&bOf note,
CD16 can act on its own to induce NK cell activatiovhereas all other activating NK cell
receptors require engagement of another co-regaptiking the activation process of NK cells
even more compleX:* Furthermore, non-ITAM bearing activating receptoosprise NKG2D

or the DNAX accessory molecule-1IDNAM-1) receptor. Human NKG2D signals though the
DNAX activating protein (DAP)-10 and binds to its liganMICA, MICB and UL16-binding
proteins (ULBP)1-68* Cancerogenesis and stress is linked to NKG2D digaxpression and
NKG2D ligands are found on a variety of human carmed lines and primary tumors, such as
glioma, leukemia, melanoma and colorectal caffc&The activatory DNAM-1 competes with
inhibitory TIGIT and CD96 for the ligands CD155 a@®112. DNAM-1 ligands are regulated
by cellular stress, similar to ligands for NKG2DhdaCD112 and CD155 are found over-
expressed by many cancer types such as neurobkastagnmyelom&’ *® Interestingly DNAM-

1 and other activating receptors synergize with 288244), the prototype of the signaling
lymphocyte activation molecule (SLAM) family, thistinvolved in NK cell activation as well.
CD2 is closely related to the SLAM family, binds @48 and works as co-receptor, for

instance in NKp46 mediated NK cell effector funog8’

NK cell activation is regulated by the interplayaativating and inhibitory receptors

The multitude of activating and inhibitory receg@enerates numerous signals during the NK
cell-target cell interaction and integration ofsbesignals determines whether the NK cell gets
activated (Figure 1.3). Healthy cells express nébidmaels of inhibitory HLA class | and show
only minor or no expression of NK cell activatingadnds, so that NK cells don't get activated.
In contrast, viral infected or tumor transformedlscéend to down-regulate their HLA class |
expression as an immune escape mechanism to aleicadoptive immune response by
cytotoxic T cells® The lack of HLA class | expression however incesathe susceptibility to
NK cells, since NK cells expressing specific KIRs the missing HLA molecule perceive a
“missing-self” signal and become responsive. Théssing self” hypothesis formulated more
than 30 years ago was the first concept descriig NK cell activation is regulaté® Today

it's known that also activating signals dictate Mi€ cell response and strong activating signal
alone are sometimes efficient for activation desihibition in parallef® As described before,
abnormal cells or stressed cells up-regulate ligafut activating NK cell receptors and

consequently the balance of incoming signals stoftsrds activation.
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Figure 1.3 The integration of activating and intoby signals accounts for NK cell activation. Dyyithe
interaction with normal cells, NK cell activatios prevented by dominating inhibitory signals (A),
whereas abnormal cells trigger NK cell activatidwmoigh missing inhibition (B) and/or intensive
activating signals (C).

1.3.3 NK cell effector functions in cancer immunosurveilance

NK cell mediate cytotoxicity via the granule-exaoasis pathway

The direct elimination of target cells is a maimdtion of NK cells and NK cells kill abnormal
cells via different pathway§2'% After NK cells get activated by activating ligands by
antibodies that are recognized via CD16, NK cellsdiate natural cytotoxicity or ADCC
through the granule-exocytosis pathway. In the ghgiem of NK cells several proteins such as
granzymes and perforin are stored within cytotayianules®*°>NK cell activation triggers
the release of these cytotoxic granules into th@umological synapse between target and NK
cell and this degranulation process initiates tastriction of the encountered tarf8tPerforin
disrupts the cell membrane and forms pores, allgwither cytotoxic substances such as
granzymes to enter the cell. Furthermore, it canmotexcluded that perforin itself gets
internalized and contributes to the cytotoxic effeg degradation of intracellular membranes
and vesicles?” Granzymes are proteases that induce cell deatlifarent ways="® Granzyme

A cleaves molecules of the DNA repair system, wiglanzyme B induces apoptosis via the
caspase cascade. The physiological significanog¢heir granzymes (C, H, K and M) as well as

their mode of action is unclear.

NK cells induce apoptosis via death receptor ligand
In addition to the release of cytotoxic granuled aerforin-dependent killing of target cells,
NK cells can express the TNF related apoptosisaimduligand (TRAIL) and théAS receptor
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ligand (FasL), which bind to death receptors. Whereas RIdfage or energetic stress induces
intrinsic, mitochondria-mediated apoptosis, deatteptors cause cell death through an extrinsic
apoptotic pathway after binding of a suitable lidamRAIL is normally not readily found on
the surface of NK cells, but functional TRAIL caa induced on NK cells upon activation and
B

enables efficient killing of tumor cells expressirgeptors for TRAIL.™ NK cells expressing

FasL similarly eliminate Fas positive tumor céffs!*

NK cell derived cytokines contribute to NK cell aitmor capacity

Besides other cytokines, such as IL-5, IL-10, ILdri&] the Granulocyte-macrophage colony-
stimulating factor (GM-CSF), NK cells produce amtease IFN¢y and TNFe upon activation,
which are two important factors for cancer immunesillance. NK cell derived IFN-carries
several anti-tumor functions. IFi-inhibits the tumor angiogenesis and has anti-regias
activity.™?**® |FN-y acts anti-proliferative and pro-apoptotté. IFN-y also triggers up-
regulation of TRAIL on NK cells and thus enhandes sensitivity of TRAIL mediated target
cell killing.** Furthermore, MHC class | up-regulation and enhdrargtigen presentation is a
common consequence of the treatment with {F&Rd it consequently results in improved

tumor clearance by the adaptive immuriify.

TNF-a is the soluble form of TNF and, same as its menmdzound counterpart, it binds to the
two receptors TNF-R1 and TNF-R2. However, solubdN=T preferentially binds to TNF-R2,
whereas TNF has a higher affinity for TNF-R1, résglin different signaling profiles for both
factorsi'® Importantly, only TNF-R1 contains a death domaind adirectly mediates
apoptosig;’ while TNF-R2 signaling can also cause cell deatlidwn-regulation of the anti-

apoptotic factor Bel-xL, as shown for T cellg.

Furthermore, IFN¢and TNFe complement one another in their anti-tumor cagadiogether,
IFN-y and TNFa lead to growth arrest in various human cant@Both cytokines are required
for efficient disruption of the tumor vasculaturadaclearance of established tumbtfs
Nevertheless, although IFfland TNFe together and by their own play an important role in
cancer immunosurveillance, it should kept in mindtttheir pro-inflammatory character can be
associated with chronic inflammation, potentiallpmoting immune escape mechanisms and

tumor progressiorf:*??

Some NK cell anti-tumor functions arise from intgrans with other immune cells
Importantly, NK cells not only combat cancer difgdly themselves, but they also initiate anti-
tumor activities arising from other parts of theniome system. The crosstalk of NK cells and T

cells for instance has been shown to enable etamticaf tumors that are resistant to NK cell
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killing, because NK cell derived IFMis crucial for the priming of tumor specific CD8cElls
that are then able to eliminate the cancer é@l§imilarly, it was observed thah vivo
depletion of NK cells at the time of tumor challergpbolishes DC-mediated priming of T cells
and abrogates the efficacy of vaccination immunagne with DCs'** In general, interaction
between NK cells and DCs play a role in the adivaand maturation of D& Furthermore,
activated NK cells express MHC class Il and canaacAPCs2°*%’ Activated NK cells indeed
trigger TCR induced function of CD4 T cells depemtden the expression of OX40 ligand and
B7 by NK cells’®® NK cells and T cells further interact directly ieach other through 2B4
and CD48 on their surface, accelerating the pmalifen of both cell subset’ so that NK and

T cell responses possibly amplify each other. Imtiast, NK cells are able to directly dampen T
cell responses, as they are able to lyse activatedlls'*® Of note, CD48-CD2 interactions
between B and NK cells carry a function in B ceiltibody switch to IgG2a, representing the
isotype that efficiently triggers NK cell-mediatédCC.****3?CD48-2B4 interactions between
B and NK cells trigger NK cells IL-13 productiorgpresenting a cytokine involved in the
induction of Th2 immune responsés.The described examples demonstrate that cancer
protection is based on a complex interplay betwaiéiarent immune cells and therefore NK

cells should be seen as one part of the puzzlert#ian separated effector cells.
1.4 NK cells in cancer therapy

Since they efficiently fight tumor cells, it seemisvious to utilize NK cells in cancer therapy
and the progress of NK based therapy is frequemtjewed"**** NK cells were applied
during early therapies with lymphokine-activatedieki (LAK) cells (chapter 1.4.1) and NK
cells represent an essential factor for the outcofr&em cell transplantation (chapter 1.4.2).
Furthermore, adoptive transfer of NK cells to cangatients is a treatment option in early
clinical evaluation with first promising resultsh@pter 1.4.3). However, NK cell therapy is also
confronted with different challenges, still limignts potential besides encouraging results in the

past and reasonable strategies for the future (ehapt.4).

1.4.1 Therapy with lymphokine-activated killer cells

The first use of NK cells in the clinics goes baokhe infusion of so called LAK cells together
with IL-2 into cancer patients starting in the 1888 The injection ofex vivo generated
immune cells is originally defined as adoptive sfan'*’ LAK cells are derived from peripheral
blood mononuclear cells (PBMCs) aftex vivo cultivation in IL-2 containing medium and
consist of CD3CD56 NK cells in addition to CD3CD56 NKT-like cells and CD3CD56 T

cells. LAK therapy is mostly applied in an autologasetting, meaning that donor and recipient
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of the cells is the same person. Transfer of LAKnfrforeign donors is critical, because
incompatibility between donor T cells and recipidftiC molecules can result in lethal side
effects, because alloreactive T cells from the datiack the recipient tissue cells, which leads
to the graft versus host disease (GvH1S)The cytotoxicity of NK cells is mainly responsible
for the pronounced cytotoxicity of LAK cells agdirtsmor cellsin vitro.** Nevertheless, in
first clinical trials the response did not excekd éfficacy of IL-2 monotherapy® Since then,
LAK therapy is considered inefficient, but latendings revealed possible reasons for the
unfavorable clinical outcome. For instance, the iaitered high doses of IL-2 during early
LAK therapies exhibit a toxic profile, it can causetivation induced cell death of NK ceils
vivo and it drives the expansion of Tregs that inhibé& function of NK cell$***? Another
possible reasons for the failure of LAK therapytle past is that the autologous NK cells
exhibit a high level of self-tolerance due to adataepertoire of inhibitory receptors that also

depress the lysis of autologous leukemic cells.

Similar to LAK therapy, more recent approaches airtheex vivo expansion of NK cells from
PBMCs using conditions favoring the specific outgtto of NK cells such as cultivation of
PBMCs together with anti-CD3 antibody in a celltasé medium known to support NK cell
proliferation*® Surprisingly, although T cells are still the maget| type after three weeks ef
vivo cultivation under these conditions, adoptive tfansf the heterogeneous cell product to
five cancer patients in an allogeneic setting aitlaause side effects such as GvHD in a phase |
safety study” Indeed, experiments indicate that the T cell ieigtis lost ex vivo, when the
cells are cultured longer than seven days using piotocol>> This simple approach for
adoptive transfer of NK cells together with NKTdikells and T cells represents a cost efficient
concept among currently applied immunotherapiesmiure clinical data are probably needed
to definitely exclude safety risks associated wiflusion of donor derived T cells in allogeneic

settings.

1.4.2 The importance of NK cells for hematopoietic stemadl transplantation

Hematopoietic stem cell transplantation is an distadd cancer therapy
Clear importance of NK cells for therapy was fiegported by Velardi and colleagues in 2002 in
the context of allogeneic hematopoietic stem aalhgplantation (HSCT) for the treatment of

leukemia®®®

HSCT is used for long time and has become a stdridarapy for the treatment of
hematological malignanciéd’ First, it was thought that the treatment effecH&ICT was only
mediated by the preceding irradiation or chemothethat is applied to eradicate the leukemia.

But, the patient immune cells are eliminated ag amd therefore donor derived allogeneic stem
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cells were given to rebuild the missing immune eysand counter this major side effect. Later,
it became clear that the re-established donor eérialloreactive immune cells provide an
important graft versus leukemia (GvL) effect thaessential to keep the patient in remission,
meaning free of diseas®.In addition, it was observed that allogeneic HIE€Tiseful for the
treatment of solid tumors too, showing that thedpg provides a more general graft versus
tumor (GvT) effect™ However, although HSCT fundamentally improved treatment of
leukemia, many of the treated patients still dexduse re-growth of treatment-refractory cancer
cells and reoccurrence of the diset8e.

Alloreactive NK cells can play an important role tbe outcome of HSCT

Impressively, Velardi and colleagues treated ptienffering from acute myeloid leukemia
(AML) with hematopoietic stem cell grafts from ajleneic donors and revealed that a mismatch
between donor and recipient KIRs, which determime tteactivity of NK cells, results in a
significantly reduced relapse rafé$In detail, in a follow up of five years the relepsite of 34
patients that were treated with a graft with KIRsmatch was 0% compared to 75% in the
control group of 58 patients receiving a graft withKIR mismatch. The data were confirmed

later in an enlarged patient cohort and Figureshdws the observed survival benefit for the
patients:®

1.0
0.8-
S
E 0.6 - : NK alloreactive (n = 51)
2 |
® 0aq P = 0.001
' e Figure 1.4 Alloreactive NK cells improve the
0.2- "\,‘ survival of AML patients after allogeneic HSCT.
R v AML patients received hematopoietic stem cell
Non-NK alloreactive (n = 61) grafts from haploidentical donors and the survisal
0.0- ; - . - . ' shown depending on the donor NK alloreactivity,
0 2 4 6 8 10 estimated by KIR ligand mismatches. Adapted from

Years Ruggeri et al. 200%*
These data implied a functional relevance for thereactivity of transferred donor NK cells
providing a strong GvL effect. In addition, wheré&asell alloreactivity is generally associated
with rejection of the graft and a higher risk fovHD, NK cell alloreactivity conversely
correlated with improved engraftment and even mtme from GvHD'® Velardi and
colleagues showed in mouse models that NK cellsonbt kill leukemic cells, but they also
lyse normal non-self hematopoietic cells, whileentlissues are spared. The discrimination

between hematopoietic and other non-self cells gblybexplains why NK cells don’t mediate
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GvHD, but the exact mechanisms remain an open iqné@’f However, the NK cell
alloreactivity during HSCT is thought to providg @radication of the tumor by killing of
leukemic cells, (ii) protection from graft rejeatidoy killing of recipient T cells and (iii)
protection from GvHD by killing of recipient T celland DCS®® Therefore, analyzing the
alloreactivity of donor NK cells prior to the trea¢nt can improve the therapy of leukemia by a
better donor selection. Furthermore, apart fromkte repertoire of a given donor, the rate of
NK cell reconstitution is directly linked to theimcal efficacy of HSCT. NK cells are the first
lymphocytes that reappear after HSCT and fasternsditution of NK cells correlates with a

clearly reduced rate of relapse and improved sahafAML patients:®**°®

Explanations for missing effects of alloreactive &&ls for HSCT in many studies

Some other groups confirmed the promising datehef\elardi group, but many subsequent
studies did not reproduce the results associatdd K¥R mismatch in HSCT for the treatment
of AML and these conflicting results may be exptairby three critical factors, as reviewed

recently by Wing Leung and described in the follogyi*®

(1) Consideration of T cell alloreactivity is prdiba the most important factor for the outcome
of HSCT, because HLA mismatch between donor anipigst can lead to severe GvHD
mediated by the donor T cells. KIR ligands are Htlass | molecules and thus donor KIR
mismatches often correspond to HLA mismatches initheased T cell alloreactivity. Therefore,
KIR mismatch is even correlated with poor survivalless T cells are removed from the
graft!®**®|mportantly, the original data from the Velardogp and other studies with positive

results were performed with T cell depleted grafts.

(2) Different models exist for the definition of TR mismatch” plus another model defining a
KIR haplotype. (a) The ligand-ligand model is definas incompatibility between the donor
KIR ligand and recipient KIR ligand repertoire. $himodel is based on the missing-self
hypothesis arguing that it holds true for all KiBands that down-regulation or miss of a single
KIR ligand results in activation of NK cells expsgsy the corresponding KIR. (b) The
receptor-ligand model is based on incompatibiligiveen the donor KIRs and recipient KIR
ligands, taking into account that not all donorpress all KIRs for every single recipient KIR
ligand. Mismatches of KIR ligands in this model Bao effect in case the corresponding donor
KIR is absent, but a meaningful prediction requidesor KIR typing on the phenotype level.
(c) The receptor-receptor model is defined as irpatihility between the donor KIRs and
recipient KIRs. According to the KIR haplotype mbdehich is based on the receptor-receptor

model, more activating donor KIRs correlate withhigher potential for alloreactivity. By
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definition, the A KIR haplotype consist of only oraetivating KIR, whereas the B KIR

haplotype comprises several activating KIRs.

(3) Besides the different definitions for KIR misitia, the general comparison of different
clinical studies is hindered by possible misclasaifon. Exact KIR ligand classification is not
trivial, requires high resolution HLA typing andwdigand specificities for many KIRs are
continuously discovered. In addition, the compleXxRKallelic polymorphism causes
misclassification. Similar to high resolution HL#ping, high resolution KIR typing is actually

required to best possible select a suitable darddSCT.

In conclusion, the clinical relevance of NK celts feukemia treatment using HSCT has been
clearly shown. The alloreactivity of donor derivBiiK cells is essential for their therapeutic
value, but factors such as T cell depletion andablé determination of the NK cell

alloreactivity are critical and have to be well-satered.

1.4.3 Adoptive NK cell therapy

The safety of adoptive NK cell therapy is showmioynerous pilot trials

Not least due to the relevance of reconstitutedredictive NK cells during HSCT, adoptive
transfer of NK cells for tumor therapy is testecs@veral early phase investigational studies as
shown in Table 1.1. So far, numerous clinical stadstarted with the aim to investigate the
feasibility and safety of NK cell adoptive transfir the treatment of different types of
leukemia and solid tumors. The vast majority ofsthetudies utilize allogeneic NK cells, since
donor derived alloreactive NK cells are expectednediate a strong anti-tumor effect. First
pioneering work showed that adoptively transferattdgeneic NK cells without T cells do not
cause side effects such as GvHbToday, the safety of adoptive NK cell transfecamfirmed

by numerous safety studies with heterogenic patienorts'®*"

Clinical efficacy of NK cell adoptive therapy istnget clear due the early phase of clinical trials
Since the completed studies so far were designéld svhall patient numbers and without
control groups, it's not yet possible to adequatalgdict the therapeutic value of NK cell
transfer. In addition, direct comparison of differetudies is complicated because the applied
treatment protocols are very different. The preditioning varies among the studies and some
of the clinical trials infused NK cells in combimat with standard HSCT, whereas in other

trials NK cell transfer was tested as independéetapy. The NK cells were purified in
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different ways and several studies shortly prevattid the NK cells with IL-2 before infusion
or the NK cells were expandesd vivo over long time with different expansion protocols.

Table 1.1 Clinical studies with adoptively infusél cells in 2015. Adapted from Childs and Carlst&h.

Method Patient population Total number Comments
of clinical trials

(number of
active trials)

Non-expanded NK cells

Autologous Melanoma, RCC, lung cancer
NK cells 31
and nasopharyngeal cancer
+1L-2
Autologous | Neuroblastoma, sarcoma, Intended to more specifically
NK cells Wilms tumor and 1(1) bolster NK cell anti-tumor
+IL-15 rhabdomyosarcoma activity than IL-2
AML, multiple myeloma,
Allogeneic Imr{]elﬁgﬁ;'%ﬂ;gﬁnﬁ;ﬁ:‘?ﬁa Most data published on adoptive
NK cells ymp ' ' 55 (29) NK cell therapy are from these
melanoma, neuroblastoma, ;
+IL-2 . studies
Ewing sarcoma, breast cancer
and Fallopian tube cancer
Allogeneic . Intended to more specifically
NK cells éhﬂlar?)rrlge?yelodysplasnc 2 (1) bolster NK cell anti-tumor
+IL-15 Y activity than IL-2

Expanded NK cells

CLL, RCC, lung cancer, Various expansion methods used,
multiple myeloma, sarcoma, including EBV-LCL and
Autologous .
NK cells colon cancer, melanoma, 7 (6) membrane-bound cytokine or _
neuroblastoma, prostate cancer, 41BBL feeder cells; some studies
ALL and pancreatic cancer use IL-2 post NK cell infusion
Various expansion methods used,
Allogeneic AML, myelodysplastic including EBV-LCL and_
NK cells syndromes, T cell lymphoma | 11 (8) membrane-bound cytokine or
and multiple myeloma 41BBL feeder cells; some studies

use IL-2 post NK cell infusion

Genetically modified NK cells

Designed to redirect tumor

Eg}\?ACAR targeting. Haploidentical NK cells

(expanded BCL 2(2) expanded with K562 membrane-

NKFz:eIIs) bound IL-15 or 41BBL feeder
cells; in Phase Il clinical trials

NK cell lines

NK-92 AML, multiple myeloma and 2(2) Off-the-shelf NK cells; in dose-

lymphoma escalating Phase | clinical trials

41BBL, 41BB ligand; ALL, acute lymphoblastic leukem#syiL, acute myeloid leukemia; BCL, B cell lymphoma;
CAR, chimeric antigen receptor; CLL, chronic lymphdcyteukemia; LC, lung cancer; MDS, myelodysplastic
syndromes; RCC, renal cell carcinoma. Data from Clifiicas.gov.
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Adoptive transfer of autologous NK cells is readmadut less effective

With the transfer of autologous NK cells one cafinely exclude the risk of donor related
side effects arising from unintended co-transfer atibreactive T cells, representing an
advantage of this treatment concept. First patiemete already treated with infusion of purified
andex vivo cultivated autologous NK cells more than 20 yeays.® However, autologous NK
cells are less reactive, because inhibitory reecepgenerally dampen their response against
autologous cells including tumor cells. In addititiK cells from cancer patients often exhibit
impaired responsibility due to weak expression afvating receptors. For instance, reduced
expression of 2B4 by NK cells in multiple myelontdN]) patients is considered a relevant
factor in the immune escape of MM cells that exprié®se 2B4 ligand CD48° Importantly,
autologous NK cells from MM patients up-regulatdivaating receptors including 2B4 after
long-termex vivo activation and show clear cytotoxicity againstodagous MM cells®! Thus,
the function of NK cells from cancer patients ca‘tehabilitated’ex vivo, making them useful
autologous effector cells for adoptive tumor thgraPn the other hand, the susceptibility of
cancer cells to NK cell mediated kiling can be a&mted for instance by bortezomib that
triggers up-regulation of death receptors on tumelis making them sensitive for TRAIL
induced apoptosi$? Bortezomib treatment in combination with adoptN& cell transfer is
currently investigated in a Phase | clinical tfdlHowever, despite reasonable arguments for
the use of autologous NK cells, their clinical vala limited at present. An example is given by
a study from the Rosenberg group showing that agoptansfer of autologous NK cells does
not mediate tumor regression in patients suffefnrogn metastatic melanoma and renal cell

carcinoma (RCC), although high levels of circulgthK cells are found®

Clinical benefit is achieved by adoptive transfeallogeneic NK cells

In comparison to autologous NK cells, the transfieallogeneic NK cells is more promising,
because the mismatch of recipient MHC | moleculed donor NK cell inhibitory receptors
increases the responsiveness of NK cells to tunedls.cTherefore, adoptive transfer of
allogeneic NK cells in combination with HSCT is sidered a beneficial strategy for cancer
treatment, because the additionally transferredddls possess potent anti-tumor activity and
may improve the stem cell engraftment and redueeritk of infections and GvHE First
published results for the combination of HSCT watoptive NK cell transfer are indeed
encouraging, but more advanced studies are reqtarieténtify the optimal dose and timing of
the NK cell infusiont’®*"® Importantly, treatment of 27 patients with HSCTd aubsequent
transfer of allogeneic NK cells at relatively higtedian cell doses of 2xi@ells/kg correlated
with significant reduction in leukemia progressicompared to 31 historical control patients

treated under comparable conditidffsOf note, this high dose of NK cells was reached»by
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vivo expansion of the cells prior to the infusion. Thirst data from patients show the safety of
applying even high numbers of NK cells and thesgel&\K cell doses are probably required to
maximize the therapeutic effect. Furthermore, agieptransfer can be advantageous for
autologous HSCT. Autologous HSCT is often used wdikrgeneic HSCT is not applicable and
adoptive transfer of donor derived allogeneic NKlscean be part of the pre-conditioning

regimen to reduce the tumor mass before autolog@@&T *°

Unfortunately, HSCT itself is associated with tnalast-related acute and late complications
that cause disease relapse and reduce the chanaart in case of AML® Therefore,
replacing HSCT by other suitable therapies is neasle and applying chemotherapy combined
with adoptive transfer of allogeneic NK cells isé@stigated by several studies for the treatment
of patients with different types of cancér®"***Data of clinical trials exploring this approach
imply partial efficacy and one of the most promisiesults can be referred to a pilot study with
10 pediatric AML patient§* Remarkably, all children remained in remission atayed free of
disease in the follow up time of 2- 4.2 years. Base this finding a comprehensive double-
blinded study that involves multiple clinical cergevas started and the results are expected

soon**

The use of NK cell lines as effector cells for afil@ immunotherapy represents a treatment
with a special type of allogeneic NK cells thatamvent the need for a certain donor. Among
the known NK cell lines the well characterized NR48 a considerable alternative for primary
NK cells® Nevertheless, NK cell lines have to be inactivatgdrradiation prior to infusion
into the patient to stop their uncontrolled celblgeration that otherwise represents a major
safety risk. The inactivation most likely goes aamith an impairment of the therapeutic effect
of NK-92 and is a major drawback compared to pryimdK cells. Nevertheless, adoptive
transfer of NK-92 to cancer patients with dosesupfto 1x16° cells/nf was proven to be
safe® So far, clinical studies with NK-92 indicate pasit anti-tumor effects without off-target
effects and very encouraging results were obtaimedthree patients with advanced
chemotherapy-resistant lung cancer, which showegifgiant tumor responses including

clearance of metastases in the lymph nodes arldrigé®”’

Ex vivo cultivation allows pre-activation of NK cells andministration of higher cell doses
Apart from the use of NK cell lines, adoptive NKldberapy requires cells from a given donor,
restricting the total NK cell dose to < 2X¥Ifrimary NK cells that can be typically purifiedn
one donor aphaeresi§. Thus, the achievable therapeutic effect is propdishited by a
relatively low NK cell number that can be direcdgiministered. To overcome this hurdle,

cultivation and expansion of NK cell cells are im8d to maximize the NK cell dose prior to
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infusion into the patient. Furthermore, the cultiva phase is helpful to pre-active the cells
with cytokines and augment their anti-tumor funcsidoefore they are transferred to a patient.
Of note, long-term activation of NK cells in celllture medium containing high concentrations
of IL-2 results only in a low proliferation and alidfive fold expansion of NK cells in two
weeks, but it already yields NK cells with enhancgtbtoxicity"* In addition, the proliferation,
cytotoxicity and migration of un-stimulated NK cellis strongly inhibited by the
immunosuppressive drugs, such as mycophenolatetimibfat is often used during cellular
therapy, but this effect is negligible for IL-2rstilated NK cell$®® Another good example for
pre-activation of NK cells is the use of IL-12, 15 and IL-18. In combination these cytokines
result in cytokine-induced memory-like NK cells Witsustained high functionalify.
Furthermore, these NK cells strongly up-regulate2&thea-chain of the high affinity IL-2
receptor, and become sensitive to very low levels-@.?%° Therefore, a first clinical study was
started with AML patients to test the safety ofakyhe-induced memory-like NK cells together
with low dose IL-2 therap$’! Thus, even without increasing the number of NKsgshort term

cultivation using cytokines gives the opportuniiyatigment NK cells functionality.

In addition to cytokines, the co-culture of NK eelvith certain feeder cell lines efficiently
triggers NK cell expansion and provides higher N#l doses for therapy (chapter 1.5.3). In an
early report Escudier and colleagues utilized NKsoexpanded with irradiated LAZ 388 cells
in a combination therapy with IL-2 to treat patEemtith metastatic RCE? Due to improved
responses upon the applied treatment, they contltioEt adoptive NK cell transfer might
reduce the tumor burden of patients responsivé-®. ISimilarly, expansion of NK cells from
PBMCs using the irradiated Wilms tumor cell line WIF enabled up to three injections per
patient with > 18 cells per injection in a pilot study showing thefedy of this approach? In
recent years, engineered K562 feeder cells expmigegkiBBL and membrane-bound IL-15 or
IL-21 have proven its value as feeder cells foiciafht expansion of NK cells and are currently
assessed for clinical ué&:2°®In this context, acute GvHD surprisingly occuriedive of nine
patients with solid tumors in a recent study eviahgathe safety of adoptively transferred NK
cells that were expanded with engineered K562 esffsessing membrane bound IL#4This
was unexpected, because only a low dose of T ¢elx107kg) were co-transferred in the
completely HLA-matched recipients and it raised samoncerns about the general safety of
adoptive NK cell therapy. However, the NK cells weglso transferred at low doses (1-
10x10/kg) following T cell depleted HSCT. The observezite GvHD was associated with
higher donor CD3 chimerism and more common withelated donor transplants, suggesting
that alloreactive T cells were responsible forabate GvHD. Nevertheless, it appeared that NK

cells can at least indirectly contribute to acutHG and it's crucial to identify the underlying
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mechansimé&” Importantly, a different group utilized NK cellxganded with a similar K562
variant for the treatment of eight patients with Mivid did not observe GvHD, although up to
1x10° NK cells/kg were administeré® This event demonstrated that the exact treatment
protocol including NK cell dose, type of NK cellta@tion, time point of NK cell injection and
effects of other treatments and drugs that areiepph parallel still have to be carefully
investigated in future trials to exclude potenyiaisks of NK cell transfer. Besides the use of
engineered K562 feeder cells, NK cell expansiorhweiinical approved Epstein-Barr virus-
transformed lymphoblastoid cell lines (EBV-LCLSs)dstablished and yields large numbers of
highly pure NK cells in clinical-grade qualif§ Clinical-grade EBV-LCL-expanded autologous
NK cells are currently tested for therapy of diffiet cancers and because infusions of up to
2.5x10 NK cells/kg were already well tolerated by 26 eats, further dose escalating studies
with 1x10 NK cells/kg are plannetf?

1.4.4 Obstacles and perspectives for NK cell based cancérerapy

Tumor cells become unresponsive to NK cells asaltref immune escape

Although therapies with NK cells are promising felient issues challenge the success of these
approaches. First of all, cancer can acquire sesistto NK cell mediated elimination due to
immune escape mechanisms and NK cell immunoeditingzwas shown that cancer can lead
to deficient expression of essential NK cell receptsuch as the NCR, NKG2D, DNAM-1 and
2B4, thereby suppressing the NK cell activation fumtttion!®*°-*!!|n addition, proteolytic
cleavage of ligands for NK cell receptors from taenor cell surface, known as ligand shedding,
often circumvents recognition by NK cells as shdamnthe receptors NKp30 and NKGZH5-

?1> Besides proteolytic cleavage, tumor cells alsdbibiNK cells by secreting ligands in
exosomes as shown for the NKG2D ligands MICA andBB&*'®**” Of note, binding of
NKG2D ligands in its soluble form to the correspimd receptors even blocks NK cell
activation and leads to internalization of NKGZBAdoptive transfer oéx vivo activated and
expanded NK cells expressing high levels of NKG2Dan suggested option to scavenge
soluble NKG2D ligands from the patient serum andatoleast transiently overcome the
NKG2D-based NK cell resistance of the tumor céfis.

Antibodies can improve the NK cell anti cancerttiin different ways

The combination of NK cell therapy with therapeudittibodies that trigger NK cell mediated
ADCC could be another strategy to increase NK delfetionality and to overcome immune
escape mechanisms. As an example, cetuximab, apthdic antibody targeting the epidermal
growth factor receptor (EGFR), can restore thetoyio activity of soluble MICA-inhibited NK
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cells as shown bin vitro experiments with tumor-like spheroids from primasgfls of head and
neck squamous cell carcinonfad.NK cells anti-tumor activity via ADCC is generalgn
attractive aspect for cancer immunotherdpylhereby, modifying the Fc-parts of used
therapeutic antibodies can enhance the affinitydbrl6-mediated binding by NK cells and it
can boost the ability of NK cells for serial kiljn meaning to lyse many targets one after
another’”®?**Further advancement is reached by antibody strestwith multiple specificities.
So called bi-specific or tri-specific killer celingagers (BiKes or TriKes) are recombinant
produced proteins, consisting of variable singlaicHragments directed against one or two
tumor antigens and CD16, which allow direct actoatof NK cells through CD16 signaling
upon binding and induce specific killing of celledning the targeted tumor antigéfisBiKes
and TriKes against CD19 and CD22 clearly enhaneé\tk cell function against primary AML
and chronic lymphocytic leukemia (CLL) cells, white BiKe against CD133 successfully
augments NK cell activity against colorectal canmets?*#??* A BiKe against CD33, designed
to target AML and myelodysplastic syndrome (MDSlipws potent killing and cytokine
production by NK cells and overcomes the inhibitioh NK cells by KIR?®??" Of note,
antibodies against inhibitory KIR are applied topags the NK cell inhibition by MHC |
molecules and strengthen NK cell responses agaimsor cells. The antibody IPH2101
(lirilumab) is clinically tested alone or in combtion with other treatments for several
indications’*** In conclusion, NK cell therapy and therapeuticitaodies can benefit from

each other and open new treatment opportunities.

The use of IL-2 administration to support NK celinttion after adoptive transfer is
controversial

It's known for long time that injection of low do$ie-2 expands human NK cellg vivo.?**%
Consequently, adoptive NK cell transfer is oftembmed with low dose IL-2 therapy with the
aim to maintain an enhanced NK cell functiarvivo and improve the therapeutic effect of the
NK cells. Unfortunately, this IL-2 administrationduces significant expansion of Tregs, which
express CD25, the-chain of the high affinity IL-2 receptor®'**?*"Tregs possibly impair the
NK cell function via TGF-R and reduce the availdpibf 1L-2.1*?*® Specific elimination of
Tregs could solve this issue and can be achievatiil-2-diphteria fusion protein that binds
CD25 with high affinity”* In a clinical study with 57 AML patients investiijay adoptive NK
cell transfer, the IL-2-diphteria fusion proteinsuited in significantly improved rates for
complete remission and disease-free survival coeaptr the control grouff? However, even
with the depletion of Tregs only in 27% of the tezhpatients expansion of the donor NK cells

was detectable 14 days after NK cell infusion. Tlausalternative is needed to maintain the NK
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cell functionin vivo. IL-15 could be this alternative, because IL-1%esloot induce Treg

proliferation, while it expands NK cells in a sianilway as IL-2 doe¥"

The function of NK cells can be improved by genetigineering

With genetic modification of NK cells it's possible arm NK cells with improved therapeutic
features-'>***To achieve enhancéd vivo persistence, NK cells can be modified to prodiice |
2 or IL-15 themselves, avoiding the need for exogsrcytokines as shown with NK cell lines.
243-245 With targeting the expression of IL-2 to the enldsmic reticulum, secretion of the
cytokine can be avoided and possible side effectsother cells are eliminatédf. First
preclinical evaluation of primary NK cells transédcwith membrane-bound IL-15 vyields

positive results and supports clinical testinghi$ tapproacii*’

Genetically engineered effector cells expressinignelic antigen receptors (CARs) are among
the most promising developments in immunotherapyréoent years. Although current
approaches are typically realized with T cells, fihéerest in CARs with NK cells is
emerging?*®?*° CARs are constructs consisting of an antibody-bimddomain fused to a
cellular signaling domain. After binding of the #oidy domain to the corresponding antigen,
the effector cell gets activated and responds ¢oahcountered target. Therapy with CARs
turned out to be extremely effective. For instanttee treatment of 30 pediatric acute
lymphoblastic leukemia (ALL) patients with T ce#gpressing a CAR against CD19, resulted
in complete remission in 90% of the childf@h.Therefore, the therapy was granted
‘breakthrough therapy’ by the United States Food Bnug Administratiorf>> Consequently,
many investigators develop CAR constructs for NHKlscand preclinical evaluation of NK
CARs cells is ongoing. At present, most of the regmbwork on NK CARs is done with the
NK-92 cell line instead of primary NK cells (Tade?).

Table 1.2 Publications on CARs for use in NK calhcer therapy

Targeted antigens of NK CARs with number of publicgions

cells CD CD CD NKG2D
19 20 138 CS1| EGFR | ErbB2 | EpCAM | GD2 ligands Total
N K_g 2 2253,254 4253—258 1257 1258 1259 426(%263 1264 1265 15
P rl mary 266268 259 269 267 270
3 1 1 1 1 7
NK cells
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There are several reasons why NK-92 is preferabddudor NK CAR approaches as described
by Klingemanr?*® First, in contrast to primary NK cells, NK-92 dodsrequire a donor
apheresis and laborious cell purification step®rpto transduction. Second, NK-92 can be
transduced relatively easy, while transductioncaffies for primary NK cells are low. Third,
NK-92 is continuously growing, allowing unlimite@ltdoses in theory, whereas the number of
primary NK cells is limited. The last point is assue for adoptive NK cell therapy in general,
but it's even more critical in the context of gaoetngineering of NK cells, because due to the
low transduction efficacy the number of obtained BHector cells is even lower in the end.
Therefore, methods to obtain more NK cells for ddepNK cell therapy are urgently needed

and efficient methods fax vivo NK cell expansion are of great interest.
1.5 Exvivo NK cell expansion

Ex vivo expansion of NK cells is an important strategytoduce NK cells for adoptive cell
therapy and several review articles examine th@rpss in this discipline during the last
years:**1381392711-274rhis section covers important factors for NK aetbansion and gives an

overview about NK cell expansion protocols withde®n applications that reached clinical use.

1.5.1 The starting material and the importance of NK cellpurity

NK cells from different sources are usedd®nivo expansion

First of all, NK cells forex vivo expansion can be received from different souice2015, most
recruiting clinical trials utilized peripheral bldalerived allogeneic (79%) or autologous (13%)
NK cells, followed by other sources (8%) includitige NK-92 cell line and umbilical cord
blood?” This project focused on NK cells from peripheralddl as the commonly used starting
material. However, it should be mentioned thatedéhtiation and expansion of NK cells from
cord blood CD34 cells represents an upcoming optmrobtain NK cells with possible
advantages over conventionally used peripheraldhles pointed out by Anasetti et al and
described in the following’® When a suitable cord blood unit for a distinctip@mt is
identified, it's rapidly available “off-the-shelffrom a cord blood bank, whereas obtaining cells
from a peripheral blood donor is usually more twogsuming. In general, it's less challenging
to find an adequate cord blood donor, because ti#eHatching of donor and recipient can be
less stringent without increasing the risk for GvHDhe risk of infection transmission is
minimal and a risk for the donor does not existv@&theless, it has to be mentioned that the
differentiation and expansion of NK cells from &hex limited starting cell number using cord

blood takes about six weeK<,and the length of the process could hamper the efisient
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translation to broad clinical use. Another prongsifuture concept, which is still in early

development, is the generation of NK cells for #pgrfrom pluripotent stem cefté’

High NK cell purity of the NK cell graft is optimdbr clinical requirements

The NK cell frequency in the starting material eg@nts an important factor. Many protocols
start with a small fraction of NK cells within a xtiire of cells such as PBMCs and the NK cells
grow out over time. This strategy is simple andcpcal for later use of the NK cells in
autologous settings, but the approach appearsatritir allogeneic applications since remaining
non-NK cells in the final cellular product can tyay unwanted side effects. Alloreactive T cells
cause GvHD and represent a severe risk factor. @ariecells, alloreactive B cells should not
be infused, because they can lead to B cell lympiidgrative disorder upon Epstein-Barr virus
(EBV) reactivation,’*"?and they can result in the passenger lymphocytdreyne?®° Both are
critical side effects for the patient. In geneeahure NK cell product is essential to clearly ¢rac
back positive and negative treatment results to ¢ds and not to other cell subsets to
accurately evaluate clinical efficacy and possibigks of NK cells for immunotheragi
Therefore, NK cell purification is reasonable bef@x vivo expansion or at least before
adoptive transfer of the final cell product. Dejaetof CD3 T cells by magnetic cell separation
(MACS) is applied since more than 20 ye&fsDuring MACS, a conjugate consisting of a
specific antibody and a magnetic particle bindsc#jally to a desired target, such as CD3 on
T cells, allowing to retain and separate the talyed magnetic field®® After CD3 depletion,
subsequent magnetic enrichment of CD56 cells cggedermed to achieve highly purified NK
cells. Automated NK cell purification in clinicatale is realized by CD3 depletion and CD56
enrichment using the CliniMACS systeM?®?®*2%*Good manufacturing practice (GMP)-
compliant cell sorting represents an attractiveoopto start the clinical expansion of NK cells
directly with a highly pure NK cell subpopulatiofiiaterest. A first proof of concept is shown
by fluorescence-activated cell sorting (FACS) un@&P conditions to sort single KIRNK
cells, that are more cytotoxic against AML bladtart bulk NK cell$®” Nevertheless, all
antibodies for the intended sorting strategy agaiired in clinical-grade, hampering the general

translation of this method to broad clinical use.
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1.5.2 Cytokines for ex vivo NK cell expansion
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Figure 1.5 Structure of the receptors for IL-2,1k-and IL-21

IL-2 or IL-15 is essential foex vivo culturing of NK cells

Activation and a basic expansion of NK cells arbiemed by NK cell stimulating cytokines
(Figure 1.5). IL-2 and IL-15 belong to the mostergml components of NK cell expansion
protocols, since it's known for long time that ILahd IL-15 are crucial for proliferation and
survival of murine and human NK ceff§-?**IL-2 and IL-15 belong to the family of cytokines
that signal through the commarchain®® IL-2 is mainly secreted by activated T cells, whil
IL-15 is primarily produced by DCs and monocytés2land IL-15 share the same receptor
and 3-chains, CD132 and CD122, which form thé&erodimer that is the primary subunit for
the signal transduction. The commgithain is functional, but it binds cytokines onlythv
extremely low affinity. The $heterodimer has a intermediate affinity, but itl sequires
nanomolar cytokine concentrations for activatiomjlevthe heterotrimer consisting oy @nd
additional a-chain strongly increases the affinity and allowgnaling at picomolar cytokine
concentration§?®*” Importantly, thea-chains of the IL-2 and IL-15 receptors alone don’t
mediate signal transduction. The expression ofltHereceptora-chain (CD25) can be induced
on NK cells after stimulation, e.g. with the comdaincytokines IL-12, IL-15 and IL-18:**
The recepton-chain for IL-15(CD215) is predominantly expressed on the surfade@s and
monocytes, it binds IL-15 with high affinity and-IL5 bound to CD215 can be trans-presented
to NK cells, thereby enabling signaling through ¢ty-heterotrimef”® Recombinant IL-15 is
currently investigated in clinical trials and redamant IL-2 is utilized extensively since
decades, so that both components are commonlyahlaiin clinical-gradé® The use of well
defined and clinical-grade components is an imporéspect foex vivo NK cell cultivation to
best possible meet regulatory requirements foraairapplications.
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IL-21 is associated with NK cell proliferation, bitg exact role is unclear

Besides IL-2 and IL-15, the cytokine IL-21 may pkay important role for NK cell expansion,
since feeder cells genetically engineered to esprmaembrane-bound IL-21 were found to
provide a long lastingx vivo proliferation of NK cells>® However, for soluble IL-21 different
or even contrary effects are published. As andih&r family cytokine, IL-21 signals though a
heterodimer consisting of the commphain and the IL-21 receptarchain. IL-21 is mainly
produced by CD4 T cells and acts on various c@ksyincluding NK cell§® IL-21 has been
originally discovered as cytokine that plays a riolehe development of NK cells from bone
marrow progenitord® IL-21 can trigger apoptosis and shortens the géesof human and
murine NK cellsin vitro.***%%?|n mice, IL-21 acts inhibitory on the expansionNK cells but
induces functional NK cell maturatidff-** Although Wendt et al. published that human IL-21
appears to increase the proliferation of human CH%&NK cells™, others did not observe an
impact of IL-21 on the proliferation of NK cellsofim healthy human donors or HIV patieffts.
Taken together, IL-21 differentially affects theparsion of NK cells dependent on the
experimental setup and this cytokine should béh&srtnvestigated for its potential to enhance

ex vivo NK cell expansion.

1.5.3 The role of accessory cells and feeder cells for Néell expansion

Cytokines alone are not sufficient for stimulataincell growth. Culturing purified NK cells in
IL-2 containing medium for 2-4 weeks for instanesults only in a minor 5-20 fold NK cell
expansiort/*?”® Consequently, other stimuli are needed to enhahee proliferation and
protocols for NK cell expansion often utilize effeof non-NK accessory cells or add irradiated
autologous “feeder cells” to the culture (Table)1.Bhe most efficient NK cell expansion
however is achieved by culturing NK cells togethdth irradiated allogeneic feeder cells
(Table 1.4).

Autologous accessory cells trigger NK cell expansio

Expansion of NK cells from the whole PBMC fractiem more effective than starting from
purified NK cells, because non-NK cells within thal mixture provide positive factors for the
NK cell proliferation. CD14 cells within PBMCs akaown for example to enhance the NK cell
proliferation by soluble factors and via directlgetcell contact with NK cell§® In this
context, immature and mature DCs appear to be thia drivers of the NK cell stimulation,
whereas monocytes have little or no eff8EDC derived exosomes were shown to induce NK
cell expansion through NKG2D ligands and IL-t68%° T cells induce NK cell proliferation

after they have been activated, for instance bgaoavalin A Adding anti-CD3 antibody to
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PBMCs lead to a profound NK cell proliferatitii,>**#*31%3hrobably as a result of activated
T cells, but the exact mechanism is not reportdididal-grade NK cells can be grown out from
PBMCs by use of OKT-3, a clinical approved anti-C&gibody:>**>*1#-3131hjs approach is

suitable to expand autologous NK cells from différeancer patients as shown for B cell CLL
and multiple myeloma (MM)®**" However, starting thex vivo culture with PBMCs goes

along with co-expansion of T cells and NKT-likelsehat account for the majority of cells in
the final product. This contamination with non-NkKlls is problematic and undesirable,

especially for the use in allogeneic settings,excdbed in chapter 1.5.1.

Irradiated autologous feeder cells can yield expdridK cells with high purity

To make use of autologous non-NK cells for NK edpansion but to avoid the outgrowth of
these cells during culture, the non-NK cell frantis often separated, then inactivated by
irradiation and afterwards added again to NK cabsstimulating autologous feeder cells.
Irradiation of bystander cells is not only helpfaol stop them from growing, but it can also
provoke up-regulation of surface ligands that at8vNK cells, such as the NKG2D ligands
ULBP1-3 for instancé™ Nevertheless, co-culture of purified NK cells wiitradiated
autologous monocytes, B cells and T cells is a rapd GMP compliant method, but it's not
very efficient without activation of these bystandells (e.g. 16-fold NK cell expansion in two
weeks)*™ In contrast, Sakamoto et al. showed recently dtivated and afterwards irradiated
autologous PBMCs as feeder cells allow for a medi&20-fold NK cell expansion after three
weeks of cultivation with a final NK cell purity d31% starting with PBMCs from digestive
cancer patientS? Apart from OKT-3, Sakamoto and colleagues activale autologous feeder
cell fraction with two other clinical-grade compotg OK-432 and FN-CH296, additionally
explaining the good expansion performafCeStarting with already enriched NK cells using
CD3-depleted PBMCs and cultivation for two weekshwDKT-3 and irradiated autologous
PBMCs can yield a more pure cell population of 98% cells and ensures low numbers of
unwanted T cellé'® To maximize the purity even further, GMP-compliaetl sorting prior to
cultivation is a smart strategy to expand distMkt cell subpopulations. Siegler and colleagues
demonstrated that sorted single KIRK cells without other contaminating cell poputaits can
be expanded 160-390 fold in 19 days by OKT-3 aratliated autologous PBMCE.
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Table 1.3 Clinical strategies fex vivo NK cell expansion without allogeneic feeder cells

Stimulation

Starting

Material

Cult.
Syst.

Fold NK
Expansion

Purity
of final product

Without feeder cells

. CD3-depl o
IL-2 2004: | cpse-enr | 2 ° 99% NK
Koeht* PBMCs (2-4 weeks) <0.1%.
Autologous accessory cells
2010; Eel(;-ctor' ;;oblt;)a:egctor 38% bioreactor
2 PBMCs or, g 31% bags
Sult? bags; | 770 flasks 44% flasks
flasks | (20 days) 0
2009; 1036 total cells | ~30% NK
! ?
IL-2; OKT-3 Barkholts* | PBMCs ' (19 days) ~40% T cells
2008; Patient flasks 1625 ~65% NK
Alici 8 PBMC (20 days) ~22% T cells
2001; 193 ~55% NK
Carlend® | PBMCs plates (21 days) ~22% T cells
. 3.7 >90% CD56CD122
IL-2; IL-21 e chs-depl | CD56'CD122 | <3% NKT-like cells
(13-20 days) <0.3% T cells
Autologous feeder cells
IL-2; IL-15; 2015; gggggﬂ fasks | 16 97% NK
irr autologous PBMC| Torelli** (14 days) 02%T
PBMCs
IL-2; OK432; flasks
FN-CH296 + OKT-3| 2015; PBMCs and 4720 90.96%
. 0 _ - 0
ﬁfiﬁﬁggous - Sakamotd' bags (21-22 days) 4% T cells
. CD3-depl | flasks
2011, ges | patient and 278-1097 91-98% NK
Parkhur PBMCs bags (21-26 days)
IL-2; OKT-3 2013; CD3-depl bads 691 98.1% NK
irr autologous PBMC| Lim3® PBMC 9 (14 days) 0.06% T cells
2013; Ch3-depl | plates | 56 94.9% NK
Ahn'* PBMCs fasks | (14 days) 2.2% T cells
117/63 bags bags
ggg;ﬁep' bags; | (+/-IL15) 309%;NK
IL-2 +/- IL-15: _ PBMCs plates | 993 plates 45% NK (+IL-15)
OKT-3: 2010; (19 days) 0.6% T cells
. ’ Sieglef
irr autologous PBMC| + GMP
KIR bads 160-390 ~100% NK
corted 9 (+IL-15) >0.01% T cells

depl, depleted; cult. syst., culture system; emricaed,; irr, irradiated
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Allogeneic feeder cells are the most efficient slirfor ex vivo NK cell expansion

Since NK cells are generally more responsive togaiheic cells, it's not surprising that
allogeneic PBMCs turned out to stimulate NK celpamxsion better compared to autologous
PBMCs. In a study directly comparing the outgrowtiNK cells from the PBMCs of patients
with advanced lymphomas or terminal solid tumord{ Nells expanded 169-fold when
irradiated PBMCs from the patient were added astiaddl feeder cells, whereas 300-fold
expansion was achieved with irradiated PBMCs frogalthy donors'’ In addition, others
already showed in the past that competent NK oglhesion is achieved when starting with

purified NK cells and irradiated allogeneic PBMGsfeeder cell$!®

Since allogeneic PBMCs have to be available frodomor, it's easier to use established cell
lines as feeder cells for NK cell expansion. Intfaeveral cell lines are reported to induce NK
cell expansion including HFWT, K562, RPMI 1866, BiguL-1, MM-170 and EBV-LCL3!*"

323 However, at least so far only a few cell lines applied clinically for NK cell expansion.
Presumably, this is because cell lines possessilanited capacity for proliferation, they are
often tumorigenic and therefore represent a pakatifety risk for the patient. Consequently,
only cell lines with a proven safety profile are@ptable and it has to be ensured that the feeder
cells are efficiently inactivated by irradiation & they are used to expand NK cells for

adoptive NK cell therapy.

The Wilms tumor cell line HFWT selectively induddK cell expansion from PBMCs and cord
blood mononuclear celf$!**while high NK cell numbers in co-culture with idiated HFWT
not only arise from mature CD3D56" NK cells but also from CDED14CD19 CD56 NK
cell precursors expressing CD1%2 Furthermore, after transfer of cord blood monoeacl
cells together with HFWT cells into immunocomproedsmice, the numbers of COS8CD16"
as well as CD5&D16 immature NK cells significantly increased vivo. So far, NK cells
expandedx vivo with irradiated HFWT feeder cells were adoptivebnsferred to patients with

recurrent malignant glioma, showing that the theriarsafe and partially effectiv&

In recent years, expansion of NK cells from geradtijcengineered K562 cells has been shown
to be highly effective and first encouraging resultere obtained with K562 modified to
express membrane-bound IL-15 and the ligand for B41562-mb15-41BBL). While
unmodified K562 trigger NK cell proliferation froPBMCs only to some degree, allowing 2.5-
fold NK cell expansion after seven days, K562-md1BBL feeder cells yield around 20-and
1000-fold NK cell expansion after one or three veeekculture?®® Furthermore, stimulation of
NK cells using K562-mb15-41BBL revealed for thesfitime that NK cells can undergo up to

30 population doublingex vivo, allowing median 5.9 x f&old NK cell expansion in the long
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run, and indicating the high proliferative potehtif NK cells®*” Compared to un-stimulated

NK cells, NK cells expanded with K562-mb15-41BBLeamore cytotoxic against several
allogeneic and autologous tumor entities and effitty mediate ADCC?® In addition, human
NK cells expanded with K562-mb15-41BBL proved théierapeutic efficacy for the treatment

of sarcoma and myeloma in mouse xenograft motféfs’

Denman and colleagues tested the expansion of M& wéh IL-15 or IL-21 as membrane-
bound cytokines on modified K562 cells that weregiaelly developed to expand antigen-
specific T cells and therefore also expressed COE286, 41BBL and truncated CD19%.
Surprisingly, after three weeks of cultivation wittembrane-bound IL-21 an extensive increase
in NK cells of around 48 x £@old was achieved, while membrane-bound IL-15 gaxeund
0.8 x 10%-fold NK cell expansion, as seen with other IL-bpressing K562 variants before.
Moreover, weekly re-stimulation of NK cells witheliK562 transfectants allowed a sustained
level of NK cell expansion with K562 expressing nieame-bound IL-21, while the level of
NK cell expansion declined over time with K562 eegsing membrane-bound IL-15. Another
group confirmed that K562 expressing membrane-bdur2il and 41BBL support sustained
proliferation of NK cells and their experimentsthar suggested that activation of the STAT-3
signaling pathway is involved in the effect of meare-bound IL-21 on NK cell expansidi.
Using patient derived PBMCs or starting with PBM&em healthy persons for NK cell
expansion with K562 expressing membrane-bound ILylds comparable high NK cell
numbers and, most importantly, adoptive transfahe$e expanded NK cells into mice bearing
human neuroblastoma improved the survival of thmals, proofing the therapeutic efficacy of
these NK cell$*

B cell lines derived by EBV transformation, whichens already introduced as EBV-LCL,
represent one of the first cell lines that wereortgal to stimulate NK cell expansion 30 years
ago’*®3%%4The EBV-LCL cell line LAZ 388 was already applied expand NK cells for
clinical use in 1994, but back then the efficacyNéf cell expansion was still relatively limited,
only allowing around 43-fold NK cell expansion afte3-31 days of cultivatioh? After the
TM-LCL cell line was originally established to exgaCD8 T cell$™ this line was extensively
characterized and qualified for use in clinicahls?® Later, the TM-LCL was applied to
expand NK cells with clinical-grade quality. Co4uring of purified NK cells with TM-LCL
enables around 500-fold NK cell expansion after2egks and results in a highly pure NK cell
population for clinical applicatiorf8® The clinical grade SMI-LCL cell line was generated
similar to TM-LCL and it was applied more recentty expand clinical-grade NK cells from
cancer patients for adoptive NK cell therapy inaatologous setting’® Until 2013, 78 NK cell

products for infusion were successfully generatéd thhe SMI-LCL cell line that allows 3637-
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fold NK cell expansion after 24-27 days of cultuféus, co-culture of NK cells with the SMI-
LCL line proved its ability to produce clinical-gta NK cells for adoptive immunotherapy in an

efficient and reliable way and holds great pronficsduture NK cell applications.

Table 1.4 Clinical strategies fex vivo NK cell expansion using allogeneic feeder cells

Stimulation

Year;

Author

Starting
Material

Cult.
Syst.

Fold NK
Expansion

Purity of
product

Allogeneic feeder cells
IL-2; IL-15; i ) Day 12
PHA, lono 2002; CD3-depl, CDAdlenl) | 80-200 Y
irr ConA activated | Luhm®*® CD19-depl CD33- adS | (15 days) 91% CD56
allogeneic PBMCs depl PBMCs 0.3% CD3
IL-2; OKT-3; 2013 ]il-ofsrga/\i?(?/allo 84%/94% NK
irr autologous Kim3i7 Patient PBMCs plates feeder: for auto/allo
or allogeneic PBMCs ' feeder
(14 days)
IL-2; 2004; 113 86%
irr HEWT cells Ishikawa?® | PBMCS flasks (2 weeks) CD56'/CD16"
2005; 1089 “virtually
Imai®®® PBMCs plates (3 weeks) pure”
IL-2; 2009: 23,152,277 | Day 21
irr K562 expressing Fujisék?oz PBMCs bags | after 96.8% NK
membrane-bound 7,14, 21 days| 3 19 T cells
IL-15 and 41BBL
. G-Rex | 442 G-Rex o
ﬁgltze,v 37 PBMCs vessels;| 227 bags 203/50(;\] |.<r cells
b bags (10 days) 0
IL-15; 2011; . | Untouched isolated 9-11 day&™
irr K562 expressing Zhang NK (research kitj*® | ~1000
membrane-bound | 2014 CD3-depl/CD56-enr | (21 daysj® | >90% NK
IL-15 and 41BBL | gpaR® PBMCs** <0.2% T cells
IL-2; 2012 o | PBMCs flasks | 4810 21.7% T cells
irr K562 expressing | Denma (21 days)
membrane-bound 5013, . 2363 83% NK
IL-21 and 41BBL Liu3? Patient PBMCs flasks (14 days) 91% T cells
IL-2; PHA-P;
irr allogeneic 1994; Eggﬂg’z | g?gs ~43 90% NK
PBMCs; irr LAZ 388 | Escudiet™ | ~ b | (13-21 days) | <5% T cells
cells w/o monocytes plates
TM-LCL
250-850
. 2009, 98% NK
IL-2; irr. EBV-LCL Berd® CD3-depl/CD56-enr (2-3 weeks) (TM-LCL)
SMI-LCL 2% PBMCs from patienty bags SMI-LCL .
TM-LCL® ?:?1.135139 or healthy persons 198, 895, 3637 (QSQI\/TI/IO_'(EIIS
after 14-16,19-
22, 24-27 days

41BBL, 41BB ligang conA, concanavalin A; cult. syst., culture systelepl, depleted; lono, ionomycin, irr,
irradiated PHA, phytohemagglutinin
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1.5.4 Challenges for NK cell expansion due to clinical guirements

Regulatory aspects can hamper NK cells on their‘fvayn bench to bedside”

Since several preclinical studies revealed thecafff of NK cell therapy, clinicians are
interested in the translation of these findingso intlinical applications and several
investigational trials were already initiated, assctibed before. Nevertheless, the transfer of
basic research results to clinical use is oftenidried, because previously applied methods are
not compliant with clinical requirements including-scaling issue and the need for processes
that are compliant with GMP. GMP is the umbrellamefor official guidelines that cover
regulatory aspects for the manufacturing and quativntrol of products with intended
therapeutic use. Thereby, GMP assures an adedgatéekiel of safety, quality and efficacy of
these products. Importantly, GMP is not only catifor industrial manufacturers with focus on
cellular products in the late phases of clinicableation, but also essential for academic
investigators planning early phase clinical tridld-urthermore, GMP guidelines differ between
different regions of the world. The clinical useesfpanded NK cells is complicated, becagse
vivo processing of cells generally involves methods aadhponents for cell isolation and

cultivation that harbor the potential risk to b#ical for GMP demands.

Standardized expansion of NK cells is challenging

Consistent clinical NK cell expansion depends oalifigd and preferably well defined cell
culture ingredients to be GMP-compliant. Whereat®lages such as IL-2 and IL-15 fulfill
these requirements, cellular components of exparmiotocols such as feeder cells cannot be
clearly defined and possibly vary in quality froratth to batch when they are maintained in
culture over longer time. Using one large batclprefviously produced and then cryopreserved
and qualified feeder cells could circumvent thsuis to some extent and the feasibility of this
approach was demonstrated for K562 feeder cellsesgmg membrane-bound IL-15 and
41BBL ** Furthermore, for TM-LCL feeder cells it was showsing global gene expression
profiling that the cells do not change in cultuoe &t least three month, ensuring that TM-LCL
cells at different culture periods yield expanded ¢lls with a constant qualifyf* Still, feeder
cells embody a factor foex vivo NK cell expansion that is difficult to control. Uik, better
understanding of the mechanisms for NK cell expan# important to overcome the need for

feeder cells in the future.

Automation of the cell processing is essentiallfi@ success of cellular therapy
Cellular therapies are generally associated withtively high costs, due to the complex

procedures that are applied and the often req@xpensive reagents. Sipuleucel-T, a cellular
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therapy for prostate cancer basedegrvivo stimulation of DCs, successfully reached clinical
use, but it's extremely expensive in relation ts itelatively limited clinical efficacy,
demonstrating the challenge for cellular therapeesompete with cheaper and more easily
administered therapié&: Automation of the production process is cost-sgvihbest possible
assures constant product quality without the needighly skilled experts, and it's therefore
required to make cellular therapy more widely aalé beyond specialized academic centers.
For clinical purification of NK cells, NK cell erdhment from PBMCs is commonly applied by
automated CD3 depletion and subsequent automatesb @Rrichment, using MACS with
clinical-grade separation reagehts*’* Thus, a suitable solution for automated and GMP-

compliant NK cell purification is established.

While GMP-conformity is not an issue for NK cellrgication anymore, the cultivation of NK
cells remains challenging. In some clinical tridd¥ cells are still cultured in small scale tissue
culture flaks (T flasks) by hand, so that it's reqd to handle for instance 51 T flasks for a
single treated patient® This high number of T flasks represents a workltzat is hard to
manage and it potentiates the risk of generatingresterile product, because it's required to
open the vessel from time to time to exchange miltnedium. Compared to T flasks, cell
culture bags allow to handle a larger culture va@wahonce over long time without opening the
bag, but the expansion performance is reddtedf: First investigators automated NK cell
culture processes using a bioreactor systéii****But, this bioreactor system still needs an
initial manual cultivation phase, because relayivegh culture volumes are needed to start the
automated culture and this automated cultivatioesgalong with declined NK cell yields
compared to manual cultivation in small scale. @gugntly, better solutions have to be found
for GMP-compliant NK cell cultivation to supportetlsuccess of adoptive NK cell therapy in

future.

To summarize this chaptesx vivo expansion is a strategy to provide high numbeisctfated
NK cells that are originally derived from periphibdood in most cases. Cytokines are essential
but not sufficient to induce a high level of NK Iceroliferation. Thus, NK cell expansion
protocols take advantage of non-NK cell accessafis and feeder cells and the highest
possible expansion is achieved with allogeneicdeedll lines. Although protocols for NK cell
expansion progressively improved over time, prdaperslation of methods fax vivo NK cell

expansion to therapeutic use in clinical scalgiliscomplicated because of GMP requirements.
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Figure 2.1 The project deals with the translatibhK cell therapy from “benchtop to bedside” anchai
at the development of a method for clinical NK @dpansion, a big challenge for NK cell therapy.

Since NK cells are able to detect and kill tumaditsgceadoptive NK cell transfer represents a
therapeutic opportunity to combat cancer. Howetleg, low number of NK cells that can be
obtained from a donor possibly restricts the effjcaf adoptive NK cell therapy. Thus,
protocols forex vivo NK cell expansion and activation are needed tfillftthe requirement to
generate high numbers of NK cell effector cellsthis context, NK cell therapy is hampered by
the lack of suitable methods for clinical scale N&I expansion that can be used routinely
within a GMP regulated environment (Figure 2.1)ef@fore, the aim of the project was to
develop a highly efficiengx vivo activation and expansion of NK cells for clinicele in cancer

immunotherapy. To reach this main goal, three baséstions were defined:

(I) What is a suitable technical method to traresfabtocols for NK cell expansion from early
development in laboratory scale to large scaleliarcal use?

(I1) What is the most efficient way to induce NKllgaroliferationex vivo to serve clinical
needs?

(1l How doesex vivo activation and expansion of NK cells affect thempdtype and function

of the cells and what are the consequences farahéitumor efficacy?

These clinically relevant questions were addressettis work. Thereby, the results of the
project contribute to overcome a major challengBligfcell adoptive immunotherapy, they gain
a better understanding of NK cell biology and thepefully result in an improved treatment of

cancer.



3 Materials and Methods

Parts of the text in this chapter have been dirdakten or slightly modified from Granzin et al.
(2015§*° and from a second manuscript that is currentlynsted>*’ The text has been
originally written by myself. This chapter descsball materials and methods used in

experiments that were performed to meet the aintiseoproject.

3.1 Materials

3.1.1 Primary cells and cell lines

Primary NK cells were obtained from healthy donaiffyp coats (Klinikkum Dortmund) or
leukapheresis products (Hannover Medical Schoolnndeer, Germany, or Institut fur
Klinische Transfusionsmedizin und Immungenetik Wemeinnitzige GmbH, Ulm, Germany).
The EBV-LCL (SMI-LCL) line was provided by Dr RicithW. Childs (National Heart, Lung
and Blood Institute, National Institutes of HeaBethesda, MD, USA). Human T cell leukemia
cell line 1301 was obtained from Sigma-Aldrich, afB62, Raji and Daudi cell lines were
purchased from German Collection of Microorganisraad Cell Cultures (DSMZ,
Braunschweig, Germany). UKRV-MEL-02, COLO-205, SK=M28 and SK-MEL-28-luc

were obtained from German Cancer Research Cenkdf4{PHeidelberg, Germany).

All cell lines were maintained in Roswell Park Matiab Institute (RPMI) 1640 supplemented

with 10% fetal bovine serum and 2 mmol/L L-glutamin

3.1.2 Mice

NOD-scid IL-2Rgamm®" (NSG) mice were bred at the DKFZ animal faciliMice were
housed under specific pathogen—free conditionsimma@cordance with all standards of animal

care. All animal experiments were approved by tegi®&ungsprasidium Karlsruhe.

3.1.3 Cell culture media

Table 3.1 List of used cell culture media

Medium Supplier
RPMI 1640 Biowest
RPMI 1640 Miltenyi

TexMACS research | Miltenyi

TexMACS GMP Miltenyi
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3.1.4 Laboratory accessories and cell culture products

Table 3.2 List of used laboratory accessories

Materials

Material Supplier Material Supplier
Columns for MACS Miltenyi Filter Tips Biozym
(LS, LD) Lumaplate Perkin Elmer
Cell culture plates BD Biosciences: Mr Frqsti Freezing Th.erm.o'
(6, 12, 24, 48, 96, wells; Corning Container Scientific
round and flat bottom) Needles Microlane 3 (30 G] BD
Cell culture flasks TPP: Greiner: Pipette combitips Eppendorf
(75, 150, 175 cfy Pipette tips Eppendorf
Cell strainer S Pump MPC 101 ILMAC
BD Biosciences
(40 UM, 70 uM) Scalpels Feather

Centrifugal filters 10K Amicon Serological pipettes Sarstedt; Costar

CliniMACS tubing set Miltenyi Surgery equipment Dimeda

TS100 Syringes

CliniMACS tubing set Miltenyi - with Lure-Lock BD

TS 310 0. 50 Discardit;

TS 730 - TBC1mL mediware

Cryo-Vials Thermo Transfer bags Terumo
Scientific Transfusior

Eppendorf cups Eppendorf Transwell plates (0.4 uM) | Corning
B0 Biosciences: Tubing interconnectors Miltenyi

FACS tubes ’ Quadro MACS separator | Miltenyi

Corning

Falcon tubes
(15, 50, 250 mL)

BD Biosciences

3.1.5 Solutions

3.3 Lists of used solutions

PBS/EDTA/BSA (PEB) buffer
for use during flow cytometry staining

Buffer for
CliniMACS processes

for automated GMP compliant cell processing

CliniMACS buffer

Human serum albumin (HSA)

0.5%

Sodium chloride 137 mM
Disodium chloride 8.1 mM
Potassium chloride 2.6 mM
Potassium dihydrogen phosphate| 1.4 mM
EDTA 2 mM
BSA 0.5%

Red blood cell lysis buffer

for preparation of cells from mouse blood

Ammonium chloride

8.3 g/L

Potassium bicarbonate

1g/L

EDTA

37 mg/L
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3.1.6 Antibodies

Antibodies for flow cytometry were conjugated widiophycocyanin (APC), phycoerythrin
(PE), fluorescein isothiocyanate (FITC), VioBrigHTC, APC-Vio770, PE-Vio770, VioBlue or
Viogreen, Antibodies used for blocking during agllture experiments were of functional grade
or were concentrated with centrifugal filters andsdlved in CliniMACS buffer to ensure

absence of sodium azide and endotoxins.

Table 3.4 List of used antibodies

Antigen Antibody Supplier Antigen Antibody Supplier

|/ Target Clone / Target Clone

CX3CR1 2A9-1 Miltenyi CD159a REA110 Miltenyi

CD2 LT2 Miltenyi CD159c REA205 Miltenyi

CD3 BW264/56 | Miltenyi CD178 NOK-1 Miltenyi

CD14 TUK14 Miltenyi CD210 REA239 Miltenyi

CD15 VIMC6 Miltenyi CD226 DX11 Miltenyi

CD16 VEP13 Miltenyi CD244 REA112 Miltenyi

CD20 LT20 Miltenyi CD253 RIK-2.1 Miltenyi

CD20 rituximab Roche CD314 BAT221 Miltenyi

CD25 4E3 Miltenyi CD314 1D11 eBioscience
CD25 REA570 Miltenyi CD334 9E2 Miltenyi

CD25 B-B10 eBioscience CD336 2.29 Miltenyi

CD40 HB14 Miltenyi MICA/B 6D4 Miltenyi

CD45 5B1 Miltenyi migG1 P3.6.2.8.1 eBioscience
CD48 REA426 Miltenyi migG1 IS5-21F5 Miltenyi

CD56 REA196 Miltenyi migG2a S43.10 Miltenyi

CD57 TBO3 Miltenyi mlgG2b IS6-11E5.11| Miltenyi

CD58 TS2/9 Miltenyi migM IS5-20C 4 Miltenyi
CD62L 145/15 Miltenyi IFNy LT27:295 Miltenyi

CD94 REA113 Miltenyi IL-10 JES3-9D7 Miltenyi
CD107a H4A3 Miltenyi NKp80 4A4.D10 Miltenyi
CD137L REA254 Miltenyi TNF-a cA2 Miltenyi
CD158a REA284 Miltenyi ULBP1 #170818 R&D Systems
CD155 PVv404.19 Miltenyi ULBP3 #166510 R&D Systems
CD158b DX27 Miltenyi ULBP2/5/6 | #165903 R&D Systems
CD158e DX9 Miltenyi
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3.1.7 Kits and reagents

Table 3.5 List of used kits and reagents

Materials

Material Supplier Material Supplier
AB serum Invitrogen, GolgiStop BD Biosciences
lifetechnologies Heparin-solution Braun
Agilent Gene Expression | Agilent Hyaluronidase Typ V Sigma Aldrich
Hybridization Kit Technologies Human Serum Albumin Grifols
Agilent Low Input Quick Agilent IFNy Miltenyi
Amp Labeling Kit Technologies lonomycin (lono) Sigma Aldrich
Agilent RNA 6000 Agilent IL-2 (Proleukin) Novartis
Nano Kit Technologies - -
Aolent SurePrint G3 IL-12 Miltenyi
gilent SurePrin . - - -
Human Gene Expression ?ggﬁgtﬂo s IL-15 M!Iteny!
Microarrays 8 x 60K v2 9 IL-21 Miltenyi
- : Isoflurane Braun
Ammonium chloride Sigma Aldrich —— - —
_ _ D-Luciferin, Staybrite Biovision
Bovine Serum Albumin Bovogen
(BSA) Biologicals Lympholyte-M Cedarlane
CD3 MicroBeads Miltenyi - - - :
- - y. MACSplex Cytokine 12 kit,| Miltenyi
CD56 MicroBeads Miltenyi - ——
. - Monensin eBioscience
Celltrace Violet Life NK cell isolation Kih il :
Proliferation Dye Technologies ce 'Sc_’ ation 't_ uman [T
Celltrace CESE Life NucleoSpin RNA kit Machery-Nagel
Proliferation Kit Technologies PANCOLL PAN Biotech
CliniIMACS buffer Miltenyi D-PBS Sigma Aldrich
ini i-Biofi Propidium iodide Miltenyi
CliniMACS anti-Biotin Miltenyi pidium ioai y
reagent _ : :
CliniMACS CD19 reagent | Miltenyi gh;)rbo_l mygl_stats acettate g!gma ﬁ:grlc:
CliniMACS CD56 reagent | Miltenyi ° ass!um |car. onaxe gma AlCne
— — - - Potassium chloride Merck
CliniMACS TCRaB-Biotin | Miltenyi
Dimethylsulfoxide (DMSQ)| Sigma Aldrich Potassium dihydrogen Merck
DNAse | Sigma Aldrich RA1 buffer Machery-Nagel
Fetal bovine serum Biochrom Sodium chloride Merck
Ethylene-diamine- Fluka; Telomere PNAKit/FITC | Dako
tetraacetic acid (EDTA) B.|ochrom TNFa Miltenyi
Fixable Aqua Dead Stain 'Il_'gehn o Triton x-100 Sigma Aldrich
chnologies Trypan blue Sigma Aldrich

L-Glutamine

PAA
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Materials

3.1.8 Devices and equipment

Table 3.6 List of used devices and equipment

Material Type Supplier
Cell processing device CliniMACS Prodigy Miltenyi
Biofuge pico
Multifuge 4KR
Centrifugues Multifuge X3R Heraeus
Multifuge3SR
Varifuge 3 ORS
Counting chamb Neubauer chamb Blau Branc
Flow cytomete MACSQuant Analyzer 1 Miltenyi

Microarray Equipment

Agilent 2100 Bio-analyzer

Agilent’s Microarray Scanner System G2505

~Agilent Technologies

Hybridization chamber and oven

ND-1000 NanoDrop Technologies
Incubators Heracell 24 Heraeu

BBD6220 Heraeus

Animal irradiator OB 58/902-1 Buchler
Irradiators Gammacell 1000 Theratronics

RS 2000 Biological Research Irradiator Radsource
Imaging systems fd_n IVIS imaging system-100 Perkin Elmer
VIVO |UCIferase aCt|V|ty VIS |umina series 11

) Typ HS12 Heraeus

Laminar flow clean
benches Typ KS12 Heraeus

Cell Gard, Lab Gard Nuaire
Lumaplate reader TopCount NXT Perkin Elmer
Microscopes DM”‘ Leica

Wilovert 30 Hund Wetzlar
Multichannel pipette Transferpipette Gilson
Multistepper Multipipette plus Eppendorf
Liquid nitrogen tanks Cryostem 6000 MVE

1500 series 190 MVE
Piepette boy Cell Mate I Matrix
Red light lamp Heat Glo 75 W ExoTerra

2 Terumo transfusion
Sterile tubing welders products

Sterile tubing welder Hematron Ill Baxter
Thermomixer Compact Eppendorf
Water bath Heraeus Julabo TW20 Kendro
Vortexer VortexGenie 2 VWR
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3.2 Methods

3.2.1 Flow cytometry and cell counting

Cells were stained according to the product maofithe used staining antibody and analyzed
by means of the MACSQuant Analyzer 10 and MACSQfaat5 software. Dead cells were
routinely excluded from the analysis by means afppium iodide staining. Mouse 1gG1,
IgG2a, 1gG2b, IgM or control REAfinity antibodieREEAS) conjugated with the respective dyes
were used as isotype controls. Of note, the sanfpbes the comparison between automated
and manually expanded NK cells (chapter 4.1) weseed in liquid nitrogen first, so that they
could be analyzed all together at a later time tpdimot stated differently, determination of cell

concentrations was always done by use of the MAGBQANalyzer.

3.2.2 Cell counting with Neubauer chamber

For maintenance of cell lines, cells were countsthgi a Neubauer chamber in case no
MACSQuant instrument was available. The cell suspenwas diluted with an appropriate
volume of trypan blue solution (0.05% w/v) for distination of dead cells. Viable cells were
counted with the Neubauer counting chamber andéfieconcentration was calculated using

the following formula:

Cell concentration per mL = counted cells/countgubses x dilution factor x 0

3.2.3 Freezing and thawing of cells

To freeze cells, the cells were suspended in RPBdiom with 20% fetal bovine serum and
10% dimethylsulfoxide (DMSO) at 1-10 x 1@ells/mL and transferred in cryo-vials. After
initial storage in Mr Frosti Freezing Containers&@°C for 24-72 hours, the frozen cells were
transferred to liquid nitrogen. For thawing, cellsre incubated at 37°C by use of a water bath
until the sample is not frozen anymore and aftedwdhe cells were washed once before use
(300 x g for 1 min).

3.2.4 The CliniMACS Prodigy system as tool for automated\K cell processing

The CliniMACS Prodigy system allows for automatioh cell manufacturing processes for
routine use in the clinic and it combines manyed#ht features as shown in Figure 3.1. Due to
its suitable properties, the CIliniMACS Prodigy wselected as a tool to develop a fully
automated and GMP-compliant process for expandidtkocells that is readily applicable for

clinical use. For this purpose, the flexible pragnaing suite (FPS) of the instrument was used
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to design four different programs and the processias performed with the CIliniMACS
Prodigy software version V.1.1.1 (build 2180). Tpegrams were generated for use with
Tubing Set 730 and they are described very brieflythe following. The program
“NK_cell_setup_cultivation” allows the transfer die NK cell suspension from a clinical
reservoir bag to the CentriCult Unit (CCU) and miit with a selectable volume of cell
culture medium from another reservoir bag. The raog“NK_cell_culture” is used to ensure
that the temperature and gas composition withifd@él is maintained at selectable parameters
and spinning of the CCU at selectable intervals lmarchosen to ensure mixing of cells. The
program “NK_cell_media_feed” allows removing andliag) selectable volumes of cell culture
media from and to the CCU. The last program “NKI| ¢ake sample” allows for shortly
spinning of the cell suspension within the CCU dahdn 3 mL of the cell suspension are
pumped in a sample pouch that can be welded offi fifee tubing for analysis. The detailed
process steps during the automated NK cell cultwatsing a clinical-grade NK cell expansion
protocol are explained in chapter 3.2.6. Furtheantine instrument was used for automated

enrichment of NK cells from leukapheresis prodastslescribed in chapter 3.2.5.

A .. CliniMACS Prodigy components
@: i { 1. Closed system consisting
8l ‘ of sterile bags and tubing

. Valves for liquid/gas transfer

. Bubble sensors

. Pump
. CliniMACS separation magnet
. CentriCult Unit

+ temperature control

s
oF &

“ 5 =

o g A W N

7. Microscope

8. Camera

. 9. Gas supply

E
= 10. Touch screen

Figure 3.1 The CliniMACS Prodigy system incorposaseveral features for complex processing of cells
for clinical use within a closed system. (1) Cladibags are connected to a closed tubing set dow al
sterile conditions during the process. (2) Seveahles are used for controlled transfer of liquadsl gas

to the different components of the instrument. §8nsors for air bubbles allow discrimination betwee
liquid and air in defined sections of the tubingsering proper process control for handling of ilituand
gases. (4) A pump transports liquids and gasedligfiaed speed. (5) Magnetic cell separation iniciil
scale can be performed by a large MACS column aspkaial clinical scale magnet for MACS. (6) The
CentriCult Unit allows centrifugation and cultivaiti of the cells. (7) Cultured cells can be obseitwedn
installed microscope. (8) A camera for layer détecican be used during centrifugation and allows
density gradient centrifugation including isolatioicells from a detected layer. (9) Defined gaspdyis
provided during cell culture applications. (10) @gi®n of the system and in-process control is dona
touch screen.
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3.2.5 Cell separation

PBMC preparation from buffy coats

Standard density gradient centrifugation was usecbltain PBMCs from buffy coafé®
CliniMACS buffer with 0,5% human AB serum was added®0-30 mL of buffy coat to a total
volume of 35 mL and layered over 15 mL of Pand@#ntrifugation was performed at 445 x g
for 35 min with break 0 and the PBMC layer wasasedl. After a first washing step at 300 x g
for 15 min a second washing step was performed@tx2g for 10 min to efficiently remove

remaining platelets.

Magnetic cell separation (MACS)
Purification of NK cells was performed by MACS.

Manual untouched separation of NK cells
For untouched NK cell isolation from buffy coat8NC preparation was performed first. Then,
the NK cell isolation kit human was applied for aunthed enrichment of NK cells from PBMCs
according to the user manual. This protocol redufgpically in >95% CD58CD3” NK cells

and was used routinely to obtain purified NK célisot stated differently.

Manual separation of NK cells preceding automat&dckll expansion
To obtain NK cells for automated NK cell expansi@nd manually performed NK cell
expansion in comparison), NK cell separation wasieddby CD3 depletion and CD56
enrichment, representing the current standardliioical NK cell enrichment. Briefly, NK cells
were enriched from buffy coat derived PBMCs by nseah CD3 depletion with the use of
human CD3 MicroBeads and LD columns followed by 6@&richment with the use of human
CD56 MicroBeads and LS columns, according to tlee osanuals.

Automated NK cell separation using the CliniMACS®@gy system
For separation of NK cells from leukapheresis patgitthe CliniMACS Prodigy instrument and
tubing set TS310 were used for automated TRCD19 depletion according to the available
application sheet. Further automated CD56 enrichragth the use of the instrument was

achieved by means of Program Enrichment 1, CliniNACD56 Reagent and tubing set TS100.
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3.2.6 Expansion of NK cells

If not stated differently, purified NK cells wereutinely cultivated in medium supplemented
with 5% human serum type AB and 500 U/mL of IL-&her together with 100 Gy irradiated
EBV-LCL at a ratio of 1:20 and a starting conceindraof 5.25 x 18 total cells/mL, or without
feeder cells at a seeding density of 5 X délls/mL. The AB serum was heat-inactivated for 20
min at 56°C. TexMACS GMP medium was used for autech&K cell culture and for manual
NK cell expansion that was performed as a comparisdhe automated cultivation. TexMACS
Research medium was used for all other experiménagliation of feeder cells was performed
by x rays using the RS 2000 instrument or by gammngs using the Gammacell 1000
device. .Under some conditions, human IL-21 waseddo the medium, as indicated, with a
concentration of 100 ng/mL if not stated differgnfThe NK cell density was checked during

cultivation by staining and counting viable CITD56" cells by flow cytometry.

Manual NK cell expansion

NK cell culture was started as described beforegu$iflasks or cell culture plates. Seven days
after start of cultivation fresh medium was addedduble the culture volume and every second
to fifth day thereafter fresh medium was added itatel the cell density to 5-8 x 1ONK
cells/mL. Expanded NK cells were re-stimulatedadéer time points in some experiments, as
indicated, by co-culturing the expanded NK cellaiagwith irradiated EBV-LCL at a ratio of
1:20 at a cell concentration of 5.25 X’ 16tal cells/mL. For practical reasons, only a it of

the cells was kept in culture over longer time #r@NK cell expansion fold was determined by
dividing the theoretical NK cell number at the tipeint of interest by the NK cell number at

start of cultivation.

Automated NK cell expansion using the CliniMACS &gy

Automated NK cell expansion was performed by mezdribe CliniMACS Prodigy instrument
with the use of tubing set TS730 and programswlese generated with a process development
platform provided with the instrument (see chaft@r4). In short, a clinical bag containing the
starting cell material was connected to the tulsiggthrough sterile welding, and the cells were
transferred automatically to the CCU of the instemin A cultivation program for temperature
control and repeated input of @@aintained the cultivation conditions comparallenanual
cultivation by means of an incubator at 37°C and®%. The cultivation was initiated with 70
mL culture volume, and the volume was increasetd® mL at day 7 and to 280 mL at day 9
by pumping in fresh medium from a reservoir bagdMm (210 mL) was exchanged at day 12
while the cultivated cells were retained in the Citcentrifugation. Until day 7, the cells were

cultivated in a static culture, and, after day ors centrifugation intervals of 1 to 2 seconds
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were used every 30 to 60 seconds to gently mixélis, allowing high cell density cell culture.
Transfer of small volumes of the cell suspensiostéoile sample pouches was used at days 7, 9,

12 and 14 for sampling during the process.

3.2.7 Gene expression

RNA isolation, amplification and labeling

For total isolation of ribonucleic acid (RNA), 11%° unexpanded and expanded NK cells per
sample were lysed in RA1 buffer and stored at —20°P€ ensure high purity of the starting
material, only CD3-depleted and CD56-enriched NHsceere considered for micro-array
analysis. Human total RNA was isolated with the ofsthe NucleoSpin RNA kit. RNA guality
and integrity were determined with the use of thggleéhit RNA 6000 Nano Kit on the Agilent
2100 Bio-analyzer, and RNA integrity numbers weomftmed to be between 8.1 and 10.
According to published data, RNA integrity numbe8 s of sufficient quality for gene
expression profiling experiments. RNA was quantified by measurement of A260 nm an th
ND-1000 spectrophotometer. Total RNA from unexpahaled expanded NK cell samples (100
ng each) was used for the amplification and laleditep with the use of the Agilent Low Input
Quick Amp Labeling Kit. Yields of complementary RNAeasured with the ND-1000
Spectrophotometer were in all cases >5 mg, andimy@rporation rates were in all cases
>15fmol/ng.

Hybridization of agilent whole human genome oligoratarrays

Hybridization was performed according to the Adil€&®-mer oligo-micro-array processing
protocol with the use of the Agilent Gene Expressitybridization Kit. Briefly, 600 ng of Cy3-
labeled fragmented complementary RNA in hybrid@matouffer was hybridized overnight (17 h,
65°C) to Agilent SurePrint G3 Human Gene Expresdlaroarrays 8 x 60K v2 with the use of
Agilent's recommended hybridization chamber and nové&luorescence signals of the
hybridized Agilent Microarrays were detected witte tuse of Agilent's Microarray Scanner
System. The Agilent Feature Extraction Software §FHE.7.3.1) was used to read out and

process the micro-array image files.

Pre-processing of micro-array data

Raw intensity data were extracted from Feature &xton output files for Agilent Whole
Human Genome Oligo Microarrays 8 x 60K v2 with thee of Rosetta Resolver software
(Rosetta, Inpharmatics, LLC). All subsequent catiahs were performed with the use of

R/Bioconductor and software packages thet&ifr! Background-corrected intensity values
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were normalized between arrays by means of quamiienalizatior?>* Reliable signal
intensities were considered & < 0.01, according to the Rosetta error mddelLog2-

transformed normalized intensity values were usedidbsequent statistical analysis.

The data set has been uploaded to the NCBI GEOQcpidiabase: record No. GSE62654.

3.2.8 Cytotoxicity assays

Flow cytometry based assay for NK cell cytotoxiatyd ADCC

Different target cells were labeled with CellTradelet according to the user manual (2 uM; 5
min). Labeled target cells (1 x )0per well were seeded in 96-well round-bottom gsaand
cultivated alone, as a control, or with NK cellsddferent NK-to-target ratios, as indicated. To
analyze antibody-dependent cytotoxicity, 1 mg/mLriaiximab was added directly to the co-
culture of NK cells and target cells. After 4 hin€ubation, plates were stored at 4°C for 0.5 to
2 h before the viable CellTrace Violet-positivegetr cells were quantified by use of the
MACSQuant Analyzer 10. The difference between thmlper of viable target cells in samples

with NK cells and in samples without NK cells wafided as killed target cells.

Killing assay based on chromium release

A standard’Cr- release assay was performed as follows. Tagjkstwere suspended in 500 pL
RPMI medium and incubated with 100 u&Cr for 60-90 min. Afterwards, the labeled target
cells were seeded at 3¥16ells/mL in 96-well round-bottom plates and cotibated for 4
hours with RPMI medium or with NK effector cells different NK-to-target ratios or with
RPMI medium containing 10% Triton x-100. The supéants (100 pL) were transferred to a
lumaplate and after drying over night the signgmsity was measured using a lumaplate reader.

The percentage of specific lysis was calculatechfoounts for'Cr release as follows:

Specific lysis = (counts for NK cell sample — ctaufor medium)

/ (counts for Triton x-100 — counts for medium)001

3.2.9 Degranulation and production of IFN-y and TNF-a

Cytokine production and degranulation were analymedeans of flow cytometry. NK cells (2
x 10%) per well were in seeded in RPMI medium using $8hwound-bottom plates. The NK
cells were left untreated, as a control, or weiaidated with 1 x 10K562 cells or with 50
ng/mL phorbol myristate acetate (PMA) and 0.5 pkoimycin (lono). During the stimulation,
the cells were cultivated with CD107a-APC in adulitto Monensin or GolgiStop according to

the user manuals. For experiments using stimulatith K562, the cultivation was stopped
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after 4 h, whereas stimulation with PMA/lono wagfpened for 2 h. Then, labeling with
Fixable Aqua Dead Stain was used in some casesctade dead cells during the analysis.
Afterwards, the cells were fixed, permeabilized atained for IFNy, TNF-a and CD56 (Inside
Stain Kit, Miltenyi). The latter marker was useddscriminate NK cells from co-cultivated
K562 target cells.

3.2.10 Cytokine detection assay using a multiplex bead-aay assay

A multiplex bead-array assay was used to quantffpkines in culture supernatants. The
method is based on the binding of cytokines toediffit capture beads. The capture beads
exhibit defined fluorescence properties and they ba analyzed by standard fluorescence
cytometry. The MACSplex cytokine 12-kit, human weed according to the product manual to
detect GM-CSF, IFNy, IFN-y, IL-2, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12p70, IL-17A, and TNF-

a. The measurement was performed by means of the $3@A@nt 10 and the data were
automatically analyzed using the respective tooimfrthe MACSQuantifiy software. To
measure cytokines from EBV-LCL feeder cells and Bi{ls during expansion, NK cells and
irradiated EBV-LCL were cultivated either alone together as described in chapter 3.2.6.
Cultures were terminated at different time poiats,ndicated, and the supernatants were taken
and frozen at —20°C until the MACSplex measuremé&atanalyze the cytokine production of
expanded NK cells upon stimulation, NK cells werpanded for 14 days using IL-2, EBV-
LCL co-culture and adding IL-21 at start of cultte@. Then, these expanded NK cells
(1x1&P/mL) were washed with RPMI medium and cultivategetiier with or without SK-MEL-

28 cells (4x18&mL) for 24 h in RPMI medium. Afterwards, supermatawere taken and frozen

at —20°C until MACSplex measurement.

3.2.11 Telomere length analysis

Telomere length was measured by means of flow ogtgmwith the use of a commercial
Telomere PNA Kit/FITC (Dako) according to the usganual. Detection of the samples labeled
with FITC-conjugated peptide nucleic acid was dwaith the use of the MACSQuant Analyzer
X. As recommended, the cell line 1301 was usedtasrial control and relative telomere length

(RTL) was calculated as follows:

RTL=
(MFI sample cells with probe MFI sample cells without probe) x 2 x 100

! (MFI control cells with probe MFI control cells without probe

MFI = mean fluorescence intensity
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3.2.12 Proliferation assay using Celltrace Violet

Celltrace Violet Proliferation Dye was used accogdio the product manual to perform a
proliferation assay comparable to the commonly usadboxyfluorescein succinimidyl ester
(CFSE) assay. A high concentration of the Celltrdicdet dye and a prolonged incubation time

(20 pM and 30 min) was used to ensure a very bagttconsistent staining.

3.2.13 Conjugate formation assay

To analyze the conjugate formation during the dtucel of NK cells and EBV-LCL, NK cells
were labeled with Violet Dye (10 uM; 30 min) and\ERBCL were labeled with CFSE (5 uM,;
10min). Then, the cells were cultivated togethedescribed in chapter 3.2.6. After 16h, the
cells were analyzed by flow cytometry and the cgaje formation was determined by the

frequency of Violet dye and CFSE double-positiverds.

3.2.14 Transwell Assay

A transwell plate containing a membrane with 0.4 pdes was used to culture NK cells and
EBV-LCL together but without direct contact betwehba cells. NK cell cultures were set up as
described in chapter 3.2.6 with NK cells (2.5 X/ff).) cultivated either alone or together with
5 x 16 EBV-LCL/mL. As recommended, in the upper comparitménsert) 0.45 mL cell
suspension was added, while the lower compartmantamed 1.5 mL of the cell suspension.
The upper chamber thereby contained medium or EBV-br EBV-LCL together with NK
cells. The lower chamber always contained NK celityer alone or with EBV-LCL, and the

number of these NK cells was quantified after 7sday

3.2.15 Mouse xenograft models

Tumor cell injection and adoptive NK cell transfer

To evaluate for NK cell anti-tumor activiiy vivo, tumors with human origin were engrafted
into NSG mice to establish a xenograft mouse mdd8lG mice (8 weeks old) were irradiated
(3.5 Gy) to support optimal engraftment of xenogezalls. Three to five hours after irradiation,
the mice received 5xi0uciferase transfected SK-MEL-28 melanoma cell§-{#EL-28-luc)
intravenous (i.v.) through tail vein injection. Rikese injections, cells were always suspended
in 200 pL PBS. NK cells (3-30 x i@ells, as indicated, or PBS as a control) werecieqd via

tail vein injection directly together with the tumeells (co-injection model) or three days later,

after successful engraftment of the human tumds ¢#ierapeutic model). In addition, during
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the therapeutic model 10,000 units IL-2 per miceenajected intraperitoneal (i.p.) when NK
cells or PBS were injected and 1, 2, 3, 5, 7 andayk thereafter.

Analysis of tumor burden

The tumor burden was estimated at different daysguhe treatment, as indicated. To measure
the tumor burden, 4.5 mg StayBrite D-Luciferin dised in 150 pL sterile PBS was injected
i.p. in the mice 10-15 min before the measurenmieimén, the mice were anesthetized with 5%
isoflurane followed by a second i.p. injection withO pL Luciferin solution. After arranging up
to 5 mice together in the imaging chamber of anSI\glystem, thén vivo luminescence was
measured. Luminescence images were taken evemyib-@ith 60s exposure time, binning M,
field of view 25, f1 until the maximum signal intty was reached. Analysis of the pictures

was performed using the software Living Image 2.5.

Re-isolation of injected human NK cells from moibésod and tissues
To prepare the organs from treated mice, the mieee wacrificed by asphyxiation using £0

within a euthanasia chamber.

Preparation of NK cells from blood
The eyeball was removed and blood was collectau tie retro-orbital vein. Heparin (25 uL)
was added directly to 200-400 pL blood. Then, bloellis were removed by adding 5 mL red
blood cell lysis buffer per 200 pL of heparinizelddd and incubation for 10 min at room
temperature. After two washing steps (300 x g famih), the cells that were prepared from the
blood of one mouse were suspended in 250 pL PB&ioamy 0.5% AB serum and then they

were stored at 4°C.

Preparation of NK cells from lungs (tumor) and sple

Directly after the removal of blood, the mouse wdissected and the lung and spleen were
removed and stored each at 4°C. The organs eaeh mechanically disrupted with a scalpel
and transferred to a 50 mL falcon. Digestion buffes added containing 5 mg hyaluronidase
and 5 mg DNAse | dissolved in 10 mL PBS. After ination for 30 min at 37°C, the digested
tissue was plunged through a 70 uM cell strainershed (300 x g for 10 min at 4°C) and
resuspended in 6 mL PBS. Lympholyte (5 mL) was dddarefully and density gradient
centrifugation was performed at 1500 x g for 26 rainroom temperature. The leukocyte
fraction was isolated and suspended in 250 uL RBfamning 0.5% AB serum and then it was
stored at 4°C.
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From the single cell suspensions from blood arsiliis of each mouse, an aliquot of 50 L was
used directly to measure the cell count using tWe&CEBQuant analyzer. The remaining volume
was pooled with corresponding samples from otherenthat were treated under the same

experimental conditions and used for staining ofe®e markers and functional assays.

3.2.16 Statistics and data analysis

Apart from micro-array data analysis for gene espi@n, statistical comparisons were
performed with the use of unpaired or paired Sttiddrtest, as indicated. In the micro-array
data sets, significant expression differences wetermined per reporter between the following
sample groups: freshly isolated NK cells (day O)l &K cells expanded for 14 days by the
automated system CIliniMACS Prodigy (P); manuallyhw&EBV-LCL feeder cells in T75 flasks
(T) and manually without feeder cells only with thee of IL-2econtaining media (I). The
analysis of variance test with repeated measuremgedign was applied by fitting a linear
mixed-effects model (random effect: individual dm)oon the normalized log2 intensity data.
Correction for multiple testing occurred by usdh# method of Benjamini & Hochberg (B-H).
Further pairwise group comparisons were performedbans of Tukey’s honestly significant
differences post hoc test. The following selectiiteria were applied: adjusted analysis of
varianceP values<0.05, TukeyP values<0.05 and median fold change2 or<-2. Reporters
with a detectionP value (flag) >0.01 for >3 of 6 samples per sangeup were excluded
because of insufficient signal reliability. The exgsion profiles of all reporters with differential
gene expression in at least one of the pairwisepeoisons was hierarchically clustered
(Euclidean distance, complete linkage) and disglagéneat map images centered to the median
value per reporter (TM4 suite, MeV_4_8 *1) Calculations were performed with the use of
Excel (Microsoft Office Inc) or R/Bioconductor [Rexsion 3.1.1 (2014e07e10)]. Because some
of the reporters covered on the micro-array platfoepresent long non-coding RNAs or map to
alternative transcripts of the same gene, functigrauping analysis was performed on the gene
level with the use of QIAGEN's Ingenuity Pathway alysis annotation tools (IPA, QIAGEN
Redwood City, www.giagen.com/ ingenuity). Signifitig enriched functional groups were

identified by use of default settings and a B-H tipié testingP-value cutoff of 0.025.
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4 Results

Parts of the text in this chapter have been dirdakten or slightly modified from Granzin et al.
(2015§*° and from a second manuscript that is currentlynsted>*’ The text has been

originally written by myself.

The chapter describes the results of experimeiatswire performed to meet the aims of the
project as outlined in chapter 2. First, an autethamethod for clinical-grade NK cell expansion
was developed and thex vivo expanded NK cells were characterized in detaibgodr 4.1).
Next, the protocol for clinical-grade NK cell exgéon was further optimized to achieve higher
numbers of functional NK cells and the mechanismdeudlying NK cell expansion were
investigated (chapter 4.2). Finallgx vivo expanded human NK cells were evaluated for their

therapeutic potential against melanoma in a xerfiogrause model (chapter 4.3).

4.1 Fully automated expansion and activation of clinicegrade NK

cells for adoptive immunotherapy

The production of therapeutic effector cells inandardized, GMP compliant and efficient way
is challenging for several clinical applicationspecially for the activation and expansion of
NK cells. Therefore, a fully automated cell cultiea process was developed for clinical use by
means of the CliniMACS Prodigy system as describechapter 3.2.4. The automated process
was applied to a clinical-grade NK cell expansioot@col that makes use of IL-2 and irradiated
EBV-LCL (SMI-LCL) feeder cells to induce NK cell theation and proliferation (see chapter
1.5.3). The automation covered all steps that weszled within the cultivation time of 14 days
including medium change, gentle cell mixing at highl densities and sampling for analysis
during the expansion process. To evaluate the aigmhexpansion process in comparison to
conventionally used manual expansion, NK cells wetdtivated under three different
conditions (Figure 4.1). The NK cell expansion wasformed either automated using the
CliniMACS Prodigy system or manual using T75 flasksaddition, to further investigate the
effect and necessity to use the irradiated EBV-Lfekder cell line, NK cells were also
cultivated manually in T75 flasks without irradidt€BV-LCL, representing a long-term NK
cell activation with IL-2 containing medium alorehich can be seen as a commonly used

standard and serves as additional control.
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= }

Automated Manual Manual
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Figure 4.1 Experimental setup for evaluation offedéntially expanded NK cells. NK cells were
cultivated with IL-2, either in the presence of ERZL feeder cells by means of the automated system
(automated) or T-flasks (manual), or in the absenfc&BV-LCL feeder cells by means of T flasks
(manual w/o EBV-LCL).

4.1.1 Automated or manual NK cell cultivation results in comparable NK cell fold

expansion

Purified NK cells from buffy coats of 10 donors weultivated together with EBV-LCL feeder
cells, either manually or by use of the automatgsiesn, resulting in comparable increase in
NK cell numbers over time (Figure 4.2 A). In detalitomated or manual EBV-LCL feeder cell
line-based expansion for two weeks led to 850 + &02344 + 1135 fold NK cell expansion
respectively with high variability between diffetesionors (as shown by standard deviations).
Of note, without EBV-LCL only 14 + 13 fold expansiovas achieved, demonstrating the
limitation of this approach and proving the strgmgliferation-inducing effect of the EBV-LCL
cell line on NK cells. On average, starting withyoft.5 x 16 NK cells, a number typically
obtained from 20 ml of whole blood, a substantiaiber (mean 1.3 x #pof NK cells could

be generated within 14 days by a single run ofailtemated process. Both, the automated and
manual expansion resulted in a highly pure NK peduct (>99% CD3CD56") and no T or B
cells could be detected.
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Figure 4.2 EBV-LCL co-culture induces a strong @ase in NK cell numbers and automated and manual
expansion of NK cells result in comparable expamsimetics. Effector functions of expanded NK cells
are enhanced. Modified from Granzin et al. (20f5putomated EBV-LCL-based expansion of NK cells
(circles) in comparison to manual NK cell expansionT flasks with (squares) or without (triangles)
irradiated EBV-LCL. NK cell numbers displayed foranual expansion are theoretical and were
calculated by the NK cell fold expansion obtainadTi flasks multiplied by the same starting NK cell
number as in the automated approach. (B) Diffeatiptiexpanded NK cells were tested for their
reactivity by staining for CD107a, IFiNand TNFe before (white bars) and after (gray bars) stinioat
with K562 target cells. NK cells from ten (A) oixgiB) donors were analyzed, and displayed are mean
values and p values for paired Student t test pith.05 considered as significant.
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4.1.2 Automatically and manually produced NK cells have inilar functionality
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Figure 4.3Differentially expanded NK cells show dose depemdgtotoxicity against tumor cell linéa
vitro. Modified from Granzin et al. (2018§° NK cells were expanded for 14 days by the automated
process (black bars) in comparison to manual NKeogdansion with (white bars) or without (gray Bars
irradiated EBV-LCL and analyzed for cytotoxicityagst K562, Raji and Daudi cell lines at different
effector-to-target (E:T) rations. Statistical siigance was determined by paired Student’s t-test.

After testing the expansion performance, the efiefiinctions of the expanded NK cells were
analyzed. Stimulation of the differentially expadd¢K cells with K562 target cells revealed no
differences in the production of the pro-inflamnmrgtaytokines IFNy and TNFet and similar
levels of degranulation as an indicator of NK celsotoxic function (Figure 4.2 B). NK cells
were further evaluated for cytotoxicity against tieman leukemic cell lines K562, Raji and
Daudi (Figure 4.3). NK cells obtained by means leé fiutomated or the manual approach
showed comparable cytotoxicity against all thregatcell lines in a dose-dependent manner,
although significant differences in the cytotoxigteinsity were observed between different
donors. The level of killing tended to be highempared with NK cells that had been expanded
with IL-2 only and without EBV-LCL, but this trendnly achieved statistical significance at a

10:1 effector-to-target ratio against K562 cells.
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Figure 4.4Expanded NK cellssuccessfully perform dibody dependent cellular cytotoxicilagainst
rituximab coated target cells despite low expression of (. Modified from Granzin et al. (20)).3*® (A)
Cytotoxicity against CD20 positive Raji or Daudilsethat were untreated (circles) or treated (sesi
with 1 pg/ml rituximab for 4 during the assay. P values indicated are foreda8tudent t t¢ with p
< .05 considered as significaix or sevendonors were analyzed and displayed are mMin to Max
(whiskers in A) and SD. (B) Representative CD16regpion on NK cells from one donor is sho
Comparison of naivdK cells (red curve) and NKells after 14 days of automated (black curve
manual (white curve) expansion in the presenc irradiated EBVECL is displayed. CD16 negati\
PBMCsserved as a control to determine the positive {faltee curve). (C) An overview of the CD:
staining ofall seven donors used in B is depicted and displaye mearmin to nax and SI

Because NK céd are able to induce antibc- dependent cellular cytotoxicity through the
receptor CD16the killing of target cells could be enhancedaynonoclonal arbody. It's

known that NK cell activation induces CD16 dc-regulation3®>3>°

and lower levels of CD1
were observed on the surface of the activated apdnebed NK cells compared with fres|
isolated cells (Figure 4.B,C). Still, rituximab significantly increased the NK cell medial
killing of CD20-positive Raji or Daudi cellsfor both,automatically and manually obtained I
cells, proving that they had the capacity to mediherapeutically relevant antibc-dependent
cellular cytotoxicity (Figured.4 A). Of note, rituximathad no effect on the killg of CD20-

negative K562 cells (Figu#5).
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Figure 4.5rituximab does not augment antibody dependent leelleytotoxicity of NK cells against
CD20-negative K562 cells. Modified from Granzin at (2015)3*° For two donors, NK cells were
expanded for 14 days by co-culture with irradiafgl-LCL using the automated process (left figures)
or the manual approach (right figures) and analyfoedcytotoxicity against CD20-negative K562 at
different effector-to-target (E:T) rations. The Iselvere untreated (circles) or treated (squarefh Wi
pag/ml rituximab for 4h during the assay.

4.1.3 Expanded NK cells do not show a reduction in telonte length
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Figure 4.6 The telomere length of NK cells is niter@d after two weeks oéx vivo expansion,
independent of the expansion protocol. ModifiedrfrGranzin et al. (2015 For four donors, naive NK
cells and NK cells after automated or manual expansvith or without irradiated EBV-LCL were
analyzed for telomere length using a commerciallavie assay based on flow cytometry. The tetraploi
cell line 1301 with extremely long telomeres wagdigs an internal control and for each sample the
telomere length was calculated in relation to ttressommended control. Displayed are values for
individual donors (A) or mean and SD for all don(B3.

Extensive expansion might result in telomere simomgg which would reduce the proliferative
potential of NK cells for latenn vivo applications. Therefore, the telomere length was
investigated before and after expansion, becawespdtential of NK cells to proliferativie vivo
after transfer to the patient is crucial for thibierapeutic effect.’ After 14 days of expansion,

no noticeable difference in the telomere length watected, independent of the expansion
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method and expansion intensity, indicating thatgraiferative potential of the NK cells was

not reduced, even after extensexavivo expansion (Figure 4.6).

4.1.4 Flow cytometry profiles of automatically and manualy expanded NK cells are

similar, whereas they differ clearly from naive NKcells

Next, the phenotype of naive and expanded NK e&lls compared by means of flow cytometry
and stained for 18 selected markers (Figure 4.3 )pr&viously describetf! the pattern of many
relevant NK cell markers changed exvivo expansion. Up-regulation of TRAIL and FasL as
well as the activating NK cell receptors NKp30, NKp NKG2D and DNAM-1 indicated an
activated state and correlated with the enhanced®lunction after expansion, which was in
line with the results of the preceding functionsdays. Besides the strong phenotypic difference
between naive and expanded NK cells in general,uaipnand automatically processed NK
cells had a comparable marker profile. Howeverqdencies of NK cells expressing NKG2C,
CX3CR1 and KIR2DL2/DL3 were slightly but still sistically significantly higher after
automated expansion compared with manually expailedells that showed slightly higher
expression of NKG2A and NKp44.

= Naive NK Em Automated 3 Manual @3 Manual w/o EBV-LCL

% of NK cells

TRAIL FasL CD94 NKG2C NKG2A DNAM1 CD244 NKp30 NKp44

% of NK cells

NKp80 NKG2D KIR2DL2/3 KIR2DL1 KIR3DL1 CX3CR1 CD62L CD25 CD57

Figure 4.7 Differentially expanded NK cells shownsar changes in surface marker expression after 14
days ofex vivo activation and expansion. Modified from Granzirakt(2015)**° NK cells were analyzed

by flow cytometry for selected surface markers befmaive NK, dotted) or after automated EBV-LCL-
based expansion (black) in comparison to manualkcBlKexpansion in T flasks with (white) or without
(gray) EBV-LCL. Five donors were analyzed; mearuealand standard deviations are shown. Statistical

significance was determined by paired Studentst:t
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4.1.5 Gene expression analysis reveals only minor diffenees between NK cells after

automated or manual NK cell expansion

The NK cells were further investigated at the gexgression level and a whole human genome
micro-array with samples from six donors was penked. In total, 13,263 reporters
corresponding to differentially expressed trandsripere identified in the comparisons among
all sample groups (Figure 4.8 A). Of note, the mmsiminent expression differences were
between freshly isolated and all other expandeddsl samples. In contrast, and consistent
with the flow cytometry analysis, gene expressifieraautomated or manual expansion with
EBV-LCL feeder cells was similar. Less than 2% Ifdifferentially expressed reporters (247
reporters) varied significantly between both sangilaups. However, to obtain further insight
in associated functions for the small set of déferally expressed genes, functional grouping
analysis was performed. The analysis revealed socidion of the genes with hematological
system development, cellular movement and immulidredficking. In particular, genes with
known importance in movement of leukocytes weratified (Table 4.1), including a group of
genes associated with NK cell migration (CMKLR1, &K1, S1PR5, GNLY and CXCR1).
The latter set of genes was expressed at sliglglyeh levels after automated compared with

manual expansion.

Nevertheless, the expression profiles of NK ceftsraautomated and manual expansion were
strikingly similar and in strong contrast to the nyadifferentially expressed genes between
naive and expanded NK cells. Changes between NK a#tbr expansion with the automated
system and naive NK cells before expansion werestigated in more detail and a list of the
100 most up-regulated and down-regulated genesliisped in Granzin et al. (2015%. As
expected for an expansion protocol, functional gnog analysis revealed the most significant
functional association of the regulated genes (BHalues <1.5 x 18) with cell cycle
regulation, cell death and survival, DNA replicatidNA recombination and DNA repair,
cellular growth and proliferation as well as celluhssembly and organization. Consistent with
the results of the flow cytometry analyses, many ¢¢ relevant markers had a change in their
expression levels after expansion (Figure 4.8 B most prominent effects were up-regulation
of TRAIL, FasL, the inhibitory receptor TIGIT ande chemokine receptors CCR2, CCR5 and
CXCR®6. In addition, granzyme M was slightly dowmyuéated, but other effector molecules
that play an important role in tumor killing, suad TNFe, perforin and granzymes A, B and K,

were up-regulated.
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Figure 4.8Many genes, including NK cell relevant markers, @gulated upolex vivo expansion in the
same way for differentially expanded NK c. Modified from Granzin et al. (2018§¢ Samples from six
donors were used for gene expression analysnaive NK cells and NK cells after automatEBV-
LCL-basedexpansion as well as NK cells after manual nsion in T flasks with or witholirradiated
EBV-LCL. (A) Differentially regulated reporters betwedne four sample groups were identified
filtering for statistical relevance and reliablgrgl intensities; median centered values for theperters
are shown in a heat map after hierarchical clusgeenalysis. Color saturation limits range from I
intensities of-4 (green) to +4 (red). No changes relative to #porte-wise median log2 intensity of &
samples is displayed in black color. (B) Filterfiog NK cell relevant genes among regulated repsiit
displayed for NK cells obtained by the automateatpis (black bars), manual expansion with E-LCL
feeders (white bars) or manual expansion withouV-LCL feeders (gray bars) in relation naive NK
cells. Automated and EBYCL-basedmanual expansion was compared by means of Tukeyisdtly
significant diferences post hoc test; genes with TuP value<0.05 and median fold chan>2 or<-2
are indicated as significant (indicated by st
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Table 4.1 Genes associated with movement of leukedpr automatically expanded NK cells in relation
to manually expanded NK cells. Both expansion meshatilized irradiated EBV-LCL feeder cells.
Ingenuity functional grouping analysis with predct for increased or decreased movement basedeon th
number of published findings and the fold changthefgene of interest from Granzin et al. (20%%).

ID Genes in dataset Prediction Fold Change Findings
(based on expression direction)
A 24 P766716 CMKLR1 Increased 4,036 Increases (7)
A 23 _P131676 ACKR3 Increased 3,436 Increases (2)
A 33_P3298159 PTGDS Increased 3,328 Increases (2)
A 23 _P145024 ADRB2 Decreased 3,188 Decreases (1)
A 23 P407565 CX3CR1 Increased 2872 Increases (6)
A_23_P129786 SREBF1 Increased 2,773 Increases (1)
A 23 _Pe7932 CXCR1 Increased 2,588 Increases (15)
A 23 P107744 S1PR5 Increased 2,526 Increases (2)
A_23_P89249 ERBB2 Increased 2477 Increases (4)
A 24 P941359 FAM65B Decreased 2,445 Decreases (2)
A 33_P3353921 GNLY Increased 2,232 Increases (11)
A 23 _P156683 LTA Decreased -2,159 Increases (12)
A 24 P382319 CEACAM1 Decreased -2,417 Increases (4)
A 23 P210210 EPAS1 Affected -2,424 Affects (1)
A 33_P3354935 CSF1 Decreased -3,211 Increases (24)
A 33_P3265739 PTGER3 Decreased -3,603 Increases (1)

4.1.6 Automated NK cell expansion can be complemented ey preceding, automated

NK cell separation, enabling a fully automated NK ell production process

Finally, it was shown that the complete cell preieg needed for NK cell expansion, from the
starting material to the final cell product inchesiof the NK cell enrichment process, can be
achieved with the used system. Therefore, initidldéll purification steps were also performed
automated by means of the CliniMACS Prodigy systmfore the automated cultivation and
expansion phase. In the experiments described sthéaNK cells were enriched manually from
buffy coats as described in chapter 3.2.6.. Fooraated separation of NK cells from
leukapheresis products in clinical scale, TG&R-CD19 depletion was performed, to ensure
efficient removal of potentially harmful contamimag TCR-a/B T and B cells, followed by
CD56-positive selection in a second step to furtrerch for purified NK cells. By use of this
strategy, automated NK cell separations from lebkagsis products of three donors were
performed and 4;4,4 and 2,73,1 log depletion of TCRH[(3 and B cells was achieved. After
subsequent CD56 enrichment, no TGR-and B cells were detected, and NK cells with a
purity of 71% to 92% could be obtained while renrannon-NK cells were mainly CD14
monocytes (12.4% + 8.8%) and TGR-CD3'CD56 NK-like T cells (5.3% * 4.7%).
Automated expansion of automatically separated Mksdor 14 days resulted in 390-fold to

1185-fold expansion (Figure 4.9 A), within the sararge of what was achieved by manually
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separated NK cells before. The functionality of thy automatically obtained NK cells was
proven by the effective killing of K562, Raji anchldi cells (Figure 4.9 B).
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Figure 4.9Fully automated NK cell separation and expansiopassible in clinical scale starting from
leukapheresis. Modified from Granzin et al. (208)NK cells were separated from leukapheresis
products by an automated system using aBRCD19 depletion followed by CD56 enrichment. Then
NK cells were further used in the automated exmangirocess. (A) Increase in NK cell numbers over
time during the expansion phase is displayed farelindividual donors. (B) After 14 days of expamsi

NK cell cytotoxicity against K562, Raji and Daudklls was measured and mean values and SD of all
donors is displayed.

In summary, substantial numbers of activated NKscebuld be obtained with a completely
automated system fax vivo expansion. In comparison to manual NK cell expamsihe
automated process yielded comparable high numbfefdKocells with similar phenotypic,

transcriptional and functional profiles.
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4.2 Development of an optimized protocol for NK cell egansion

and activation

Production of NK cells in a way that is technicadgplicable in the clinics is a major issue for
adoptive NK cell immunotherapy. This was addressedhe first part of the project by
successful automation of a clinical-grade NK celbansion, based on a protocol that utilizes
irradiated EBV-LCL feeder cells with proven clinicapplicability. However, efficient
expansion of NK cells by simulation with EBV-LCL dder cells is limited, because the
proliferation of NK cells declines over time andi@ént expansion is possible for two or
maximum four weeks. Thus, the yield of achievable ¢¢lls is still limited and this chapter
deals with the development of an improved protdoolclinical-grade NK cell expansion to
optimize the supply of effector cells for adoptNK cell therapy. In addition, it's still unknown
why EBV-LCL so efficiently stimulate NK cell prolfration and experiments in this section

were performed to address responsible mechanisms.

4.2.1 EBV-LCL-based NK cell expansion is significantly icreased by IL-21
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Figure 4.10 IL-21 enhances the EBV-LCL-mediatedamgion of NK cells in the presence of IL-2 or IL-
15. NK cells were expanded with different combioas of IL-2, IL-15 and IL-21 in the presence or
absence of irradiated EBV-LCL feeder cells. Thetication was performed for 7 days (top) or for 14
days (bottom), the NK cells were enumerated by floometry and the NK cell fold expansion was
calculated. NK cells from six donors were analyaad mean, SD, min and max are shown. Statistical
significance was determined by paired Studentst:t
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The standard protocol for clinical-grade EBV-LCL-ahieted NK cell expansion utilize IL-2 and
it was tried to enhance the yield of NK cells byl and IL-21, two cytokines that are known
to affect NK cell proliferation (Figure 4.10). These of IL-2, IL-15 or the combination of IL-2
and IL-15 resulted in comparable yields of NK ¢elids both, the efficient EBV-LCL-mediated
high NK cell expansion and the rather low expanswthout irradiated EBV-LCL feeder cells.
It was noticed that the presence of IL-2 or IL-1&svessential for efficient NK cell expansion
vitro. Use of IL-21 alone was insufficient to induceveled NK cell expansion compared to IL-
2 or IL-15 (data not shown). Strikingly, with IL-and/or IL-15 together, IL-21 strongly
increased the EBV-LCL-mediated NK cell expansiofmeveas IL-21 did not change the NK
cell expansion when irradiated EBV-LCL were absdn® and IL-15 appeared interchangeable
in this context and because IL-2 is routinely ugedlinics for longer time and represents a
better characterized clinical-grade reagent, IL&& wonsidered for further experiments instead
of IL-15.

The combination of IL-2, IL-21 and irradiated EB\GL co-culture was selected for in depth
evaluation as an optimized protocol for NK cell ampion. First, the previous results were
confirmed for NK cells from additional donors. LMK cell expansion was observed in the
absence of feeder cells despite the addition dlL(Figure 4.11 A). Irradiated EBV-LCL co-
culture and IL-2 induced a 22—fold mean NK cell &xgion after one week that was further
increased to 53—fold by adding IL-21 to the medidim.test whether addition of IL-21 directly
affected the proliferation of NK cells, a prolifécn assay was performed by monitoring
CellTrace Violet dye labeled NK cells. Of note, NKlls did not start to proliferate until day 3
after initiation of culture (Figure 4.11 B). Thefis, IL-21 enhanced the proliferation of NK
cells in the presence of irradiated EBV-LCL, while21 had no effect on the proliferation of
NK cells by itself when feeder cells were absentttiermore, there was a pronounced positive
correlation between the concentration of supplegefit-21 and the increasing expansion of
NK cells in co-culture with irradiated EBV-LCL feedcells (Figure 4.11 C). Intriguingly, it
was sufficient to add IL-21 only at the beginninfjtbe culture to enhance the EBV-LCL-
mediated NK cell expansion. Culturing in medium @emented continuously with IL-21 did
not enhance NK cell expansion compared to whenlllwds added only at the beginning of the
culture. Further, permanently adding IL-21 to thétwre actually resulted in lower NK cell
numbers after prolonged culture compared to arairgingle exposure to IL-21 (Figure 4.11 D).
Nevertheless, the rate of proliferation of NK celexlined after two weeks, limiting the vivo
time period during which NK cell expansion occurted2-4 weeks, precluding further NK cell
expansion past this time point (Figure 4.11 D).sTimitation could be overcome by use of IL-

21 at the start of culture combined with repeatediteon of irradiated EBV-LCL feeder cells
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every two weeksThis allowed for the sustained expansion of NK<sall very high levels for
longer time period, with a 2.7 x **—fold mean increase in NK cell numbers being achiev
after 46 days (Figure 4.1H). Importantly, at later time points, NK cell expansideclinec
without repeated EBVW-CL stimulations, indicating that NK cells had natquired ai

uncantrolled ability to proliferate, which would raissafety concerns for their clinic

application.
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Figure 4.11The combination of 1-21 supplementation at start of cultivation, Ila@dirradiated EBV-
LCL feeder cells enabl@a significant and lor-lasting expansion of NK cells. (A) NK cells we
cultivated with IL-2 (graybars) or with 11-2 and 100 ng/mL 121 (red bars) in the presence or abst
of irradiated EBVECL feeder cells. The expansion of NK cewas measured after 7 days. Displayed
mean values and standard deviation of eight NK detiors and statistical significance was teste«
paired Student’s test. (B) NK cells were labeled with CellTrace \ébProliferation Dye and cultivate
with IL-2 (gray histograms) or 1-2 and 100 ng/mL IL21 (red histograms) in the presence or absen
EBV-LCL feeder cells. The dilution of CellTrace Violedrresponding to cell proliferation was analy:
by flow cytometry at day 3 and day 5. A represeéwtationor out of three donors is shown. (C) NK ¢
were co-cultured withrradiatedEBV-LCL feeder cells and I[2 at different concentrations of -21.
Mean NK cell fold expansion arSD are displayed for three donors. (D) NK cells wer-cultured with
EBV-LCL feeder cells and H2. IL-21 (100 ng/mL) was supplemented only at day O @@ets) or
permanently (red open squares), meaning at day9),14, 13, 16, 18, 20 and 26 when fresh medius
added. Mean NK cell expansion fold and standardatien of sx donors are shown at different tir
points. (E) NK cells were cultured with-2 and 100 ng/mL IL-2ivas added at day 0. NK cell expans
was initiated by EBM:=CL co-culture at day O and re-stimulation witlradiated EBV-LCL was
performed at day 13, 2énd 39 (red line and dots). In addition, the exmamsvithout EBV-LCL re-
stimulation at day 13, 26 or 29 was tested and tomd for 7 daysgrayline and dots). Shown are me
and range of the NK cell expansion folds of sixawsnat different time pots.
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Taken together, a highly efficient method for exgian of NK cells was developed using IL-21
supplementation only at the start of culture ammbated exposure of the NK cells to irradiated
EBV-LCL feeder cells in the presence of IL-2. Thi®tocol, which results in superior NK cell
expansion using EBV-LCL and IL-2 alone, is furthexferred in the remainder of the

manuscript as the “optimized expansion method”.

4.2.2 IL-21 induces IL-10 production of EBV-LCL, but feeder cell derived IL-10 does

not affect the expansion of NK cells
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Figure 4.12 EBV-LCL produce elevated levels of Iih presence of IL-21, but IL-10 is not responsibl
for enhanced NK cell expansion. (A) NK cells and\EBCL feeder cells were cultivated together or
separated with IL-2 (gray bars) or with IL-2 and2L (red bars). After 16 hours or 3 days the cation
was terminated and the concentration of IL-10 & gbhpernatant was analyzed by a multiplex beag-arra
assay. Displayed are mean and SD for triplicateies with three different NK cell donors. (B) NKlis

or irradiated EBV-LCL feeder cells were cultivatadith IL-2 (gray bars) or with IL-2 and IL-21 (red
bars). Representative histograms are displayed iagostaining of the cells for human IL-10 receptor
(dark gray) and isotype control (light gray) priorcultivation and at day three of culture. (C) N#&lls
and irradiated EBV-LCL feeder cells were co-cultechwith IL-2 and IL-21, either together with an-I1L
10 neutralizing antibody (red-white checkered) dthvan isotype control (red). The expansion of NK
cells was measured after 7 days and for six doth@rsnean and SD of the NK cell expansion is shown
relative to the isotype control. Statistical sigeahce was determined by Student’s t-test.

So far, little is known about the underlying medlars of NK cell proliferation and the exact
role of EBV-LCL feeder cells as a trigger for NKllcexpansion. Therefore, the EBV-LCL-
based NK cell expansion and the observed effedit-@fL in this context were investigated in
more detail. First, it was checked whether cytokirease by irradiated EBV-LCL could
explain the stimulating effect on NK cells. Supeamés of cultures containing irradiated EBV-
LCL were tested for GM-CSF, IFM; TNF-a, IFN-y, IL-2, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12
and IL-17A. Independent of the presence of IL-2@nen of these cytokines was found in a
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noticeable amount within the first days of cul, with the exception of IL10. Irradiated EBV-
LCL produced significant levels of -10 in the presence of IR1, whereas minc
concentrations of EBVW-.CL derived IL-10 was measured without Rt (Figure 4.12 A).
Remarkably the concentrations of -10 after three days of cultivati were significantly lowe
in cultures of EBVECL togethe with NK cells compared to EBY.CL along, indicating an
uptake and consumption of-10 by NK cells. EBV-LCL and NK cells botixpress the IL-10
receptor as confirmed by flow cytometrFigure 4.12B). Neverthelessadding an IL-10
neutralizing antibodyad no consequence the EBV-LCL-mediatedxpansion of NK cells i
the presence of IL-21F{gure4.12 C). In conclusion, none of the testgtbkines played a role
for the EBV-LCL-mediatedNK cell expansiot

4.2.3 EBV-LCL- dependen NK cell expansion relies on direct celtell contac
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Figure 4.13 EBV-LCLdepender NK cell expansion requires cell-cell contaghd IL-21 neither
influences theonjugate formatic of NK cells and EBV-LCL nor does it affect thnembe of EBV-LCL
during cultivation.(A) NK cells and irradiated EB-LCL feeder cells were cultivated with-2 (gray) or
with IL-2 and IL-21 (red) in th upper or lower chamber of transw, as indicatedThe NK cells in the
lower chamber were quantifieafter 7 days and the displayed numiemormalize' to the condition
without other cells added in the upper chan For two donors thenean of duplice cultures each are
shown. (B)Celltrace Violet dye labeleNK cells were cultivated together wiilradiatec and CFSE
labeled EBVLCL feeder cellsat a ratio of 1:20 with IL-2 (gray) or with IP-and IL-21(red). The
frequency of NK cells that are conjued to EBVLCL were analyzed after 16 hours by flow cytome
as displayed in a representative dot plot. MeanZDdare shown for three different NK cell donoks)
Cells were cultivated as described in B and the bremof EB\-LCL after 16 hours and 3 ds are
displayed in relation to the starting nurmr. Mean and SD are shown for three different NK celhats.
Statistical significance was determined by Studel-test.
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Next, to investigate whether the EBV-LCL-dependdit cell expansion requires cell-cell
contact rather than soluble factors, NK cells amabiated EBV-LCL were cultured in different
compartments of a transwell plate, containingtarfinembrane that allows exchange of soluble
factor but no direct interactions of the cells (g 4.13 A). Because it's possible that soluble
factors are not released until the feeder cellsMKdcells are in contact, it was also tested to
culture NK cells separated from irradiated EBV-L@at were themselves in contact with
another set of NK cells. However, the typical EBZi-mediated high NK cell expansion was
only achieved when NK cells and feeder cells werdtivated within the same compartment,
allowing direct interactions between the two cgpds. So, it was shown that direct cell-cell
contact was essential for the EBV-LCL-dependent bl expansion, whereas EBV-LCL
derived soluble factors appeared irrelevant. Adtarifying the importance of cell-cell contact,
it was tested whether IL-21 affects the conjugatenftion between NK cells and irradiated
EBV-LCL. But the frequency of formed conjugatesviietn NK cells and EBV-LCL was
comparable in the presence and absence of IL-2uiEi4.13 B). Next, it was tested whether
IL-21 could enhance the viability of irradiated ERXCL, possibly ensuring that more EBV-
LCL are available for interaction with NK cells. t#ever, quantification of EBV-LCL during
cultivation did not reveal any difference relatedllt-21 (Figure 4.13 C). Probably because of
the harsh irradiation, three days after start dfivation the vast majority of EBV-LCL feeder
cells have died already and disappeared indeperadeht21. Of note, the same number of
EBV-LCL cells was found when EBV-LCL were cultur@dbne or together with NK cells,
indicating that lysis of EBV-LCL by NK cells did htake place or was negligible.

Then, EBV-LCL feeder cells were investigated forface ligands with potential importance for
the NK-EBV-LCL interaction (Figure 4.14). It wassaltested whether irradiation and culture of
the EBV-LCL changed the marker expression. EBV-LAIH not express MICA, MICB or
ULPBs, the ligands for the NK cell activating retmpNKG2D. CD155 was found on the
surface of EBV-LCL and could possibly activate DNAIMexpressing NK cells. Furthermore,
the feeder cells were positive for CD137L, a ligaodsidered to trigger NK cell expansion and
one of the factors expressed by engineered K56&feeells that commonly used for NK cell
expansion. EBV-LCL expressed high levels of CD#8&, ltgand for 2B4 expressed by NK cells,
which is known to play a role for the proliferatiohmurine NK cells in homotypic NK-to-NK

cell interactions®’
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Figure 4.14 EBV-LCL express CD155, CD137L and CDH8t lack expression of NKG2D ligands.
EBV-LCL were analyzed before and after irradiation different surface markers, as indicated. After

irradiation the cells were cultured for 16 h in rnuwed containing IL-2 or IL-2 and IL-21, correspondito
the same conditions used for co-culture with NKscel

4.2.1 NK cells exhibit significant expression of CD25 upo contact with EBV-LCL

Same as the expression of surface ligands by EBV-ti@ marker repertoire of NK cells is of
importance for the interplay between NK cells arBVH.CL. NK cells change their marker
expression duringx vivo expansion as described before (chapters 4.1.4)4Qonsequently,
culture conditions, such as IL-21 supplementateauld specifically modify the marker profile
of NK cells, possibly affecting relevant receptigahd interactions. Therefore, the surface
marker expression of NK cells was analyzed by feytometry during the first days of culture
when the proliferation is initiated. Staining obfiferating NK cells for several surface markers
did not reveal significant differences specificadlgcurring upon EBV-LCL co-culture or upon
IL-21 supplementation, with the exception of CDZ=g(re 4.15). Proliferating NK cells
generally showed an enhanced expression of theatiotj receptors DNAM-1, NKG2D and
TRAIL for example, independent of the presencebsieace of irradiated EBV-LCL and IL-21.
In contrast, proliferating NK cells in co-cultureitiv irradiated EBV-LCL rapidly expressed
high levels of CD25, whereas proliferating NK celisthe absence of irradiated EBV-LCL
stayed mainly CD25 negative such as naive NK cé&herefore, expression of CD25 possibly
represents a relevant surface molecule for the qumoeed EBV-LCL-mediated NK cell

expansion
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Figure 4.15 Proliferating NK cells in co-culturetiviEBV-LCL strongly up-regulate CD25, whereas
regulation of other NK cell markers is independefitEBV-LCL. NK cells were labeled with Violet
Proliferation dye and cultured with IL-2 (gray bpasd with or without IL-21 (red bars) in the prese

or absence of EBV-LCL feeder cells. (A) The cellsravstained for different surface markers befok an
5 days after starting the cultivation and represive dot plots are shown. (B) NK cells were cudtlias
described and CD25 expression of NK cells was aealyy flow cytometry after 16 hours, 3 days and 5
days. Displayed are mean and SD from three doooithé frequencies of CD25 expression (left) ared th
mean fluorescence intensities (MFI)(right). Diffleces between NK cell expansions obtained without
EBV-LCL and NK cell expansions obtained with EBV-L@vere tested for statistical significance using
the paired Student’s t-test.

To further investigate factors with a potentiakrelnce for the interaction between NK cells and
irradiated EBV-LCL, the cells were cultured togethgth blocking antibodies against selected
cell surface molecules (Figure 4.16 A). For mosthef targeted surface markers no significant

effect was observed, indicating that these recdjgtand pairs were irrelevant.
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Figure 4.16 CD25 carries a functional role for Nl @xpansion in co-culture with EBV-LCL, but CD25
becomes dispensable when IL-21 is present. NK wedl® cultivated with 500 U/mL IL-2 (gray bars) or
with IL-2 and IL-21 (red bars) in the presence twsence of EBV-LCL feeder cells. (A) Blocking
antibodies (10 pg/mL) or medium as a control waseddo the cultures with EBV-LCL and expansion of
NK cells was measured after 7 days. To better coengéferent donors the expansion of the different
cultures was calculated relative to the medium rabribr each culture. Mean and SD of the relative
expansion fold from three to six donors are dispthynd statistical significance was determined by
paired Student’s t-test. (B) Blocking experimergsdascribed in A were performed for cultures witk N
cells lacking EBV-LCL. Mean and SD of the relatiegpansion fold from three donors are displayed and
statistical significance was determined by pairasi&nt’s t-test. (C) NK cells were cultured at ei#nt
IL-2 concentrations, as indicated. The NK cell exgian was determined after 7 days and mean and SD
of the NK cell expansion fold from three donorsl®wn.

Blocking CD25 clearly reduced the expansion of NKIsin culture with IL-2 and irradiated

EBV-LCL, but surprisingly, this effect was compligteabolished when IL-21 was present
(Figure 4.16 A). Thus, CD25 expression indeed edraut a function during EBV-LCL-based

NK cell expansion, but this function could be by by IL-21, making CD25 expression
dispensable. In the absence of irradiated EBV-LIG ltlocking of CD25 had no effect on the
expansion of NK cells, as expected due to the EHckD25 expression under this condition
(Figure 4.16 B). The results implied different ILd2pendencies of the differentially expanded
NK cells and the influence of the IL-2 concentratimn NK cell expansion was tested (Figure
4.16 C). The EBV-LCL-mediated NK cell expansion forondly decreased when the culture
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was started with IL-2 concentrations lower thanléhL and IL-21 was lacking. In contrast,
the EBV-LCL-mediated NK cell expansion was neargapendent of IL-2 when IL-21 was
present, showing that IL-21 definitely compensdt@msIL-2 signaling. Of note, IL-21 also
compensated the lack of IL-2 when irradiated EBM:Li€eder cells were not present, but then
the effect was less pronounced. In general, cora@ns of IL-2 higher than a specific
threshold did not further increase the NK cell exgpan. This seemed logical, because beyond a
certain threshold the IL-2 concentration efficigntiriggers IL-2 signaling through the
intermediate affinity IL-2Rf receptor without the need for CD25 to form thehhadfinity IL-
2Ral3y receptor. Therefore, CD25 is considered redunfitargfficient IL-2 signaling at higher
IL-2 concentrations. However, standard NK cell igaltion as well as the blocking experiments
were performed at a very high IL-2 concentration 580 U/mL. Therefore, it could be
demonstrated that CD25 is of functional importaftceEBV-LCL-mediated NK cell expansion
even at high concentrations of IL-2, because blagkif CD25 clearly reduced the expansion
performance. The fact that IL-21 allows NK cellsdgpand more independently from IL-2
could explain why EBV-LCL-mediated NK cell expansis generally increased by IL-21 and

why blocking of CD25 by blocking monoclonal antilbeslhas no effect when IL-21 is present.

It's published that cell-cell interactions betweamnrine NK cells via 2B4 and its ligand CD48
facilitate increased NK cell proliferation involgnenhanced IL-2 signalin§!**® and it was
further investigated whether this plays a role floe EBV-LCL-based NK cell expansion.
Indeed, blocking of 2B4 or its ligand CD48 signdlitly decreased the expansion of NK cells in
the absence of irradiated EBV-LCL (Figure 4.16 &nfirming the data from studies with mice.
Nevertheless, 2B4 and CD48 seemed not necessattyef@xpansion of NK cells in co-culture
with irradiated EBV-LCL, because blocking of thasarkers had no obvious effect (Figure
4.16 A). Thus, the exact factors that stimulate Nie cell proliferation upon cell-cell contact
with irradiated EBV-LCL remained elusive. Nevertsd, the importance of CD25, which can
be bypassed by IL-21, suggested an enhanced sigrthliough the common y-chain receptor

as one underlying mechanism.
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4.2.2 EBV-LCL co-culture combined with IL-21 supplementation yields NK cells
with potent anti-tumor functions in vitro
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Figure 4.17Ex vivo expanded NK cells were highly cytotoxic againdfedent tumor cell lines and
showed enhanced degranulation and production offileNd TNFe. (A) Different NK cells were tested
for cytotoxicity against four tumor cell lines ugim standard chromium release assay. Specific &fsis
different effector-to-target (E:T) ratios is shofar freshly isolated NK cells (black) and NK cetlsat
have been expanded for 13 or 14 days, either With (gray) or by use of IL-2, irradiated EBV-LCL dn
IL-21 supplemented at day O (red). Displayed aramelues and standard deviation of NK cells from 4
8 donors per target cell line and statistical digahce was tested by Student’s t-test. (B) NKscelere
expanded as described in B and tested for degt#muland production of IFN-and TNFe by flow
cytometry upon stimulation with PMA/lono. Displayade mean values and SD of NK cells from five
donors. Statistical significance was tested bygqubBtudent’s t-test.

To finally estimate the therapeutic value of NKIgdahat were obtained with the optimized
expansion method, the functional competence ofcélls was investigateth vitro. Before, it
was verified that NK cells that have expan@sdivo with irradiated EBV-LCL show similar
cytotoxicity as long-term IL-2 activated NK cellsitimout feeder cells (chapter 4.1.2). IL-2
activated NK cells have proven clinical applicabiland can be seen as a standard. NK cells
generated by the optimized expansion method shosietlar cytolytic activity as IL-2
activated NK cells that were cultured without feredells (Figure 4.17 A). In contrast, freshly
isolated, naive NK cells possessed only low cytimibkagainst leukemic K562 and Daudi cells
and lacked cytotoxicity against SK-MEL-28 and UKRA&I-02 melanoma cells, confirming

that ex vivo culturing led to NK cell activation and enhance& Mell-mediated anti-tumor
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activity. Compared to naive NK cellgx vivo expanded NK cells displayed a significantly
higher degranulation upon stimulation (Figure 4178 addition, amongx vivo expanded NK
cells the production of the immune stimulatory &ynes IFNy and TNFea was significantly
increased compared to naive NK cells. In concludioa optimized expansion protocol not only
increased the numbers of NK cells but also enhatiwdin vitro anti-tumor activity compared

to freshly isolated NK cells from peripheral blood.

Taken together, it was shown that an improved dghiy efficient ex vivo expansion of NK
cells over long time is achieved by repeated st with irradiated EBV-LCL feeder cells,
IL-2 and initial supplementation of IL-21. It wagmonstrated that the stimulating effect of
EBV-LCL is not primarily dependent on soluble fastand requires direct cell contact. The
developed NK cell expansion protocol makes it gmesio produce high numbers of NK cells
with potent effector function and therefore represea highly relevant method for NK cell

based adoptive therapy.
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4.3 Evaluation of expanded human NK cellsfor therapeutic

efficacy using a xenograft mouse mod

After successful development of an optimized metfmdex vivo NK cell expansio in the
previous chapter, thex vivo generated NK cells we tested for their antamol efficacyin vivo

using a xenograft mouseode, representing a meaningful precliniea@aluatior

4.3.1 High numbers of expanded human NK cellsshow antitumor effect in a

xenograft “co-injection model”

First, the engraftmeraf humat tumor cells in NSG mice was testby i.v. injection of Sl
MEL-28 melanoma cellsThe mice were irradiated prior to the cell trancbecaus irradiation
is necessary for optimangraftment of human melanoma c into NSG mici as previously
shown®* Furthermore, it was investigatewhether tumor formation and growth can
prevented bysimultaneousinjection of ex vivo cultivated NK cells.This approach we
previously established by Matthias Mil, a former PhDstudent in the la and named “co-

injection model” die to the parallel injection of tumcells and NK cell§>
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Figure 4.18Ex vivo cultivated NK cells shovanti-tumor activity in a xenograftct-injection model”
when injected at high cell do:. (A) Mice were irradiated and received human-BEL-28 melanoma
cells expressing luciferase addition t¢ PBS, as a control, or NK cells lmytravenous injectiorPrior to

injection, the NK cellsvere expanded by cultivation in-2 containing medium for 14 days. The tur
load was monitored by measuring the luciferasevitg. The tumor loads atlay 3 and day 7 we

measured for mice thatere treated with PBS (“w/o NK”) or with NK cells different effectc-to-target
ratios (2 mice per group).i@uminescence pictur of the mice are shown in Bnd diagramsor the

mean bioluminescence asbhown in C
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Successful engraftment of SK-MEL-28 cells was obserin the lungs of the mice three days
after transfer of the cells and an increased sigitahsity seven days after injection indicated
sustained growth of the tumarsvivo (Figure 4.18 B and C). As a first trial, NK cellsat were
cultivated with IL-2 for 14 days were evaluatedafsferring a high dose (1.5 x 1®f long-
term IL-2 activated NK cells together with the tunoells at an effector-to-target ratio of 20:1
resulted in a lower tumor burden compared to nheg did not receive NK cells (Figure 4.18 B
and C). However, applying less NK cells at a lo®er ratio of 0.5:1 had no obvious effect on
the tumor load (Figure 4.18 B and C). This experitrediemonstrated that tumors with human
origin can be established in NSG mice and the talerate injection of high NK cell numbers
without unexpected side effects. The results furdmnfirmed that transferred NK cells can

mediate anti-tumor activityn vivo and it's possible to monitor the effect by meanthaf model.

4.3.2 High numbers of ex vivo generated NK cells control tumor growth in a

therapeutic xenograft model

In a subsequent approach, tumors were establishtégkimice prior to the treatment with NK
cells to better reflect the therapeutic situatidhis xenograft mouse model was performed to
extensively evaluate the efficacy of a therapedii€ cell transfer (Figure 4.19 A). Human
tumor cells successfully engrafted again three @dtgs injection. Then, NK cells, which have
been expanded by the optimized expansion metha®, wected into tumor bearing mice. IL-2
was injected repeatedly to support theivo persistence of transferred NK cells. Single doses
of up to 30 x 1ONK cells per mouse were tolerated without anyaeatble side effects. With an
average weight of about 30 g per mouse the used dosesponds to 1NK cells per kg,
representing the upper limit of NK cell doses cdased for human studies. In the control group
without transfer of NK cells, the tumor load sigogintly increased within the two weeks
follow-up period (Figure 4.19 B). In contrast, teant with expanded NK cells significantly
controlled the tumor growth, indicating a potenti-funmor activity of theex vivo generated NK
cellsin vivo. Furthermore, there appeared to be a dose respelagimnship in terms of the
number of injected NK cells correlating with cortod tumor growth, with the highest dose of
30 x 10 injected NK cells showing the best therapeutieaf{Figure 4.19 C). Injection of high
human NK cell numbers also correlated with high hers of NK cells that could be retrieved
from blood and lungs 14 days after NK cell trangfégure 4.19 D). Thus, transferring higher
numbers of NK cells resulted in increased numbdraNid cells in vivo post injection.
Nevertheless, NK cell humbers continuously declirsdter the transfer (Figure 4.19 E),

indicating that transferred NK cells were unableststain continuous expansiom vivo. In
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conclusion, adoptive transfer of NK cells generatgth the optimized protocol resulted

efficient control of tumor in a xenograft mouse rel without noticeable side effec
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Figure 4.19Adoptive transfer of NK cells expanded by the ojted protocol in tumor bearing mi
resulted in pronounced tumor growth control. (Ah&ue is shown for aluation of expanded NK cel
in vivo using a xenograft model. Mice were irradiated asckived human S-MEL-28 melanoma cells
expressing luciferase by intravenous (i.v.) inj@ctiThree days later, after tumor engraftment,ntiiee
were treated (i.v.) ith human NK cells expanded with the optimized pcol and the tumor load wi
monitored by luciferase activity. -2 was repeatedly injected intraperitoneal. (B) Tulmearing mice a
described in A were treated with PBS, as a contmolyith 30 x 1€ NK cells that were expanded for
days using the optimized expansion protocol. Thetupes display the bioluminescence (radia
showing thein vivo luciferase activity of four representative miceeafch group at the day of NK ¢
transfer (top) and 18ays thereafter (bottom). (C) Tumor bearing miceeneeated with NK cells ¢
described in B using different NK cell doses. Meamd range of the tumor burden, measurec
bioluminescence, is shown at different time pofotsone representative experint with 4-5 mice per
group. (D) Mice were treated as described in C,thadransferred human NK cells wer-isolated from
blood and lungs of the mice 14 days after NK agkdtion and were enumerated using flow cytome
Mean and standard deviatiohK cell numbers per lung and per mL of blood ahewn for four mice
per group. (E) Tumor bearing mice were treated &@itx 1 expanded NK cells as described in B an
day 3, 7 and 14 the mice were sacrificed and huNidrcells were r-isolated fron blood and lungs.
Mean and standard deviation of NK cell numberslpeg or mL of blood are shown for four mice |
group. Statistical significance in all experimewtss tested by Student-test.
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4.3.3 Exvivo generated NK cells change their phenotype and fution in vivo

Next, changes in phenotype and function of NK aelléivo were monitored and NK cells that
were isolated from the lungs shortly after adoptirensfer were analyzed in comparison to
naive NK cells andx vivo expanded NK cells (Figure 4.20 A). Based on previcesults
showing that NK cells greatly change their surfacarker profile uponex vivo activation
(chapter 4.1.4), TRAIL, DNAM-1 and NKG2D surface mkers were selected to assess NK cell
activation. As expecte@x vivo expanded and activated NK cells exhibited up-ratgal TRAIL,
DNAM-1 and NKG2D compared to naive NK cells (Figer@0 B, C). Intriguingly, three days
after adoptive transfer ax vivo expanded NK cells, the cells expressed again els of
TRAIL, DNAM-1 and NKG2D similar to naive NK cells.

Next, the functional activity of NK cells was tedtafter their adoptive transfer. As expected
from the low expression of TRAIL, DNAM-1 and NKG2IDK cells retrieved from mice 3
days after adoptive transfer had low cytotoxiciggaimst SK-MEL-28 and K562 target cells,
compared to NK cells expanded from the same doti@iswere maintained iex vivo cell
culture (Figure 4.20 D). In line with the reducegtatoxicity, re-isolated NK cells had a
diminished potential for degranulation compare@xtpanded NK cells that were maintained in
ex vivo cell culture. Importantly, the ability adk vivo activated NK cells to produce IFNand
TNF-a was retainedn vivo and remained at significantly higher levels thiaat tobserved with
naive NK cells. In an additional experiment NK selere re-isolated also at later time points
after NK cell injection (Figure 4.21). The resultslicated that the high productivity of IFN-
and TNFea was still retained after 7 and 14 days followingK Nell injection, but the
experiment was performed only once with NK celtsira single donor. Of note, similar data as
obtained with NK cells isolated from lungs as shawrFigure 4.20 were obtained with NK
cells from blood (data not shown). Taken togethathough the increased potential for
degranulation and direct killing of tumor cells watsort livedin vivo, the data suggested that
NK cells generated by the optimized protocol hadustained competence for cytokine

productionin vivo.
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Figure 4.20After transfer into NSG miceex vivo expanded NK cellsapidly changed their phenoty
and lost theircytotoxicity and potential for degranulation, whilleey retained an enhanced ability
produce IFNy and TNFe. (A) Scheme for characterization of three typed\N&f cells from the sam
donor. First, frekly isolated, naive NK cells were analyzeblack. Second, NK cells were expandex

vivo for 17 days by use of short term-21 stimulation, IL-2 and irradiated EBMEL feeder cellsred).

Third, NK cells were expanded in the same way #days beforthey were transferred to tumor bear
mice (30 x 1 NK cells per mouseblue). Three days after the transfer, the transferradan NK cells
were reisolated from the mouse lungs and NK cells frc-4 mice were pooled per donor (blue). (B) -
differentially prepared NK cells as described in A were aredyfor the surface markers NKG2D, TR,
and DNAM-1 by flow cytometry. Histograms for one represemtafNK cell donor are shown (bac
together with isotype controlgi@y). (C) The flow cytometric analisas described in B is applied

three different donors. For each marker the meanstemdard deviation of all donors are shown fer
mean fluorescence intensity (MFI) corrected byyigetsubtraction (top) and the frequency of NK ¢
expressing tb marker (bottom). (D) Thdifferentially prepared NK cells as described iwere analyzed
for cytotoxicity against K562 and -MEL-28 target cell lines at a 3:1 effectorfarget ratio. Mean an
standard deviation of one out of two representagdgeerments are shown using two different NK ¢

donors. (E) Thalifferentially prepared NK cells as described irwere analyzed for degranulation &

production of IFNy and TNFe upon stimulation with PMA/lono. Mean and standaedidtion of three

different NK cell donors are displayed. Statistis@gnificance was tested by paired Studer-test in all

experiments.
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Figure 4.21 NK cells that have been expanded with dptimized protocol lose their high cytotoxic
potential shortly aftern vivo transfer, but they retain their high potentialptmduce IFNy and TNFe
over long time. (A) Scheme for characterizatiorttoke types of NK cells from the same donor. First,
freshly isolated, naive NK cells were analyzed ¢k)a Second, NK cells were expandedvivo for 17
days by use of short term IL-21 stimulation, IL+darradiated EBV-LCL feeder cells (red). Third, NK
cells were expanded in the same way for 14 daysrbdhey were transferred to tumor bearing mice (30
x 10° NK cells per mouse)(blue). After 3, 7 and 14 dimjlwing NK cell transfer, human NK cells were
re-isolated from the mouse lungs and NK cells ffoor mice were pooled (blue). (B) The differentyall
prepared NK cells as described in A were analypediégranulation and production of IRNand TNF-

o upon stimulation with PMA/lono. Displayed are résudbr NK cells from one donor.

Then, it was investigated whether long-term IL-Zveded NK cells show the same changes in
phenotype and function upan vivo transfer as NK cells obtained by the optimizedtqeol
(Figure 4.22). Indeed, long-term IL-2 activated NKlls similarly reduced the expression of
NKG2D, DNAM-1 and TRAIL and possessed a low potantdr degranulation such as naive
NK cells afterin vivo transfer. However, in contrast to NK cells thatdnédeen generated by the
optimized expansion method, long term IL-2 actidaiK cells appeared also incapable of
maintaining an enhanced productivity for IfNand TNFe in vivo. This implied a different
functional quality of NK cells obtained by the opized expansion method compared to

conventionally used long-term IL-2 activated NKlsel
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Figure 4.22 After transfer into NSG mice, NK cellst have been expanded with IL-2 and without
irradiated EBV-LCL changed their phenotype and lttetir ex vivo acquired functionality including
enhanced production of IFidand TNFe. (A) Scheme for characterization of three typed\&f cells
from the same donor. First, freshly isolated, n&ikecells were analyzed (black). Second, NK celésav
expanded:x vivo for 17 days in IL-2 containing medium.(gray). ThilNK cells were expanded in the
same way for 14 days before they were transferoetlimor bearing mice (30 x 1NK cells per
mouse)(blue). Three days after the transfer, thesferred human NK cells were re-isolated from the
mouse lungs and NK cells from two mice were pogied donor (blue). (B) The differentially prepared
NK cells as described in A were analyzed for thdase markers NKG2D, TRAIl and DNAM-1 by flow
cytometry. For each marker the mean value of twalyaed donors is shown for the mean fluorescence
intensity (MFI) corrected by isotype subtractioop}t and the frequency of NK cells expressing the
marker (bottom). (C) The differentially prepared Nt€lls as described in A were analyzed for

degranulation and production of IRNand TNFe upon stimulation with PMA/lono. Mean values of two
analyzed donors are displayed.

4.3.4 IFN-yand TNF-a inhibit the growth of SK-MEL-28 cells in vitro

Because NK cells in the xenograft model exhibitexistained potential to produce INand
TNF-qa, it was tested whether these factors can directhiribute to the NK cell mediated anti-
tumor efficacy. Since it was published recentlyt t6®LO-205 are highly sensitive and K562
are less susceptible for growth inhibition by IFnd TNFe,'* the effect of IFNy and TNFa

on SK-MEL-28 melanoma target cells was analyzedamparison to K562 and COLO-205
cells (Figure 4.23 A). As expected, IRNand TNFe strongly reduced the cell growth of
COLO-205 cells to 28%, while the effect was lessnpunced in case of K562 cells (71%).
Similar to COLO-205 cells, the growth of SK-MEL-28opped to 20% in the presence of IFN-
and TNFa, suggesting a high sensitivity of SK-MEL-28 forNfy and TNFe.. The growth
inhibition was dose dependent and low concentratafnlFNy and TNFe were less efficient
but still sufficient to mediate a detectable effiectitro (Figure 4.23 B).



Results Evaluation of expanded NK cells for therapeutic eftacy using a xenograft model

A = w/o IFNy/TNFo B C supernatant
3 +IFNy/TNFo SK-MEL-28 of NK cells
s ! = stimulated with
E 3 IFNg (100 ng/mL) SK-MEL-28
< o + TNFa (10 ng/mL) 1000
o)) [o)]
T E IFNy (25 ng/mL) TEI 100
° Py +TNFa (2.5 ng/mL) 5,
g 2 a 10
s k] IFNy (6.25 ng/mL) 1
g o + TNFa. (0.62 ng/mL
A € E 3 o (0.62 ng/ml) N
=} L E I'ZI'
T =2 IFNy (1.56 ng/mL) L
S F 0= =
2 " + TNFo. (0.16 ng/mL)
>
=
L
* % ns ns *

104 guu-==-======ccccececaFanaaala-

0.5

Relative cell growth
of SK-MEL-28
Relative cell growth
of SK-MEL-28

0.0 0.0
—_— — — ko)
a4 - Qe
EE EE 58 @8 control
— ~ ~ .
ol 99 ES anti IFNy
g8e T3 S8 B8 anti TNFo.
<3 == ] 223 anti IFNy/TNFa
>~|_|_ [TH 3 Qo n
= = '
e Z = X
= = = 2 =2
+ +

Figure 4.23 The growth of SK-MEL-28 melanoma targglts is inhibited by IFNtand TNFe in vitro.
(A) Different target cell lines were cultivated tvibr without IFNy (100 ng/mL) and TNF¢ (10 ng/mL)
for 4 days. The cell growth normalized to cultieatiwithout IFNy and TNFe is depicted for triplicate
cultures. (B) Expanded NK cells were stimulatedhw8K-MEL-28 cells for 24 h and the culture

supernatants were analyzed for If¥nd TNFe using a multiplex bead-array assay. The NK cebisew
expanded before for 14 days by means of the optisnéexpansion protocol and mean and SD of three
donors is shown. (C) SK-MEL-28 cells were culturesl described in A at different concentrations of
IFN-y and TNFe. (D) SK-MEL-28 cells were cultured as describedGn Adding supernatants of
stimulated NK cells as described in B were invegd in addition to IFN-rand TNFea. NK cell
supernatants were 10-fold concentrated using ¢egéii filters. Adding blocking antibodies (10 pg/inL
against IFNy or TNF-a at start of cultivation was tested. Mean and SBhigwn for triplicate cultures
and three different NK cell donors. Statisticalnéiigance was tested by Student’s t-test.

Cultures of expanded NK cells that were stimulateith SK-MEL-28 cells contained
concentrations of IFN-and TNFe of about 100 pg/mL and 10 pg/mL, respectively (g
4.23 C). To evaluate NK cell derived IRNand TNFe for growth inhibition of SK-MEL-28,
the supernatants were concentrated by factor 18ach the concentration range of IgNnd
TNF-a that is required to detect a possible effaatitro. Indeed, NK cell derived supernatants
reduced the growth of SK-MEL-28 in the same wayex®mbinant IFN¢ and TNFe did at
low concentrations (Figure 4.23 D). Blocking antbes against IFN- and TNFe clearly
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abrogate the inhibitory effect of recombinant IigNind TNFe at high concentrations of the
cytokines. But, at lower concentrations of IFNand TNFe the effect of the blocking
antibodies did not reach statistical significanae tb the worse “signal-to-noise ratio”, so that it
was not possible to proof that IRNand TNFe were responsible for the inhibitory effect of the
NK cell supernatants. In conclusion, it was showat IFNy and TNFe clearly inhibit the
growth of SK-MEL-28. Soluble factors derived frotmsaulated NK cells reduced the growth of
SK-MEL-28 cells, but it could not be confirmed thiais was dependent on IFNand TNFe in

vitro.

4.3.5 NK cells obtained by the optimized protocol show Hter anti-tumor efficacy

and in vivo persistence compared to conventionally IL-2 activied NK cells

Finally, thein vivo anti-tumor activity of NK cells generated with tlogtimized expansion
protocol were compared to NK cells activated logigrt with IL-2 alone without feeder cells. A
comprehensive evaluation was performed using exg@hNK cells from three different NK cell
donors during different experiments. For both es@m protocols, a high number of 30 x°10
NK cells per mouse were applied. Both protocolseasritable to obtain this high NK cell dose
for use in this mouse model, even though expansitiniL-2 without feeder cells resulted in a
minor NK cell expansion of 2- to 10-fold, wherehs bptimized expansion protocol yielded a
mean 2900 fold NK cell expansion after two weekswiver, it's important to clarify that only
the optimized expansion method would be able taigeothis dose of NK cells for humans
receiving this type of therapy. As shown befores tptimized expansion protocol led to NK
cells that were able to control tumor growth alsdager time points. In contrast, even though
conventionally IL-2 activated NK cells showed a gamanti-tumor efficacy shortly after the
transfer, they were less effective at later timengso(Figure 4.24 A). Importantly, despite
infusing identical numbers of IL-2 activated andimally expanded NK cells, there was a
striking difference in the numbers of NK cells tlcauld be isolated from the mice two weeks
after the transfer. On day 14 after injection, tivenbers of NK cells in blood, lungs and spleen
were around ten times lower for IL-2 activated N&l€ compared to NK cells that have been
expanded with the optimized expansion method (Eigu24 B). These data indicate that NK
cells that were generated with the optimized praiteghibited enhanceidh vivo persistence and

significantly controlled tumor growth at later tirpeints.
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Figure 4.24 Expansion of NK cells using the optiedizorotocol results in NK cells with bettier vivo
persistence and anti-tumor activity compared t@ lexpanded NK cells. (A) Mice bearing SK-MEL-28
cells expressing luciferase received either intnaws (i.v.) PBS (white bars) or human NK cells. The
injected NK cells were previously expandedvivo for 14 days, either with IL-2 (gray bars) or with2,
irradiated EBV-LCL and IL-21 supplemented at dayr@d bars). In total, three independent NK cell
donors were used in different experiments and tbkitminescence (radiance) of each mouse at day 3, 7
and 13 was measured and analyzed relative to thenbinescence at day 0. For each donor two to eight
mice were used per group and mean and SD of atirdaare shown for different time points. (B) Tumor
bearing mice were treated as described in A andahuRK cells were re-isolated from blood, lungs and
spleen of the mice 14 days after NK cell injectibiK cells were enumerated using flow cytometry and
mean and SD of the NK cell numbers are shown ferrepresentative donor using four mice per group.
Statistical significance was tested by Student&st-in all experiments.

In summary, adoptive transfer ex vivo expanded NK cells has a therapeutic effect against
melanoma derived human tumors in a xenograft mouseéel and a high dose of transferred
NK cells is crucial for the outcome of the treatmdfurthermore, the optimized method &xr
vivo NK cell expansion, which was developed in thiggrt enables the generation of NK cells
that feature enhanced vivo persistence after adoptive transfer and the wkfitit sustained
productivity of IFNy and TNFe in response to re-stimulation. Most importantlje t
therapeutic efficacy of these generated NK celsujgerior over conventionally IL-2 expanded
NK cells.
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5 Discussion

Parts of the text in this chapter have been dirdakten or slightly modified from Granzin et al.
(2015§*° and from a second manuscript that is currentlynsted>*’ The text has been

originally written by myself.

In this chapter the conclusions of the project ltesare discussed in the context of existing
knowledge. The chapter first deals with aspects déinge from the development of the fully
automated NK cell expansion (chapter 5.1). Thewifigs of the development of the optimized
NK expansion protocol are discussed (chapter SoRpwed by conclusions that can be drawn
from the therapeutic xenograft mouse model for ideNK cell transfer (chapter 5.3). Finally,

the results of the entire project are reviewedadontext of the aims (chapter 5.4).

5.1 Fully automated expansion and activation of clinicegrade NK

cells for adoptive immunotherapy

The developed expansion process is a valuableéddwing NK cells “from bench to bedside”

An automated cell expansion process was successfelleloped by the use of an automated
system and results were reported for the produdi@ctivated NK cells for their use in clinical
cell therapy applications. For large-scale expansib clinical-grade cells, NK cell cultures
normally are maintained for 14 to 28 days and w@ibrcrequire frequent interventions such as
media changes to refresh cytokines and other gréaetiors as well as to ensure that NK cells
are maintained at a concentration that optimize# tyrowth and viability*>® This procedure
was efficiently automated allowing for clinical-gle production of high NK cell numbers that
showed the sami@ vitro functionality and similar phenotype and gene esgian as manually
expanded NK cells. The automation requires findnicigestment for the instrument but enables
significantly reduced running costs for an activelyed clean-room, representing a major
expense factor for the cellular product. Thereftine,automated process will be cost-saving in
production scale in case of numerous performedgas®Es per year. But, most importantly, the
automation within a closed system substantiallylifates the expansion procedure by saving
not only time but also minimizing the risk of cuku contamination while introducing
consistency in the production process. Thus, thexgss allows efficient GMP-compliant
expansion of NK cells to best possible meet climegeds and thereby it supports the translation

of NK cell therapy to therapeutic use.
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Ex vivo expansion changes the NK cell phenotype with ptssionsequences for their use in
therapy

In line with previous finding&}" many NK cell relevant markers and apoptosis-inagici
molecules were up-regulated upex vivo expansion (chapters 4.1.4, 4.1.5). This change in
phenotype might contribute to an increase of tleeagheutic potential of thex vivo generated
NK cells. In particular, up-regulation of TRAIL bgxpanded NK cells can be utilized to
efficiently treat tumors that express TRAIL deagiteptors and/or are sensitized to TRAIL by
drugs such as bortezomib or doxorubi&it®****Furthermore, the up-regulated expression of
DNAM-1 and NKG2D by expanded NK cells increasesirthesponsiveness and lead to
enhanced NK cell mediated natural killing of tungetls expressing ligands for these receptors,
which is important for improved elimination of leerkia and solid tumors (chapter 0). Here,
similar to TRAIL, the susceptibility of cancer celcan be further increased by different
chemotherapeutic agents or hyperthermia, whichdadhe expression of ligands for DNAM-1
and NKG2D on tumor celf€?®*? Importantly, NK cells from cancer patients oftemow
diminished cytotoxic response due to impaired esgiom of activating NK cell receptoi¥.
Therefore,ex vivo activation and expansion of patient derived agols NK cells can be
helpful to restore the repertoire of activatingetors on autologous NK cells, pointing out the
importance ofex vivo expansion in particular for adoptive NK cell theyain autologous

settings.

Similar to a bioreactor, the presented system fidrddll expansion is very convenient, but it
does not require manual pre-cultivation and alltaweer starting cell numbers

Although some methods for effective NK cell expansiere developed in the past and have
proven their applicability in large-scale by usem&nual cultivation systems, such as cell
culture bags or G-Rex container§?°®%"3183%7.3%here has been virtually no progress in the
development of a fully automated and controlledcpss for clinical-scale NK cell expansion.
An early report in 1996 showed the feasibility of@nated NK cell cultivation by means of a
stirred bioreactof® but no further applications of this approach hagen published. Sutlu et al.
and Lapteva et al., independent of each otherjexpph automated Wave Bioreactor system for
clinical-grade NK cell expansion from PBM&$***and Spanholtz et al. used the same system
to generate clinical-grade NK cells expanded framidlood hematopoietic progenitor céffs.
Sutlu et al. concluded that automation of the eatton is more practical and generated more
activated NK cells compared with manual approachigs. results presented here confirm the
practicability of an automated system, whereasthis project, NK cells neither differed

significantly in phenotype nor in function, whethérey have been cultivated manually or
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automatically (chapters 4.1.2, 4.1.3, 4.1.4, 4,kjilar to observations from Lapteva et al. and
Spanholtz et al.. In comparison, the Wave Biorgasystem requires a high cell number to

initiate the culture, which inevitably implicatesr@anual pre-cultivation until enough cells are

generated to start the automated process. In gtersypresented here, low starting cell numbers
were not a limitation, because the automation a¢ne whole cultivation phase including an

early static cultivation phase with very low cellmbers, with 1DNK cells being sufficient to

initiate the current process.

The combination of automated cell separation andclKcultivation within a single system is
unique and allows full-automation of the whole N&l@xpansion procedure

In contrast to other expansion approaches, thigegreahows that the entire cell cultivation
phase, including preceding cell separation steps, lme done fully automated by a single
instrument, enabling complete cell processing ftbm starting material to the final “ready-to-
use” cell product (chapter 4.1.6). Starting the d#fl production process with a cell separation
step to enrich for NK cells is beneficial, becaitseesults in high-purity expanded NK cells
without contaminating T cells in the final cell piect?®® The purity of the produced NK cells is
important to avoid T cell mediated toxicities suh GvHD, especially in allogeneic settings,
but also to directly trace back any treatment ¢$fguositive and negative ones, to NK cells and

allow a proper clinical evaluation of NK cells &gtapeutic effector cells (chapter 1.5.1).

Similar to a bioreactor, the presented system fidradll expansion yields sufficient NK cells
for cell doses typically used in clinical trialsutbconsidering strategies to increase the
achievable number are needed since future apjplisaprobably require more NK cells

On average, with one instrument 1.3 X &@tivated NK cells could be generated within two
weeks, enough to treat a typical 70- to 100-kgepativith 1 to 2 x 10NK cells/kg. This would
fall within the range of NK cells typically used most investigational trials of adoptive NK cell
immunotherapy®’ Nevertheless, the optimal dose for NK cell injeati has not yet been
determined, and, because no dose dependent sitsdifave been observed, NK cell injections
of 16 to 10/kg are imaginable in futuré’ Whereas bioreactor systems provide a volume of up
to 3 L for cultivation and can yield 2 x 10NK cells derived from umbilical cord blood
hematopoietic stem ceff§ or 9.8 x 18 NK cells from expansion of PBMG§**the current
system presented here is equipped with a mediuka salure volume of only 300 mL, which
allowed a maximum NK cell number of 2.7 x’1Thus, if higher doses of NK cells are needed,
several process runs or multiple devices mightdmessary for one application. In case that NK
cell therapy turns out to be an efficient treatnaption, it's even imaginable that production of

NK cells could be realized in highly standardizéardactor systems equipped with volumes up
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to 10,000 liters similar to large cell cultures fmoduction of therapeutic antibodies. Of note,
the optimized protocol for NK cell expansion, whishdiscussed later, makes it possible to
reach extremely high NK cell numbers, which couldded require the capacity of such large
culture systems. Then, the developed automated &lKegpansion would be ideal for initial

NK cell processing, which includes NK cell sepamatand early cultivation steps, to provide

clinical-grade NK cells as inoculum for subsequexgansion using a suitable bioreactor system.

Multiple NK cell infusions over time, which coulalachieved by continuous production of NK

cells, could be an alternative to infusion of agiérilarge NK cell dose

Another strategy is the continuous production of didls that can be infused during multiple

courses, allowing a high dose of applied NK cailshie end. With the current instrumentation,

it's already possible to perform a continuouslynimg process that maintains the NK cells in

the expansion phase with repeated harvesting &f wdlenever the maximum cell density is

reached. Of note, with the optimized expansiongm@it a continuously running process could

be maintained over weeks and very high NK cell dag®ild be achieved from a single blood

donation. Repeated administration &f vivo expanded NK cells at low numbers could be
already sufficient for inducing a long-lasting antinor response, since it has been shown in
mice that adoptively transferred NK cells are d@blé&igger tumor specific endogenous memory

T cell responses as antigen presenting cells outfir cross-talk with DC¥?

The expanded NK cells keep their proliferative ptisd duringex vivo expansion, so that NK
cells could further expana vivo after adoptive transfer

The number of NK cells that is required for thensfer to the patient may be lower, if better
vivo persistence and expansion of the transferred cellkl be achieved through post infusion
strategies, such as cytokine administration. Ghinicals showed that it's possible to induoe
vivo NK cell expansion in humans by means of IL-2 itiggt or endogenous production of IL-
15 that can be stimulated by preparative chemagplyerath high dose cyclophosphamide and
fludarabinet”’***Importantly, NK cells produced with the use of theomated method showed
no noticeable telomere length shortening after egioa (chapter 4.1.3), indicating that the cells
do not become senescent, and the regular prolifergtotential is conserved, potentially

allowing ex vivo expanded NK cells to further expaimdvivo.

Specific expansion of therapeutically relevant N#lsccould reduce the required NK cell dose
Another aspect to consider is that NK cells ar@fogieneous in phenotype and function, with
only a fraction of NK cell subsets driving their jmacytotoxic effects®**"°As a consequence,

effective NK cell based immunotherapy may not nsagly require the transfer of a high
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number of bulk NK cells but the transfer of su#éiat cells of therapeutically relevant NK cell
subsets. For example, expanded single’KdR cells are proven to be advantageous over bulk
NK cells in an AML xenograft modéf’ But, detailed characterization of the optimal Nél ¢
subset for therapy is still pending. Nevertheldsscause the automated expansion system
combines the feature of cell separation and thsipiisy to use a very low starting NK cell
number, it would be possible to isolate only a rénerapeutically relevant NK cell subset and
expand these cells to clinically needed numberdimwiia single process, representing a

promising future strategy.

The applied clinical NK cell enrichment using T@R3-CD19 depletion followed by CD56
enrichment could be better than conventional CO8ali®n and CD56 enrichment

In the presented work, the used system was autdmhteugh the use of TCR/f3-CD19
depletion followed by CD56 enrichment as a novehtsy to enrich for bulk NK cells in
clinical scale from leukapheresis products (chagtdr6). This strategy may be promising,
because TCRH[ depletion has been shown to be superior over ctioveal CD3/CD19
depletion in stem cell transplantation settings ttua more efficient removal of TCRB T
cells¥™*">which are responsible for GvHD. Furthermore, renimj TCRy/3 T lymphocytes
rather possess positive features as they exhisitanti-tumor activity’>*"*augment NK cell
activity through CD137 engageméft,and eliminate recipient DCs and T cells, thereby
preventing GVHD?? Indeed, a highly efficient depletion of TGRB cells was achieved in the
presented project and the obtained NK cells hadadh®e potential to proliferate and showed the
same functionality after expansion as NK cells, chhwere obtained by CD3 depletion and
CD56 enrichment. The latter method has been usedstendard strategy for clinical scale NK

cell separation in therapeutic settings so fa?%2842%

As the automated NK cell expansion process allosvdralized and de-centralized production,
it facilitates different strategies for large scalanufacturing of NK cells for therapeutic use

In view of the need to develop standardized methodsxpand NK cells for clinical use, this
automated process enables easy up-scaling foreffasent, centralized manufacturing of the
therapeutic cell product. On the other hand, tlesed system allows scale-out strategies and

decentralized cell processing directly at the locatof use’’®

avoiding the need for cell
shipping, which often represents a logistic chaterand, if done incorrectly, can compromise
the NK cell product quality** In general, both models, centralized and de-ckzeh
manufacturing, have advantages and disadvantagetharchoice for the best production model
may rely mainly on the product stability and thecewssity for a fast delivery to the patient,

which is more critical for autologous than for akmeic cellular therapies in most ca¥és.
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Importantly, NK cells are applied in autologous hido in allogeneic therapeutic settings and

the presented system supports the optimal NK cetlyrtion model for both settings.

5.2 Development of an optimized protocol for expansioand

activation of human NK cells

In the first part of the project, a fully automatecess for NK cell expansion was developed
based on a clinical protocol that makes use of a2l irradiated, clinical-grade EBV-LCL
feeder cells to stimulate NK cell. Although thisda attractive strategy for clinical NK cell
expansion, it's restricted to a relatively limitpdriod of 2-4 weeks when expansion occurs and
the achievable yield of NK cells remains limitederld, it was demonstrated for the first time
that the expansion of NK cells from peripheral lldiy use of clinical-grade irradiated EBV-
LCL feeder cells can be greatly increased by onglsiinitial addition of IL-21 into the culture
medium. This resulted in a long-lasting highly &#nt proliferation of NK cells with poterib

vitro andin vivo anti-tumor activity (chapters 4.2, 4.3).

The efficacy of the developed method for NK celpamsion is unprecedentedly high

Repeated stimulation with K562 feeder cells beanmgnbrane-bound IL-21 has been reported
to facilitate a long-term expansion of NK cellsoaling around 18-fold NK cell expansion
after six week$® Here, a much higher 18fold NK cell expansion was reached after six
weeks by combining repeated stimulation with irséeldl EBV-LCL feeder cells with IL-21
addition at the initiation of culture (chapter 4 2.1t was sufficient to supplement soluble IL-21
only at start of cultivation to achieve high expansof NK cells using stimulation with
irradiated EBV-LCL. These data are in concordanth vecent data showing exposure time of
soluble IL-21 is critical for the yield of NK cellduring co-culture with K562 feeder cells
expressing membrane-bound IL-¥8Importantly, IL-21 has been shown to cause apaptufs
NK cells which is enhanced when this cytokine isnheane-bound compared to when it's in its
soluble staté® This implies that stimulation of NK cells usingefter cells expressing
membrane-bound IL-21 may have disadvantages coohpathe approach utilized here, where
IL-21 was incorporated only briefly into the mediathe start of cell culture. The combination
of repeated stimulation with clinical-grade irradid EBV-LCL feeder cells and the short term

presence of soluble IL-21 in the medium resultsriparalleled efficacy in expanding NK cells.

The optimized expansion method would allow to gateean off-the-shelf NK cell product
Unlike other effector cells, NK cells can be apgliaot only in an autologous but also

allogeneic setting and receptor-ligand mismatcHedoaor and recipient may support a better

379
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NK cell versus tumor effect without inducing unweahttoxicities:’” Thus, at some stage NK
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cell products may become universally applicabld-tioé-shelf” with the optimized expansion
method enabling the production of activated NKs#&dl an industrial scale. Until now, this was
only possible by using continuously growing NK céihes like NK-92 that proved its
applicability in mouse studies and in pilot trialéth cancer patient8®*** However, due to
safety concerns, NK cell lines require proper ivatton by irradiation prior to infusion in the
patient, preventing their ability to proliferaite vivo which could potentially compromise their
therapeutic potential. To avoid this major drawbatkK cell lines, it would be advantageous
to use primary NK cells and expand them to veryhhégll numbers using the presented
optimized method, to manufacture off-the-shelf N&l @roducts that are suitable for use in
protocols treating a variety of different cancetigrats. Compared to individually generated
therapeutic NK cell units, off-the-shelf NK cellgatucts would not only ensure a more constant
product quality and efficacy, but also the produttprocess could be designed in a centralized
and more cost-efficient way. Apart from the therajeefficacy, these aspects are essential for

the success of a cellular therapy in the long run.

EBV-LCL-mediated NK cell expansion is not primaridlgpendent on soluble factors
Although EBV transformed B cell lines are used MK cell expansion for long time, the
expansion inducing mechanisms are still uncleaeréstingly, IL-12 is known to induce NK
cell activation and IFN-production and IL-12 was originally purified frothe supernatant of
the EBV-LCL cell line RPMI 88668°***However, the EBV-LCL used in this project did not
secrete noticeable amounts of IL-12 (chapter 4.ZRis can be explained by the heterogeneity
of EBV-LCL cell lines. In a study analyzing the okine secretion of different EBV-LCL cell
lines only 19 out of 39 tested EBV-LCL cell linesoduced IL-12%* Furthermore, early reports
already claimed that EBV-LCL-mediated NK cell expimm is not dependent on soluble
309

factors;™" which is in agreement with the here presented thatiimply an important role for
the direct cell-cell contact between EBV-LCL and W#lls (chapter 4.2.3).

EBV-LCL-mediated NK cell expansion relies on cedlccontact, but the relevant factors for
this interaction remain elusive

It's known that expansion of NK cells in co-cultaneith different other cells is often based on
heterotypic cell-cell contact, as shown for autology PBMC&* and CD14 cells® or
allogeneic feeder cells including K582 HFWT***32% KL-1%3%' and MM-170%*? However, in
most cases, the essential factors for this interacre unknown. Therefore, different surface
marker were targeted with blocking antibodies teeed important factor for the interaction
between the used EBV-LCL and NK cells, (chapter}4.2n general, allogeneic feeder cells

can support NK cell expansion vitro due to the mismatch of expressed KIR ligands akd N
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cell KIRs>® Interactions with CD16 on NK cells were required KL-1-mediated expansion
of NK cells from PBMCs, and, interestingly, depbetiof B cells from the PBMCs abrogated
NK cell expansion, while addition of an EBV-LCL téhe further increased the expansih.
However, in my experiments CD16 was irrelevant tfee interaction between the EBV-LCL
and NK cells, since two different blocking antibeslidirected against CD16 did not reveal any
effect on the EBV-LCL-mediated NK cell expansiorlBBL is an important ligand on
engineered K562 triggering NK cell proliferatiéfi,but blocking of this ligand also had no
consequence on the expansion of NK cells in catmltwith EBV-LCL. Because EBV
infection can induce CD40 ligand expression it gaggested that CD40/CD40L signaling
could play a rolé® but blocking CD40 in the NK-EBV-LCL co-culture didot make a
difference. CD48 and 2B4 are critical for the pfetation of NK cells in response to IL-2
during homotypic interactions between different Sils, and they play a role for interactions
between CD48T cells and 2B4NK cells?3*"3¥|ndeed, it was observed that blocking of 2B4
or CDA48 reduced the expansion of NK cells in cealsuwvith NK cells alone, but these blockings
had no significant effect when EBV-LCL were presémiplying that the character of the NK-
EBV-LCL interaction is independent of CD48 and 2Rhfortunately, none of the targeted
receptors appeared to be important for the EBV-INEL cell expansion with the exception of
the high affinity IL-2 receptor CD25, pointing tbe relevance of IL-2 signaling, which is

addressed in the next section.

They-chain cytokines IL-2 and IL-21 seem critical fdB¥-LCL-mediated NK cell expansion
To understand the relevant factors of EBV-LCL-mé&stiaNK cell expansion, it would be
necessary to understand the general mechanism& afeMl expansion. For T cell expansion,
it's an accepted model that engagement of the TdllBwWed by a second co-stimulatory signal,
such as CD28 triggering, enables full T cell adtora and induces up-regulation of cytokine
receptors, which then allow T cell proliferationriesponse to different cytokin&$.Although
the relevant parameters for NK cell expansion @ss tlear, one could imagine a similar model
for NK cells, as NK cell expansion during formatioh memory NK cells seems to rely on
comparable mechanisms as for memory T cells. For déKs in mice, MCMV lead to
engagement of the Ly49H receptor and co-stimulatimaugh DNAM.-1, provoking a clonal
expansion of Ly49H NK cells in response to pro-inflammatory cytokireesh as IL-122 In
humans, HCMV causes the specific expansion of NKG2R cells and the exact ligand that
act as first signal and drives this expansion iknown, but, similar to mice, IL-12 plays a
critical role, because it induces CD25 expressimh drives expansion of NKGZQ\K cells in
response to CMVn vitro®’. Intriguingly, induction of high CD25 expressiorasvobserved by
NK cells in co-culture with EBV-LCL (chapter 4.2.1This may indicate that EBV-LCL
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provide the required signals for an initial NK caditivation, which then lead to up-regulation of
cytokine receptors, such as CD25, which in turnldi@liow cytokine-driven expansion of NK
cells, for instance by IL-2. In fact, even at high-2 concentrations blocking of CD25
significantly reduced the EBV-LCL-mediated NK celkpansion, showing the relevance of
CD25 for EBV-LCL-mediated NK cell expansion. Impamtly, blocking of CD25 had no effect
on the expansion of NK cells in response to EBV-Lhen IL-21 was present, indicating that
IL-2 signaling can be replaced by IL-21 that aslwah signal through the commarchain.
This hypothesis was confirmed by the fact thatlatikely robust NK cell expansion was still
possible without IL-2 when IL-21 was present, whasréhe expansion was dramatically reduced
when both were missing. The fact that IL-21 compéss the need for IL-2 could at least
partially explain the good performance of the ojted expansion method, using EBV-LCL
and adding of IL-21 at start of the culture. Howevetal replacement of IL-2 by IL-21 seems
not to be an option for NK cell expansion protocdiecause IL-21 counteracted the NK cell
expansion when it was present in culture over lotigge (chapter 4.2.1). This emphasizes the
actual need to dissect the effects of the diffeogmbkines during NK cell expansion in more
detail. In addition, the signals that are providgdEBV-LCL represent an important topic to

better understand the mechanisms behind the eieNK cell expansion.

Better understanding of the mechanisms behind B¥-ECL-mediated NK cell expansion
would help to develop NK cell expansion protocolthaut the need for feeder cells

Identification of the signals provided by EBV-LChrfNK cell expansion would not only help
to understand the biology of NK cell proliferatidout it could also help to design NK cell
expansion approaches without feeder cells. Thedance of feeder cells would further improve
the standardization of the NK cell expansion procedsince it can be assumed that feeder cells
are undefined cell culture components with varyipglity. A recent study showed that it can
be sufficient to utilize cell membrane particlef@éder cells for NK cell expansion rather than
intact feeder cell¥® which could already be an improvement from a rafguy standpoint. An
even more advanced strategy could be the use of-@stiRe artificial particles carrying the
relevant factors for NK cell expansion, similarftaell expansion that can be achieved by non-
biological particles loaded with anti-CD3/anti-CD2&itibodies™ A recent approach using
bead-bound IL-21 and 41BBL demonstrated the gerieaalibility of this strategy for NK cell
expansion, but the achieved performance is farngetiiat achievable with feeder cells (140-
fold NK cell expansion in 3 weeks), showing thét itecessary to better understand the relevant
factors for NK cell proliferation first"' Since it was demonstrated that the EBV-LCL-

dependent NK cell expansion relies on cell-conthet,use of membrane particles of EBV-LCL
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for NK cell expansion should be feasible and cosilaiplify the identification of relevant

membrane components of these feeder cells in ashext

5.3 Evaluation of expanded human NK cells for therapeut

efficacy using a xenograft mouse model

With the optimized expansion method it's possilolgotoduce high NK cell doses for adoptive
transfer that are required to mediate a noticeatietumor effect

NK cells expanded with the optimized method medigteonounced anti-tumor activity in a
mouse model and they showed superior persistems&vo compared to conventional IL-2
activated NK cells (chapters 4.3.2, 4.3.5). Tomfe this anti-tumor effect, injection of up to
30 x 10 NK cells per mouse is needed, corresponding fd\Ocells/kg, which is in the upper
range of considered doses for studies in hurfi@riBhus, the results of the here presented
xenograft mouse model indeed support the ratiofwldransferring preferably high NK cell
doses to maximize a therapeutic anti-tumor efféttis is in agreement with a published
xenograft model with NSG mice bearing human myelde@ed tumors, where transfer of 140
x 10 ex vivo expanded K cells were required to achieve NK meitliated tumor growth control,
while injection of 40 x 1ONK cells was not sufficient for tumor contrtf. Importantly, the
optimized NK cell expansion method is capable afviging these high numbers of clinical-
grade NK cells for treatment of humans, whereasseotional NK cell expansion protocols

may not reach these NK cell doses required foraglruse.

IL-2 injections did not maintain NK cell activatiand persistence in the experimental system
invivo

To maintain sustained activation and expansion kfcllls in vivo, injection of low dose IL-2
has frequently been utilized in clinical studieawéver, despite treatment with low dose IL-2
in the animal model, neither noticealble vivo expansion was detected, nor did adoptively
transferred NK cells maintain the phenotypic peofif activation that was acquired durieqg
vivo culture (chapters 4.3.2, 4.3.3). Possibly, theggeiantity of transferred NK cells caused a
very high demand for IL-2 that could not be obtditg the low dose of administered IL-2. Of
note, it was published recently that, in contrastllt-15, IL-2 was inefficient to promote
noticeablein vivo NK cell expansion in a similar xenograft mouse eldtf Therefore, IL-15
may be a better cytokine to improve NK cell peggise, which also has the added benefit of
avoiding unfavorable proliferation of regulatory CElls which occurs commonly with IL-

2 190193237An additional option would be to utilize an IL-8uiperkine”, which is an engineered
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IL-2 that binds with high affinity to the IL-2R dreliminates the functional requirement for
CD25>*

Limited in vivo persistence of NK cells could also be of advanfagéheir use in therapy
Although an extending lifespan of adoptively trameéd effector cells seems desirabifethe
limited in vivo persistence and the short lifespan of transfadi€atells could have benefits that
would make sustaineth vivo NK cell expansion needless. Adoptive therapy usingells
expressing CARs currently represents a breakthrdeghcancer immunotherapy, but the
longevity of T cells may cause severe and potdntide-long side effects, such as B cell
aplasia upon infusion of anti-CD20 CAR T céfisThese unwanted side effects of CAR T cells
could be avoided by the use of short-lived CAR ezping NK cells, potentially making them

better controlled, potentially superior “car drigef*

Similar to cytokine-induced memory-like NK cellsKNcells obtained with the optimized NK
cell expansion method maintain an increased paieioti production of IFNy and TNFe
Although activated NK cells had a rapid declinetheir ability kill tumor target cellsfter
adoptive transfer, they retained their enhancedntiall to produce IFN-and TNFe in
response to stimulation (chapter 4.3.3). Similaplyg-activation of murine or human NK cells
with IL-12, IL-15 and IL-18 leads to cytokine-indest memory-like NK cells that maintain the
ability to respond to stimulation with higher pration of IFN+y.°** Furthermore, murine and
human cytokine induced memory-like NK cells posseggoved anti-tumor activitjn vivo, as
shown by a mouse lymphoma model and a leukemiagraftomodef?3% Thus, the results
presented here indicate that expansion of NK aeills the optimized expansion method may
lead to a type of NK cells similar memory-like NElls with sustained production of IFjNand
TNF-a upon stimulation. Importantly, up-regulation of 2bis another important characteristic
of cytokine-induced memory-like NK cells, allowinghem to respond to picomolar
concentrations of IL-%2?® As the optimized expansion also results in NK scalith
significantly up-regulated CD25 (chapter 4.2.1)istleould be another hint that NK cells
obtained with the optimized expansion protocol shaatures with the type of memory-like NK
cells generated with IL-12, IL-15 and IL-18.

NK cell derived IFNy and TNFea could contribute to the anti-tumor effentvivo

IFN-y and TNFe could play a direct role in the anti-tumor effélsat was observed in the
xenograft mouse model. In combination, IMnd TNFe can induce permanent growth arrest
in numerous human cancers and both cytokines tegatie essential for destroying established

tumors in mice by eradication of tumor associatiednsa cells™**?° Importantly, it could be
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shown that SK-MEL-28 melanoma cells, which wererafigd in the mouse xenograft model,
were sensitive for growth arrest by IRNand TNFe in vitro (chapter 4.3.4). Unfortunately, at
leastin vitro it was not possible to proof that IRNand TNFe derived from expanded NK cells
are sufficient to mediate direct growth inhibitioh SK-MEL-28. Nevertheless, IFM-also can
polarize T cells into type-1 effector cells andegulates MHC class | on target cells and DCs
that could potentially facilitate subsequent T eaéidiated anti-tumor responses. Accordingly,
in a therapeutic mouse model of RMA-S lymphoma,dfagluction of IFNy by transferred NK
cells was essential for their tumor growth contforhus, it would be reasonable to further
investigate whether IFN-and TNFe produced by adoptively transferred NK cells cdntré to
the NK cell-mediated anti-tumor activity. While cent NK cell based therapies focus on the
direct cytotoxic effect of NK cells, the possibtegortance of NK cell derived cytokines could

be a relevant aspect for NK cells therapeutic fionct

NK cell derived anti-tumor responses that engageroimmune cells cannot be determined in
the utilized xenograft mouse model

As already discussed before, some effects fromrmesferred NK cells could involve other
immune cells to induce effective anti-tumor immyngee also chapter 1.3.3). Of note, some of
these effects, such as IRNsecretion that triggers MHC class | up-regulabartarget cells and
thereby makes them more vulnerable for T cell rasps could in turn also dampen NK cells by
inhibition through KIR signaling™ Effects that inhibit the function of transferred Nells
would affect the tumor control in the xenograft eeumodel. However, effects from the
adaptive immune system are not reflected by thd yerograft mouse model, because the mice
are immunocompromised and they lack T cells an@lB ¢o allow engraftment of human cells
without rejection. This is a possible drawback leé used model that could be overcome by
utilizing mice with a humanized immune system. Ehasmanized mice can be generated by
injection of human primary hematopoietic cells thate rise to the different human immune
cells**"*%® This model then allows to engraft human derivemidrs without rejection of the
graft as shown for breast cancer for example, emdddition, the established human immune
system enables better investigation of the comateiktumor immunity**® To further improve
the informative value of the model, engraftmentifferent primary human tumors instead of
tumor cell lines would be more close to the sitwatin the clinic, but this approach could be

complicated by the poor availability of these tummaterials'®

Nevertheless, although the here
used xenograft mouse model lacks other immune ttells the transferred NK cells, it could be
demonstrated that adoptive NK cell transfer cleaytrolled the tumor growth. Thus, the

model was suitable to proof the therapeutic effiaafcexpanded NK cellB vivo. Nevertheless,



Discussion  Evaluation of expanded Nk for therapeutic efficacy cells using a xenograft mdel

with view on the possible importance of other immuwells, which could be triggered by the
transferred NK cells, the observed anti-tumor effet the xenograft model could be

underestimated or at least different to the exjeetiect with an immune competent individual.

The optimized expansion of clinical-grade NK cedlsd the established xenograft model are
useful tools for the implementation and testingngfroved NK cell therapy concepts in future
Adoptive transfer of expanded NK cells in combioatwith other anti-cancer therapies could
open new perspectives for cancer treatment in dut@onsidering the described recent
developments in the field and taking the resultghef presented project into account, future
scenarios of cancer immunotherapy with NK cell $fan could combine several aspects. An
exemplary scenario in the near future could beathaptive transfer of clinical-grade vivo
expanded NK cells at very high cell doses durindtipla courses together with multi-specific
antibodies directed against tumor antigens. Anoolitlto the more distant future could be for
instance the therapy with genetically modified wié-shelf NK cell products, which express
their own IL-2 and CARs against tumor antigens, ardch could be applied together with
antibodies targeting inhibitory KIRs. Many diffetetreatment settings that include NK cell
transfer are possible and these approaches cowdabeated using the established preclinical
xenograft model. Furthermore, the here developettiadefor clinical-grade NK cell expansion
IS essential to overcome the normally limited nurabef available primary NK cells. These
limited NK cell numbers could be particular relevéor intended approaches involving genetic
modification of NK cells, such as generation of CARpressing NK cells. Because genetic
engineering of NK cells require further processstgps that are associated with potential loss

of NK cells, further reducing the amount of NK edthat is available for the intended therapy.
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5.4 Conclusion and Perspectives

The first aim of the project was to identify a abie technical method to translate protocols for
NK cell expansion from early development in laborgtscale to large scale for clinical use.
This was worked out by the automation of an emikecell expansion process with the use of a
single instrument, allowing for the efficient pradion of clinical-grade NK effector cells.
Because all processing steps are done automa@alwsed system, this provides the highest
standards for GMP conformity and it best possibkets clinical requests. Importantly, apart
from the clinical-grade quality, the automated pehare yields sufficient quantities of activated
NK cells for most of the current clinical NK celpglications. Strategies to obtain higher NK
cell doses that are possibly required in futurddde the combination of the current processing
system with a bioreactor, or increasing the capaaitthe available culture volume of the
current system, or producing NK cells in a contunslg running expansion process that is

already possible with the current system.

A second aim of the project was the developmera bfghly efficient method to expand NK
cells ex vivo to best possible serve clinical needs. Therefare,optimized protocol was
established foex vivo expansion of primary human NK cells with outstaigdcell yields. This
was achieved by stimulation of NK cells with irragid EBV-LCL feeder cells, IL-2 and adding
IL-21 at the start of the culture. NK cells expathdand activated under this condition possess
potent anti-tumor activity. Thus, the method igadle to provide very high doses of functional
NK cells for clinical use, which is at least inrtes of quantity not possible by other protocols
reported so far. It's imaginable that this methad pave the way for off-the-shelf primary NK
cell products, opening new perspectives for celldterapy with NK cells. Furthermore,
identification and understanding of the EBV-LCL+ed signals for NK cell expansion would
be a reasonable next step to allow the developmEeiNK cell expansion methods without

feeder cells, further improving NK cell expansioorh a regulatory standpoint.

The third aim of the project was to investigate fewivo expansion and activation of NK cells
affect their anti-tumor properties. Characterizatad ex vivo activated and expanded NK cells
revealed that expanded NK cells exhibit alterationgene expression, surface marker profiles
and function. Uporex vivo expansion, NK cells up-regulate activating receptand effector
molecules, they become more cytotoxic against s¢veimor cell lines, and they exhibit
enhanced production of IFiN-and TNFe upon stimulationin vitro. Furthermore, adoptive
transfer of NK cells expanded with the optimizegaxsion method led to significant inhibition

of tumor growth in a melanoma xenograft mouse madelvo. This anti-tumor efficacy was
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superior over that from conventionally IL-2 actedt NK cells, demonstrating that the
developed NK cell expansion method enhances ngt thiel quantity but also the therapeutic
quality of NK cells. Intriguingly, NK cells expandewith the optimized method maintained
their enhanced potential to produce Ildnd TNFe after adoptive transfer, although these NK
cells again became similar to naive NK cells inmeof their surface marker profile and a low
potential to kill tumor cells. Thus, subsequent kvoould focus on the role of IFfdand TNF-

o for NK cells anti-tumor function. Further, it couluk investigated why the cytotoxicity of
expanded NK rapidly declines after adoptive tranafed whether it's possible to anticipate this
loss of cytotoxic function. In addition, the esiabkd xenograft model could be used for the
testing of strategies to further improve the NKI @iti-tumor effect. Such strategies could
include repeated injection of high NK cell dosesté#ad of a single NK cell injection. The
injection of IL-15 or other suitable agents to emteathe NK cell persistence and function
vivo could be tested. Additional promising treatmentias are the combination of NK cell
transfer with therapeutic antibodies or the usgesfetically modified NK cells, such as CAR-

expressing NK cells.

In summary, the project yields a novel technicalcpdure for automatesk vivo expansion of
clinical-grade NK cells and an optimized method KK cell expansion with unparalleled
efficacy, allowing to generate large numbers of NKlls with pre-clinically approved
therapeutic function. Thereby, the outcome of thgget meets a critical clinical need as it
allows for the production of functional NK cellsathcan be applied in the clinics for adoptive
NK cell therapy at high cell doses. Furthermore, tutcome of the project creates a basis to

develop and improve future strategies for canoceragy with NK cells.
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1301
ADCC

ALL

AML
APC
ATP

BAT3
BCR
BiKe
B-RAF

C

CAR

CCL

CCuU

CD
CEACAM1

CFSE

CLL

Co,
COLO-205

CTLA-4

Daudi
DMSO
DNA
DNAM-1
EBV
EBV-LCL

EDTA
EGFR

T cell leukemia cell line

Antibody-dependent cellular
cytotoxicity

Acute lymphoblastic leukemia
Acute myeloid leukemia
Antigen presenting cell

Adenosine triphosphate;
allophycocyanin

HLA-B-associated transcript 3
B cell receptor
Bi-specific killer cell engagers

B-rapidly accelerated
fibrosarcoma

Celsius

Chimeric antigen receptor
CC-chemokine ligand
CentriCult Unit

Cluster of differentiation

Carcinoembryonic antigen-
related cell adhesion molecule 1

Carboxyfluorescein
succinimidyl ester

Chronic lymphocytic leukemia
Carbon dioxide

Human colorectal
adenocarcinoma cell line

T-lymphocyte-associated
protein 4

Burkitt's lymphoma cell line
Dimethylsulfoxide
Deoxyribonucleic acid
DNAX accessory Molecule-1
Epstein-Barr virus

Epstein-Barr virus-transformed
lymphoblastoid cell line

Ethylenediaminetetraacetic acid

Epidermal growth factor
receptor

EMT

ERK

Fab
FasL
Fc
FITC
FPS

GM-CSF

GvHD
GvL
GvT
Gy

HCMV
HER

HFWT
HSCT

IDO

IFN

ILC
lono

ITAM

ITIM

Epithelial-mesenchymal
transition

Extracellular signal-regulated
kinase

Fragment for antigen-binding
FAS receptor ligand
Constant fragment
Fluorescein Isothiocyanate
Flexible programming suite
Gram; gravity acceleration

Granulocyte-macrophage
colony-stimulating factor

Graft versus host disease
Graft versus leukemia
Graft versus tumor

Gray

Hour(s)

Human cytomegalovirus

Human epidermal growth factor
receptor

Wilms tumor cell line

Hematopoietic stem cell
transplantation

Indoleamine-pyrrole 2,3-
dioxygenase

Interferon
Immunoglobulin
Interleukin

Innate lymphoid cell
lonomycin

Immunoreceptor tyrosine-based
activating motif

Immunoreceptor tyrosine-based
inhibitory motif

Kilo
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104

K562

KIR

KLRG1

L
LAK

LAZ 388
LN

LTi

MACS

MAGE
MAP
MCMV
MDS
MDSC

MFI
MHC
MIC

min
MM

NCR
NK
NKG2
NSG
O,

PBMC

PCNA

Human myelogenous leukemia
cell line

Killer-immunoglobulin-like
receptor

Killer-cell lectin like receptor
Gl

Liter

Lymphokine-activated killer
Specific EBV-LCL cell line
Lymphotoxin

Lymphoid tissue—inducer
Milli; meter

Mirco

Molar

Magnetic cell separation

Melanoma-associated antigen
Mercapturic acid pathway
Mouse cytomegalovirus
Myelodysplastic syndrome

Myeloid-derived suppressor
cells

Mean fluorescence intensity
Histocompatibility complex

MHC class | polypeptide-related
sequence

Minute(s)

Multiple myeloma

Nano

Natural cytotoxicity receptor
Natural killer

NK group 2

NOD-scid IL-2Rgamni¥'
Oxygen

Peripheral blood mononuclear
cell

Proliferating cell nuclear
antigen

PD-1
PE
PEB
PMA
Raji
RCC
REA
RNA
RPMI

RPMI-8866

RTL
S
SK-MEL-28

SLAM

TCR
T-flask

TGF
Th
TIGIT

TLR
TNF
P
TRAIL

TRIKE

UKRV
-MEL-02
ULBP
VEGF-A

w/o

Programmed cell death protein 1
Phycoerythrin

PBS/EDTA/BSA buffer

Phorbol myristate acetate
Burkitt's lymphoma cell line
Renal cell carcinoma

REAfinity antibody

Ribonucleic acid

Roswell Park Memorial Institute

3-lymphoid cell line from
chronic myelogenous leukemia
patient

Relative telomere length
Second(s)
Human melanoma cell line

Signaling lymphocyte activation
molecule

T cell receptor
Tissue culture flask

Transforming growth factor
T helper

T-cell immunoreceptor with Ig
and ITIM domains

Toll-like receptor
Tumor necrosis factor
Tumor protein

TNF related apoptosis inducing
ligand

Tri-specific killer cell engagers
Units

Human melanoma cell line

UL16-binding protein
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