Genetic Modification and
Effector Functions of Natural Killer Cells
in Acute Myeloid Leukemia

Inauguraldissertation

zur
Erlangung der Wiirde eines Doktors der Philosophie
vorgelegt der
Philosophisch-Naturwissenschaftlichen Fakultét
der Universitidt Basel

von

Uwe Siegler

aus Schopfheim-Wiechs, Deutschland

Basel, 2006



Genehmigt von der Philosophisch-Natur 1schaftlichen Fakultét
auf Antrag von

Prof. Dr. phil. Niklaus Weiss
Prof. Dr. phil. Aleksandra Wodnar-Filipowicz
Prof. Dr. Antonius G. Rolink

Basel, den 19. Oktober 2004

Prof. Dr. Hans-Jakob Wirz,
Dekan Phil. 11



Fiir Joshua






Acknowledgements

First of all I owe a great debt of gratitude to Professor Aleksandra Wodnar-Filipowicz and Professor
Catherine Nissen-Druey, who made it possible for me to write my dissertation at the Laboratory for
Experimental Haematology at the Department of Research of the University of Basel. I would like to
express my thanks to Catherine, who managed to obtain the initial funding for my research from the
Swiss National Research Fund. I might also mention here the Oncosuisse and the Krebsliga Basel for

their financial support as well.

I am profoundly grateful to Ola Wodnar-Filipowicz for her guidance and mentorship in Laboratory
310. Ola is an excellent instructor and it was her immense scientific competence and outstanding
analytical skills that got me through the daily experimental research. I am indebted to Ola for the
extraordinary support she offered to me in preparing my research presentations and for her patient
coaching and help when it came to the actual drafting of the dissertation.

I especially appreciate the enormous degree of trust she placed in the way I approached my research.

This was a constant source of motivation and helped me to successfully complete the work.

I am also indebted to Professor Niklaus Weiss, who acted as the Academic Referee of the Phil II
Faculty as well as Professor Ton Rolink for his willingness to take on the role of Co-referee. I wish to

thank Professor Thomas Bickle for his readiness to chair the board of examiners.

Special thanks goes to Dr. Christian Kalberer. Without his constant practical and intellectual assistance
in the daily grind of laboratory work, I should never have got through the whole thing. I am especially
grateful for his guidance and instruction in the production and use of lentiviral vectors, FACS-analysis
technique and for giving me advice concerning the handling of mice as well as the conduction of in
vivo experiments. This, together with the numerous interesting and intriguing scientific discussions,
greatly facilitated the work in the lab. Christian’s unlimited willingness to offer a helping hand and his

frank and obliging manner was exemplary, and I am glad to have won him as a friend.

I am grateful to Professor Daniel Surbek of the Women’s Hospital Basel for providing me with the cord

blood samples and Professor Alois Gratwohl, Professor André Tichelli as well as Dr. Andy Buser and



Dr. Sandrine Meyer-Monard of the Department of Clinical Haematology for the supply of patient

material.

Thanks also to Dr. Elena Chklovskaia and Annette Luther-Wirsch, who helped me a lot in my first
two years and provided me with an introduction into many basic techniques of cellular and

molecular biology.

I owe a deeply felt appreciation to Silvia Sendelov, who was very supportive in a lot of the

undertakings and without whose help, I would not have been able to finish the work on time.

Finally, I must not forget to mention Verena dalle Carbonare, Pegah Nowbakht, Stefanie
Bridenbough, Anreas Rohner, Emilie Boulliong and Karolina Nowak as well as the people of Lab
312, particularly Soon-Siong Teo, Tibor Schomber and Joern Coers. In their collegiality and
helpfulness, they created an exceptionally friendly and easy-going atmosphere in the lab, which I

greatly appreciated and shall never forget.



TABLE OF CONTENTS

ACKNOWLEGEMENTS
L STUMMARY .ottt et e ettt e e e e e e e s ab e e eeeeeeessnstsaaaeeeeeeesnnnsssaaeeaaesenns 10
II. INTRODUCTION ...coiiiiiiiiiiiiiiie et e e e e e e e e e e e e e eee s 13
1. NATURAL KILLER CELLS 13
1.1 GENERAL INTRODUGCTION .....cectiiiteeieteesteeesteeeseessseessseessesasseessseessssassesassessssessssssssessssessssesssssessessssessssessssssssessssessnses 13
1.2 PHENOTYPIC AND FUNCTIONAL CHARACTERIZATION OF NK CELL SUBSETS ......ccccceoiiiiiiiiiiniiiiiicnccnensnenes 14
1.3 INK CELL DEVELOPMENT .....ueiicttiitteitteestteeteeeseessseessseassesasseessseesssssssessssessssessssesssessssessssesssssessesassessssesssssessessssesssses 15
1.4 REGULATION OF NK CELL FUNCTION: THE NK CELL RECEPTORS ........ccceuiiiiiiiiiiiiiiiiciicnc s 17
1.4.1  Human Killer cell Immunoglobulin like Receptors (KIRS) ......cccoouveverereneniesieniesieniesiesiesiesiessessessessessenees 19
1.4.2  C-1YPE LECHN-ITKE FECEPTOTS ..oovenveeeieieiesiesiesiestestesteste st et te s et st e te st e st e bestesbesbesbessebesensessesansensensensensansensn 21
143 THE NKG2D FECEPIOT ....cueeeeeeieieeieieeiesiesiesiestestestessessessessessessessessassessassassessansensansansansansensensensansensensensensensensen 22
1. 4.4 LiANAS fOT INKG2D ......o.eoeeeeieieeieeieeiesiestes ettt sttt ettt et e st e s beste st e be st abesastassensansansansensensensensensensansensn 23
1.4.5  The Natural CytotoXiCity ReCEPIOTS (INCRS) ....cccueererieeiesiesiesiestesiesiesiestestestestessessessessessessessessessessessessensensen 24
2. ACUTE MYELOID LEUKEMIA (AML) 26
2.1 CHARACTERIZATION OF AML ...ttt ettt et e tee s be e sabe e aaeesaaesssaessbeessseesseeassaessseensseesseesnsessnses 26
200 ClLASSIICATION ettt sttt ettt sttt sttt be s b s b st e s be st e st e s b e s besbesbe st e besbesbesbesbesbesbebesessensensensansans 26
2.1.2  PFOZGNOSEIC JACIOTS ..vuvueeieiieiisiieiesiesieeie sttt sttt sttt st ste st st st s b s besbesbesbe s b e sbesbe st e s besbesbesbesbenbessessenbensensensensansansans 28
2.2 TREATMENT OF AML ....ooiiiiiiiiieeeect ettt ettt e sttt e bt e e abe e s abe e saeesbaeessaessbeessseessaeassaessseansseesseesnsessnses 29
2.2.1  ChemotherapeutiC INIETVENTIONS ........c.ccoeverereresesiesiesesiestestessessessessessessessessessessessessessessessessessessessessessessansons 29
2.2.2  Hematopoietic Stem Cell Transplantation (HSCT) ........ccccocviveriirienisinisesesesesesiestesiessessessessessessessensens 29
2.3 THE ROLE OF NK CELLS IN LEUKEMIA .......cccccttiiiieiieeieeeteesteeseteesteeeseesssessssesssessssessssesssssessessssessssesssssessessssessnnes 31
2.3.1  Evidence for an anti-leukemic activity Of NK CEILS ........cccuvvivvivveriiniiniiieiseeesie s st ste st stesie e ssessessenaens 31
2.3.2  Mechanisms of tumors to escape recOgnition by CYtOtOXIC €ffECTOTS .....c.ccuvvurvurverieriniresesiesesesiesiesiensenaens 32
2.3.3  NKcells in HSCT: the role of KIR-MHGC class I iNTETACTIONS............ccccoevvrirerenerisiesiesiesiesiesiessesiessessessensens 33
3. CELLULAR IMMUNOTHERAPY: THE ADOPTIVE TRANSFER OF
ANTI-LEUKEMIC EFFECTOR CELLS 35
3.1 DONOR-DERIVED LYMPHOCYTE INFUSION (DLI) AND LEUKEMIA-SPECIFIC
CYTOTOXIC T LYMPHOCYTES (CTLS) cutttittiiieeeitesteeteeetee sttt eveeeteeseteesaaeeteessvaesaseessaeessaesssaesssasnsseessessnsessnnes 35
32 THE ADOPTIVE TRANSFER OF y8-T CELLS AND CYTOKINE-INDUCED NK-T CELLS.....cccccvceuttririeieeniniereenerieienenes 36
33 THE ADOPTIVE TRANSFER OF NK CELLS.......ccccttiiiiiiiieiieeitesteesteeieeeteesteessseesaeessseesssesssssessessssessssesssseessessnsessnses 37
3.3.1  Results from mouse transplantaQrion MOAELS .................cccuecuuirvirieriesiinisiisisesesesesesiestesie e ssessessessessessensens 37
3.3.2  Transfer of ex vivo expanded NK cells in humans: NK cell DLI ..............ccccccouvuvverininenenenenenesesesienaens 38
4. GENE THERAPY AND GENETIC MODIFICATION WITH LENTIVIRAL VECTORS ....cccccevesuensacsnsasses 40
4.1 THE CONCEPT OF GENE THERAPY ....ccuttiitiiiitieeiteeiteesteesteeeseesseessssassesassessssesssseessessssesssesssssessessssessssessssesssessssessnses 40
4.2 VIRAL VECTORS FOR GENE TRANSFER........ccutteetteittertteenteeeteesseessseesseeasseesssesssseessessssesssesssssessesassessssessssssssessssessnses 40
4.2.1 VIPQL GENE AEIIVETY SYSTEIMLS .....veneeeeieieeieieeieeteeteste st e te e te et e st et e te st e st et e besse st e sesessessansensesensensansensensansan 40
4.2.2  The lentiviruS-DASEd VECTOT SYSTEMN ......c.ccvecuruieiesiesiisiesiesiesiesiestestestestessestessessessessessessessessessessessessessessessessenses 41
4.3 GENETIC MODIFICATION OF HEMATOPOIETIC STEM CELLS .....ccocciiuiiiiiiiiiiiiiiiiiic e 44
III. RESEARCH OBJECTIVES ... ..ttt e e et e e e e e e s iaaaeeaaeeeeeas 47
IV. MATERIALS AND METHODS.......ootttiiiiiiiiiteee ettt e et e e e e e e e siaaaeeaaeeeeeas 49
1. MOLECULAR BIOLOGY 49
1.1 RNA ISOLATION AND CDINA SYNTHESIS ....cccctttitterteerteeereesteesteesteeesseesssesssseessessssessssesssssessesassessssesssssessessssesssses 49
1.1.1  Total RNA isolation and DINGSEI 17 @ATMENT .............c.cccoecereeerieririinieinieenieeeiesteeseet ettt esaeene 49



1.1.2  Small scale isolation of polyadenylated MRINA.............cccoeeveeeresesesiesiesesiesesesestestessessessessessessessessessenses 49

T.1.3 RT-PCR ..ottt bbbttt b bt £ b bttt b bt b ekttt b ettt s 50
1.2 ISOLATION OF GENOMIC DINA ......ooiiiiiiieiie ettt ettt ettt e s te e st e e taeebeeesbeessbe e sseessaeessaessseansseesseesnsessnses 50
1.3 WESTERN BLOTTING ......ccccttiitieitieiteeeiteeeteesteesteeeteesseessseessasassessssesssseessssessessssessssesssseessesassessssesssseessssessessssesssseenes 51

1.3.1  Preparation Of t01AL CELL LYSATES .........cuvueeresiesieeiesiesiesiestesiestestestestestestestestestestesbestestessessessessesensensesensansensan 51

1.3.2  SDS-PAGE separation and membrane DIOIHIG ...........coeeeereruesiesiesiesieniesiesiesiessesiessessessessessessessessessessessenses 51

2. CELL BIOLOGY 52
2.1 FLOW CYTOMETRY ...cooviiiiiiiiiiiiiteieitnieie ettt sttt sttt sttt bbb 52
2.2 PREPARATION OF CORD BLOOD CID 344 CELLS ...c.cetiieieieteteietetentetetestetestesestessessessessesaesaesaesnessesaesnesnensennenne 53
2.3 NK CELL /N VITRO DIFFERENTIATION FROM CB DERIVED CD34% CELLS ....c..c.cctrtririeuiirinieieereeieieentsieieenesieieenes 53
24 LENTIVIRAL TRANSDUCTION.......ccctteittertteerteeareesseessseesseeesseessseessssessesassessssesssseessesassessssesssssessessssessssessssssssessssessnses 54

2.4.1  Preparation of CONCENITALEA LEMITVITUS .........ccoeereeisesisiesiesiesiestesesiestestestestessessessessessessessessessessessessessensansens 54

2.4.2  Titration of CONCENITALEA LENIIVITUS ......ccccovevueririeisieeesie st st stestestestestestestestestessestessesbesbessessessessessensessensensens 55

24.3  Transduction of CB-derived CD34™ DIrOZEINITOTS ......cccveeeieueeriecesiesisiesiesisiesessessssessssessesessessssesessessssessesesseses 55

244  Transduction of NK cell lines and primary NK CELLS ............cccuvuvveviiniiiisiiinisisiesiesiesiesiesiesiesiesiessessessenaens 56
2.5 NK CELL ISOLATION FROM PERIPHERAL BLOOD SAMPLES ........c.ccecinirieiiiiinieieniinieieietsiene e 56

251 MAGS SEPDATALION ...ttt ettt ettt st b et sat e bt et s ht e bt et e s bt e bt eabesbt e bt eabesbeenbesabesaeen

2.5.2  Invitro cultivation: PHA restimulation
2.6 MEASUREMENT OF INTRACELLULAR CA *-MOBILIZATION .........ovivueveiurieeseesesssssssaesessss s sessssssesssssesaessessasnes 57
2.7 MEASUREMENT OF IFN-y PRODUCTION IN ACTIVATED NK CELLS ....c..coittitiniiiienitenieeie sttt siee e 58

2.7.1  NK cell activation Dy tArZet CO-CUITUTES .........ccurvurvirieriirisisiisiesesesiestestestestestessessessessessessessessessessessessessensens 58

2.7.2  NK cell activation by antibody mediated receptor CTOSS-TINK ...........ccoovuvcivverieniniienisenesesese e 59

2.7.3  ELISA detection Of 7eleASEA IFIN-Y .......ccccoccuvuviisiisiiisisesiesiesiesie s ie sttt ste st steste st estesbessesbesbessessessessensensens 59

2.74  Intracellular FACS staining of IFN-Y PTOAUCTION ..............coccuvvirieriesiinisiisisesesiesiesiesiesiesiesiessesae e ssessessensens 60
2.8 UP-REGULATION OF NKG2D LIGANDS ON PRIMARY AML BLASTS AND THE HL60 CELL LINE.........ccceccovevenene. 60
2.9 CYTOTOXICITY ASSAY S .uiiiiuiieteeeiteeiteeraeesteeesseeaseessseassaeaseessseessssassesassessssesssseessesassessssesssssessesassesssseessseessessssessnses 61

2.9.1 P Chromium release KilliNg ASSAY.........c.ocweveveeereeeeeerseeessesissesssesassesssesssesassesassesessssassssassesassssassssassssessnes 61

2.9.2  Redirected killing of MUrine PE15 CEIl IR ..........ccoouveriviiiiiieeeseeisestste ettt sttt s sae s ssesaenaens 62
2.10  TRANSPLANTATION OF HUMAN LEUKEMIA TO NOD/SCID MICE AND NK CELL TRANSFER......c..ccccovenvenrenrenennen 62

V. RESULTS

(A) GENETIC MODIFICATION WITH LENTIVIRAL VECTORS .....ovvveeveeeeeeeeeeseerern 64

1. CLONING OF TRANSFER VECTOR CONSTRUCTS 64
1.1 THE “SINGLE-GENE” TRANSFER VECTORS .....cc0teittteitiesteeeteesteenteesseeesessssesssseessessssessssesssssessesassessssessssssssessssessnses 64
1.2 BICISTRONIC TRANSFER VECTORS ......ccctiiiiiuiiniieiiitiieietietsteteteit sttt sttt s ne s 65

2. GENETIC MODIFICATION OF CELL LINES 66
2.1 LENTIVIRAL TRANSDUCTION OF JURKAT CELLS ....cctetetetetetetetetetetententessestesessesessessessessessensensensensensensensensenne 67

2.1.1  Transduction of Jurkat cells with Single-gene transfer VECIOTS .........cccuvvurververeresenesesesesesesessessessensens 67

2.1.2  Transduction of Jurkat cells With DiCiStrONIC [TANS[Er VECIOTS ....ccvvevuivisisieeiesiesiesiesiesiesiesiesiesiesiessessessensens 69
2.2 LENTIVIRAL TRANSDUCTION OF THE NK CELL LINES NK92 AND NKL......ccccoeiiiniiiniiiienieeeeeeenee 70

2.2.1  Transduction efficiency with “single-gene” and “biciStronic” transfer VECtOTS........cccvvuvververververereniennens 70

2.2.2  Generation of stably transduced NK92 Gnd NKL ...........cccccccovurvemiisiiniisisisesesesesesiesiessessessessessessessessensens 71
2.3 ANALYSIS OF THE FUNCTIONAL ACTIVITY OF TRANSGENIC NKP46 IN CELL LINES ......cccoertrvinieuenierenieenreeerennenes 73

2.3.1  CD69 expression and intracellular Ca’* -release in the Jurkat cell line ...............c.ooeveveeeecreereeernenenn, 73

2.3.2  Crosslinking of transgenic NKp46 and IFN-y release by NKL.............ccccvceeveniinienesiesenesenesesessesienenaens 75

2.3.3  Redirected killing of murine targets by NKp46 transduced NK92 ...........cccovuvvivevenesieneneneneseseniesiennens 77

3.  GENETIC MODIFICATION OF PRIMARY PERIPHERAL BLOOD NK CELLS 79
3.1 PHENOTYPIC CHARACTERIZATION OF ACTIVATED AND EXPANDED PB NK CELLS ......ccccoceoineniiniiiiienieieienenn 79

3.1.1  Phenotypic characterization of PHA and IL-2 expanded polyclonal NK cell cultures .............c.cecuveeenne. 79

3.1.2  Modulation of the NKp46 surface expression by repeated PHA SHMUIATIONS ........ccvvevevereneneninieniennns 82

3.1.3  Modulation of the NKG2D surface expression upon PHA-stimulation

in combination With different CYIOKINES ........c.ccueeueeuerierienierieriesiestestestestestestestestestestestessessessessessessessessessensensens 83

3.1.4  Functional consequences of NKG2D surface mOAUIAIION ..............ccocevcvvciiienininininiesesesesesesesiesiesienaens 84



3.2 LENTIVIRAL TRANSDUCTION OF PERIPHERAL BLOOD NK CELLS........uvviiiiiviiiiiiieeeireeeeetreeeeetreeeeenreeeesreeeenrneeesnnens 87

3.2.1  Transduction with single-gene and biCiStrONIC trANSIET VECIOTS .......ccvverireieriesiisiesiesiesiesiesesesiessessessenaens 87
3.2.2  Selection of stably transduced NK cells by FACS SOTHIG ......ccoccuvevevirisisieeiesiesiestesiesiesiesiesiessesiessessessensens 89
3.2.3  Transient transductions: restoration of down-modulated NKp46 surface expression .............cecuvcvvenvnnen. 92
3.24  Functional consequences upon restoration of NKp46 surface expreSSion ..........cuevvevcervesvenieseseneniennens 94
4. GENETIC MODIFICATION OF CORD BLOOD DERIVED
HEMATOPOIETIC PRECURSOR CELLS 98
4.1 TRANSDUCTION WITH SINGLE-GENE TRANSFER VECTORS AND IN VITRO DIFFERENTIATION..........coovvveeeerveeennnnen. 98
4.2 RESTIMULATION OF IN VITRO GENERATED TRANSDUCED NK CELLS ....c..ecttriiieieienienieniereneeeniereenesne e 101
4.3 TRANSDUCTION WITH BICISTRONIC TRANSFER VECTORS.....c.ueoteietetetereteteteterensentessessensessessessessesensensensenne 104
V. RESULTS
(B) THE CYTOTOXIC POTENTIAL OF NK CELLS FROM AML PATIENTS............... 108
5. ISOLATION AND EXPANSION OF NK CELLS FROM AML PATIENTS 108
5.1 PATIENT COHORT, NK CELL ISOLATION AND IN VITRO EXPANSION ....c.ccctiriiieieieterentenenensensessessensesensensensenne 108
5.2 PHENOTYPIC CHARACTERIZATION OF EXPANDED POLYCLONAL NK CELL CULTURES .......ccccoveruenuenrenrerenennenne 112
6. FUNCTIONAL CHARACTERIZATION OF AML-NK CELLS 114
6.1 IFN-y PRODUCTION UPON IL-12/-18 STIMULATION .....ecterttiriirtenieeientenieeniesitesteentesutesieensesasesseesesusesseensessnessens 115
6.2 IN VITRO CYTOTOXICITY OF AMUIL-NK CELLS ....cutiiiiiiiieeiee ettt eeeeee et eseteesaeeeteesveesase e saeessaesssesssseesssassseeas 116
6.2.1  Invitro cytotoxicity against the target cell line K502 ..........ccccovuvvimieniininininenesesesiesiesiesiessesiessesiessensens 116
6.2.2  Cytolytic in vitro activity against autologous primary AML DIASES ...........c..cccceeevvevienesenenesenenesenieniens 117
6.3 IN vIvOo ACTIVITY OF AML-NK CELLS IN THE NOD/SCID TRANSPLANTATION MODEL ......cccoceruenvenreniennennenn 121
6.3.1  Invivo suppression of K562 tumor formation in NOD/SCID HUCE ..........ccccuvcervererieseseneneniesesesieseniens 121
6.3.2  Engraftment of NOD/SCID mice with primary hRuman AML DIGSES.............cccceeevverceeesesenenenesesesieniens 122
6.3.3  Adoptive transfer of expanded AML-NK cells to leukemia-repopulated NOD/SCID mice...................... 123
6.3.4  Ligands for NKG2D and the NCRs on primary AML blasts and blasts
recovered from transplanted NOD/SCID HUCE ............cccccoouvcirisesisisisiesesiesiesiesiesiesiesiessessessessessessessenses 127
V. RESULTS
(C) HUMAN NK CELL DEVELOPMENT IN THE NOD/SCID
MOUSE TRANSPLANTATION MODELL .........coovvviiiiiiiiiiiiiiivieeieeeeeeeeeeeeeveeseeevesseanens 130
VI, DISCUSSION ..ottt ettt e e e et e e e e e e e e sttt e eeeeeesasnsaabaeeeeeeeessnanssssaaeeeesenns 138
1. LENTIVIRAL TRANSDUCTION OF NK CELL LINES, PRIMARY NK CELLS AND
HEMATOPOIETIC PROGENITOR CELLS 138
1.1 LENTIVIRUS MEDIATED GENETIC MODIFICATION OF CELL LINES .....ccecttrtenieienieierentenrennerensensessensensessensensensenne 141
1.2 LENTIVIRUS MEDIATED GENETIC MODIFICATION OF PRIMARY NK CELLS .....cccocevteniiniiniiienienrenrenieeenienrennenne 144
1.3 LENTIVIRAL TRANSDUCTION OF CORD BLOOD DERIVED CD34+ HEMATOPOIETIC PROGENITOR CELLS ........... 146
1.4 CONCLUSIONS ...oiiutteeiteeiteenteeesteeeseeaseessseessesassasssseessseassseassessssesssssessssassessssessssesssssessessssesssseessssessessssesssseesssesssees 149
2. CHARACTERIZATION AND ADOPTIVE TRANSFER OF AUTOLOGOUS AML-DERIVED
NK CELLS FOR A CELLULAR IMMUNOTHERAPY OF LEUKEMIA 150
2.1 ISOLATION, EXPANSION AND PHENOTYPIC CHARACTERIZATION OF AML-DERIVED NK CELLS.......c..cccceueuee. 151
2.2 FUNCTIONAL PROPERTIES OF EXPANDED AML-NK CELLS ....ccoeotiiiiiiiiiiieieieeererereresrenreresae e saene 154
2.3 THE NOD/SCID TRANSPLANTATION MODEL AND IMMUNOTHERAPEUTIC CONSEQUENCES .......ccccovvvveenveeeennns 156
VILREFERENCGES .... ..ottt e e ettt e e e e e e e st eeeeeeeesnnssbaaaaeeeeeans 159
VIII.CURRICULUM VITAE / PUBLICATIONS. ..., 166



Summary

I.  SUMMARY

Acute myeloid leukemia (AML) is characterized by a poor long-term outcome in the majority of
patients following conventional treatment with chemotherapy. Even after allogeneic or autologous
hematopoietic stem cell transplantation (HSCT) the patients are prone to relapse, indicating that the
leukemic blasts escape elimination by the immune system. Natural Killer (NK) cells have emerged
as a major component of the innate immunosurveillance of AML and were identified to participate
in the graft versus leukemia effect following allogeneic HSCT. The effector functions of NK cells
are regulated by the balanced engagement of activating receptors and inhibitory receptors.
Triggering of activating receptors by the corresponding ligands on target cells counteracts the
signalling pathways of inhibitory receptors and thereby elicits target cell lysis. In AML the
leukemic blasts were shown to express low amounts of ligands for the NK cell activating receptor
NKG2D and the natural cytotoxicity receptors (NCRs), while the expression of HLA class I
molecules, the ligands for inhibitory receptors, is mostly retained at normal levels. This
predominance of inhibitory signalling together with a putative deficiency in the expression of NK
cell activating receptors may result in an insufficient stimulation of cytolytic NK cell responses

against leukemic blasts.

To investigate the mechanisms of impaired recognition and lysis of leukemic cells, we evaluated the
phenotypic and functional properties of NK cells from AML patients (AML-NK cells). We
examined the cytolytic activity against the autologous leukemic blasts in vitro and in vivo in the
NOD/SCID transplantation mouse model, in order to exploit their potential in cellular
immunotherapy of leukemia. Further we explored the feasibility to overexpress the NCR NKp46 in
NK cells by lentivirus-mediated gene transfer. This approach was intended to test the hypothesis of
shifting the receptor balance in AML-NK cells towards a status that favours NK cell activation and

thereby increases the anti-tumor activity.

The results demonstrated a significant, about ten-fold, reduction in the content of NK cells from
patients with newly diagnosed or relapsed AML as compared to healthy individuals (donor-NK
cells). Nevertheless, AML-NK cells retained a high proliferative capacity and could be efficiently
expanded in vivo in response to NK cell specific growth factors. Also, the expression pattern of NK
cell receptors and activation markers by AML-NK cells did not differ from donor-NK cells. AML-

NK cells were fully functional in terms of IFN-y production in response to the activation with IL-12

10



Summary

and IL-18 and displayed a high cytolytic activity against the NK cell sensitive erythroleukemia cell
line K562 in vitro. Also in vivo, the adoptive transfer of AML-NK cells to NOD/SCID mice
engrafted with K562 cells lead to an efficient suppression of tumor formation. The cytolytic activity
of AML-NK cells against autologous leukemic blasts in vitro was in general below 10% at the E:T
ratio of 10:1. The antibody-mediated block of inhibitory interactions could enhance the killing
responses to about 70%, indicating that AML-NK cells are able to recognize autologous blasts
through activating receptors. Cytolytic activity of AML-NK cells was also seen in NOD/SCID mice
engrafted with human leukemia. Adoptive NK cell transfer resulted in reduction of tumor load from
31% to an average of about 10% of human blasts in the BM of treated mice. This high in vivo
activity of AML-NK cells might be due to an increased expression of the ligands for NKG2D and
the NCRs.

Taken together, our results showed that AML-NK cells do not differ from healthy donor derived
NK cells; they can be isolated and efficiently expanded to high cell numbers in vitro and display the
same expression pattern of the major activating receptors. AML-NK cells have a normal cytokine
producing ability, preserve their cytolytic activity throughout the process of in vitro expansion and
display a strong anti-leukemic effect against autologous blasts in vivo in NOD/SCID mice
repopulated with human leukemia. These results suggest that escape of AML blasts from the
immunosurveillance by NK cells may be due to the reduction of the NK cell compartment and the

predominance of signals elicited by the inhibitory receptors.

We used HIV-derived lentiviral vectors for the gene transfer of the GFP marker and the NKp46
receptor to NK cell lines, primary NK cells and NK cells generated in vitro from CD34+
hematopoietic progenitor cells. Both single-gene and bicistronic vectors expressing these transgenes
were prepared. Through the FACS sorter based enrichment of transduced cells 100% transgenic
lines and primary NK cell populations were generated with a transgene expression that remained
stable during in vitro expansion. We demonstrated that GFP+ NK cells can be generated by the in
vitro differentiation of lentiviral transduced CD34+ progenitors, representing a highly efficient
approach to produce large amounts of modified NK cells.

However, a sustained expression of the exogenous NKp46 receptor was only achieved in NK cell
lines. Except for a high pseudotransduction that resulted in the transient expression of NKp46, no
stable expression of transgenic NKp46 was obtained in primary NK cells, neither in cells generated

from the progenitors nor in peripheral blood-derived mature NK cells.
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Summary

Moreover, exogenous NKp46 in NK cell lines and transiently transduced primary cells had no
ability to trigger the cytokine release or cytotoxic responses, and further studies are required to

achieve the overexpression of functional NKp46.

Our results demonstrated that lentiviral vectors are suitable to obtain genetically modified NK cell
lines and primary NK cells. Transgenic NK cells can be expanded to high numbers without loosing
the transgene expression, thus indicating the possibility to use genetically modified and expanded
patient-derived NK cells for the adoptive transfer in the immunotherapy of AML. So far, the
lentivirus-based approach was successful with the GFP marker transgene, but requires further
optimisation for transfer of the NKp46-encoding gene.

The over-expression of tumor-specific activatory receptors would be of importance in an
immunotherapeutic approach to direct NK cell effector functions specifically towards the diseased

cells, thereby contributing to a graft-versus-leukemia activity against residual malignant cells.
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II. INTRODUCTION

1. Natural Killer Cells

1.1 General introduction

Natural Killer (NK) cells are effectors of the innate immune system capable to recognize and lyse
tumor cells and virus infected cells. NK cells comprise 5-15% of all circulating peripheral blood
mononuclated cells, and are found also in peripheral tissues, including the liver, peritoneal cavity
and placenta. Resting NK cells circulate in the blood, but following activation by cytokines, are
capable of extravasation and infiltration into pathogen-infected or malignant tissues. NK cells
mediate spontaneous killing of various tumor cells following the triggering of NK cell surface
receptors by their ligands on target cells. They also produce several cytokines such as IFN-y, TNF-
a, interleukin (IL)-1, GM-CSF and TGF-f, that induce inflammatory responses, modulate the
proliferation and function of dendritic cells, monocytes and granulocytes and influence subsequent
adaptive responses [2]. Moreover, NK cells produce or react on chemokines like CCL3, CX,CL1,
CXCLS8 (IL-8) and CXCL22 that are released by immature DCs after antigen uptake or other cells
like macrophages, endothelial cells or neutrophils. NK cells also express many co-stimulatory
molecules that contribute to target cell recognition or enable the interaction with effector cells of the
adaptive immune response [3]. The cytotoxic potential of NK cells is mainly mediated through
perforin- and granzyme-dependent cell lysis and induction of apoptosis. In addition, NK cells
mediate antibody dependent cellular cytolysis (ADCC) of targets through FcyRIII (CD16), the low
affinity receptor for antibodies of the IgG subclass but also express fas ligand (CD178) and TRAIL
and kill target cells by inducing apoptosis. Many cytokines such as IL-2, IL-12, IL-15, IL18 and IL-
21 act on NK cells by affecting their proliferative, secretory and cytolytic activity.

Historically, NK cells were described in 1971 by the observation that lethally irradiated mice were
capable of rejecting allogeneic or parental bone marrow (BM) cell allografts. This pattern of BM-
rejection did not follow the ,,classical laws* of transplantation, where the offspring is tolerant
towards parental MHC determinants. By contrast, the F1 hybrid mice showed resistance against
parental BM grafts, a phenomenon called ,hybrid resistance” [4]. The effectors were termed
Natural Killer Cells, but the mechanisms underlying this specificity of BM rejection remained
elusive. Studies in mice with severe combined immunodeficiency (SCID) and in vivo depletion
studies demonstrated that NK cells alone could mediate the specificity of rejection [5]. One

hypothesis put forward to explain the ,,hybrid resistance* was that a subpopulation of remaining
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host NK cells expressing receptors for ,,self** but not for parental MHC class I molecules fail to
recognize the BM-graft, thus resulting in a loss of inhibition of the lytic machinery. Consequently
this model was termed the ,,missing-self theory“. Results from beta-2 microglobulin knock-out
mice, numerous observations of an inverse correlation between MHC class I expression levels and
susceptibility to NK cell lysis as well as the characterization of an inhibitory receptor that
recognized MHC class I molecules supported that hypothesis [6].

However, MHC class I does not necessarily protect from lysis by NK cells, and inhibition by MHC
class I is not always sufficient to prevent NK cytotoxicity. This is due to the fact that all NK cells
do not only carry inhibitory receptors scanning for the ,missing self MHC molecules, but also
express a variety of receptors providing an activating signal upon engaging their ligands. Many
observations point to the importance of activating receptors in the regulation of NK cell effector
function. For example, NK cells can recognize and attack virus-infected and transformed cells that
have down-regulated MHC class I molecules, but are tolerant to normal autologous cells.
Conversely, some virus-infected cells that maintain expression of MHC class I at the cell surface
can still be killed by autologous NK cells. This lead to the hypothesis that target cell recognition
and the overall threshold of NK cell activation is regulated by a fine balance between inhibitory and

activating signals.

1.2  Phenotypic and functional characterization of NK cell subsets

Two subsets of human NK cells are identified based on the cell surface density of the ,,NK cell
marker* CD56 together with CD16. The majority (~90%) of human NK cells express low levels
(dim) of CD56 and high levels (bright) of CD16, whereas a minority (~10%) is CD56bright and
CDl6dim or CDI16 negative [2]. These NK subsets are functionally distinct, with the
immunoregulatory CD56bright cells producing abundant cytokines and the more cytotoxic
CD56dim cells functioning as effectors of natural and antibody-dependent target cell lysis [7].
CD56bright cells are unique among resting PB NK cells in their constitutive expression of high
affinity IL-2 receptor (IL-2Rafy) and intermediate affinity complexes (IL-2Rfy) with very low
(picomolar) concentrations of IL-2 resulting in a substantial proliferation and IFN-y production in
vitro, but with only little increase in cytotoxicity [8]. In contrast, CD56dim cells lack the high
affinity receptor but constitutively express the intermediate type and nanomolar concentrations of

IL-2 or IL-15 are needed to augment the cytotoxicity while having little or no influence on the

14



Introduction

proliferation of these cells [2, 9]. Although resting CD56dim NK cells are more cytotoxic against
NK-sensitive targets (like K562 cell lines) than CDS56bright cells, IL-2 or IL-12 activated
CD56bright NK cells exhibit similar or enhanced cytotoxicity against NK targets compared to
CD56dim cells [8]. In addition, CD56bright and CD56dim NK cell subsets show differences in
their NK receptor repertoires. Resting CD56bright NK cells are large agranular cells and express
high levels of the C-type lectin CD94/NKG?2 family with only very small fractions expressing
killer-cell immunoglobulin receptor (KIR)-family and ILT-2 receptors. Resting CD56dim NK cells,
however, express CD16, KIRs and C-type lectin NK receptors at high surface density along with an
abundance of cytoplasmic granules [8] [10].

PB NK cell subsets also have unique adhesion molecule and chemokine receptor expression
profiles, suggesting that the subsets may traffic to different sites in vivo. For example, CD56bright
cells constitutively express high levels of L-selectin (CD62L) and CCR7, two receptors implicated
in the recruitment of lymphocytes to secondary lymphoid organs, while CD56dim cells lack these

receptors [2].

1.3 NK cell development

Human and murine NK cells originate in the bone marrow from hematopoietic progenitor cells
(HPCs) and require the bone marrow microenvironment for complete maturation. Bone marrow
stroma-derived cytokines and growth factors, including stem cell factor (SCF) and flt-3 ligand (FL)
in cooperation with IL-2, -7 and —15, are critical physiologic factors for NK cell development [11].
NK cells can be reproducible generated in vitro from cord blood or bone marrow derived HPCs
{Miller, 1994 #463}{Mrozek, 1996 #176}. Murine models show that NK cell development is
mainly driven by IL-2 and IL-15 since the disruption of genes encoding the receptor subunits IL-
15Ra, IL-2/15Rp and y, or the signalling molecule Jak-3 completely abrogate NK cell development
[12]. Accordingly, humans lacking the B-subunit or the y.-chain are deficient in NK cells [13, 14].

Human NK cell development can be divided into phases, which differ in cytokine responsiveness of
progenitor cells. In a linear model of development (see Figure 1-1) hematopoietic stem cells
respond in an initial phase to the stroma-derived growth factors SCF and FL leading to the
commitment to the lymphoid lineage. These common lymphoid progenitors (CLP) further generate

NK cell precursors (NKP), which finally differentiate to mature killer cells. An intermediate CD56-
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negative NKP, characterized by the expression of the CD34 marker and the (-subunit of the IL-
2/IL-15 receptor (IL-2/15Rp), is responsive to IL-15 and marks the transition to a second phase, the
NK cell maturation. This process is thought to include the generation of the receptor repertoire and
the acquisition of self-tolerance and give rise to the functional subsets of NK cells with their
different effector functions. NK cells first acquire the expression of CD161 (NKR-P1) and CD2 and
are characterized as non-lytic immature CD56-negative NK cells (fail in vitro to lyse perforin-
sensitive targets) that can produce IL-13 but do not secret [IFNy. Subsequently, NK cells become
cytolytic together with the expression of CD56, CD16, and the MHC-specific CD94-NKG2
complexes and the killer cell immunoglobulin-like receptors (KIRs; see 1.4.1) [15]. In a final phase
of maturation NK cells leave the sites of development and enter the periphery. Here they build and
maintain the steady-state NK cell pool of distinct subpopulations, which can be modified under

diverse pathological conditions in a homeostatic process of proliferation and recirculation.

HSC  CLP  NKP Immature Nk~ Pseudomature Mature NK
lytic NK
IL-2/15Rp
CD 56

o

Oo

° 0o

)
CD2 \
NKG2/
CD9%4
V¢
Commitment Maturation
Figure 1-1: Model of NK cell development. NK cells originate in the bone marrow where hematopoietic stem

cells (HSC) interact with cytokines and stromal cells to differentiate in an initial phase of cell commitment into
common lymphoid precursors (CLP) and the NK cell precursors (NKP). NKPs are characterized by the expression of
the IL-2/IL-15 receptor beta-chain subunit (IL-2/15Rf), the progressive loss and acquisition of CD38, CD34 and of
CD7, respectively (not shown). This early differentiation is accompanied by the regulated expression of the receptors
for SCF (c-Kit), FL (FLT3) and IL-7 (IL-7R), as indicated by the horizontal grey bars. The phase of NK cell maturation
is characterized by the expression of CD161, CD2 together with the loss of FL- and IL-7 receptors. The final
differentiation into lytic and mature NK cells (characterized by the acquisition of cytolytic granules) is marked by the
expression of CD56, the NKG2/CD94 complexes and the KIR repertoire together with the natural cytotoxicity
receptors, NKG2D and CD16 (not shown). Mature NK cells enter the periphery where they can be divided into the
functionally distinct subsets of cytolytic NK cells and the more immunoregulatory cytokine-producing killers 8not
shown). (adaoted from F. Colucci{ Colucci. 2003 #766})
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In this linear model of development it is assumed that self-tolerance is achieved by the
asynchronous expression of inhibitory and activating receptors together with a spatially and
temporally regulated expression of their corresponding ligands. Moreover, upon the delivery of
mature NK cells into the periphery, a differential expression of adhesion molecules, cytokine and
chemokine receptors finally promote the generation of the functional distinct PB NK cell subsets
(see above; chapter 1.2).

The in vitro generation of human NK cells can be initiated in the presence of SCF and FL, which
induce the development of NKPs that respond to IL-2 and IL-15 to become mature NK cells.
Precursors being CD344+CD38+CD7- or even more differentiated CD34+CD7+ or CD34-CD7+
were isolated from different sources such as cord blood, adult bone marrow or murine fetal liver
and fetal thymus [17] [18] [19] and were shown to be further differentiated into functional NK cells
with IL-2 or IL-15 only. Several observations indicate that IL-2 and IL-15 could be redundant in
their roles promoting the NK cell development, with IL-2 maintaining the NKP survival and IL-15
as the main differentiation inducing cytokine [16]. In vitro generated NK cells are consistently of
the CD56bright phenotype with a small subset of CD16+ cells, they lyse NK-sensitive targets and
produce chemokines and cytokines upon stimulation. Even though such cells mostly resemble the
phenotype of mature PB NK cells, they are reported to express low levels or even none of the
inhibitory KIRs, thus often termed as “pseudomature” lytic NK cells. However, if “pseudomature”
NK cells exist in vivo is unknown, as it is still controversial whether NK cells of the CD56dim
phenotype that predominates in the PB can be generated in vitro. In this context it also remains
uncertain if during regular in vivo development the CD56dim cells originate from the less
differentiated CD56bright phenotype or whether each subtype represent unique terminally

differentiated NK cells with a distinct pathway of maturation [2].

1.4 Regulation of NK cell Function: The NK cell Receptors

The functions of NK cells are regulated by a balance of signals transmitted by activating and
inhibitory receptors (see Table 1-1). In general, recognition of MHC class I molecules by inhibitory
receptors dominates over activation signals and blocks the effector functions of NK cells, but the
detailed mechanisms underlying this regulation of counteracting signalling pathways are not well
understood. Activation signal is mediated by NK cell activating receptors that are non-covalently
associated with transmembrane-anchored signalling adaptor proteins like CD3C, FceRIy, DAP10 or

DAPI12. The engagement of activating receptors activates “first line” protein tyrosine kinases
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(PTKs) of the Src-family, which phosphorylate immunoreceptor tyrosine-based activation motifs
(ITAM; consensus sequence: YxxL/I) in the cytoplasmic tail of the adaptor proteins (see Figure 1-
2). Recruitment and activation of “second line” PTKSs of the Syk-family like Syk and ZAP70 then
results in the initiation of the downstream signalling cascade.

The inhibitory signal results from the presence of immunoreceptor tyrosine-based inhibition motifs
(ITIM) in the cytoplasmic domain of inhibitory receptors (consensus sequence: I/VxYxxL/V). The
phosphorylation of ITIMs upon HLA-ligand engagement of inhibitory receptors results in the
recruitment and specifically binding of Src-Homology-2 (SH-2) domain containing protein
phosphatases such as SHP-1, SHP-2 or SHIP. Activated phosphatases such as SHP-1 and -2 are
able to dephosphorylate multiple targets in the activating pathway, thereby mediating its negative
signalling. As a result, activating receptor signalling is directly inhibited by the de-phosphorylation
of ITAM-recruited protein-tyrosine kinases like Syk, Zap70, SLP76 or LAT and their

corresponding substrates (see Figure 1-2 and 1-3).

Inhibitory NK cell receptors Activating NK cell receptors / co-receptors
Receptor Ligand specificity Receptor Ligand specificity
MHC class I-specific MHC class I-specific
a) KIR a) KIR
KIR2DL1 (CD158a) HLA-C (w2, w4, w5, w6, and KIR2DS1 HLA-C (w2, w4, w5, w6, and
related alleles) related alleles)
KIR2DS2 HLA-C (w1, w3, w7, w8, and
KIR2DL2/3 (CD158b) HLA-C (wl, w3, w7, w8, and related alleles)
related alleles) KIR2DL4 HLA-G
KIR2DS4 Unknown
KIR2DL5 Unknown KIR2DS5 Unknown
KIR3DS1 Unknown
KIR3DL1 HLA-Bw4
b) C-type lectin receptors
KIR3DL2 HLA-A3,-Al1 CD94/NKG2C HLA-E
CD94/NKG2E/H* Unknown
KIR3DL7 Unknown
Non-MHC class I-specific
b) C-type lectin receptors (a) Natural cytotoxicity receptors (NCRs)
CD94/NKG2A/B* HLA-E NKp46 Unknown
CDh161 Unknown NKp44 Unknown
NKp30 Unknown
Immunoglobulinlike transcripts (b) C-type lectin receptor
ILT-2 (LIR-1) Unknown NKG2D MICA, MICB, ULBP-1, -2, -3
Others (coreceptors)
Others CD16 (FcRII) Unknown (Fc of IgG)
P75/AIRM Unknown CD2 CD58 (LFA-3)
LFA-1 ICAM-1
IRp60 Unknown 2B4 CD48
NKp80 Unknown
LAIR-1 Ep-CAM CD69 Unknown
CD40 ligand CD40
Table 1-1: Overview NK cell receptors
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Inhibitory and activating NK cell receptors can be subdivided into two major groups, the MHC
class I recognizing and the MHC class I non-specific receptors (see table 1-1). The class I specific
receptors mainly consist of the superfamily of the immunoglobulin like receptors (KIRs) and the C-
type lectin receptors that contain the inhibitory CD94-NKG2 receptor complexes and CD161, or the
activating NKG2D. A huge panel of various MHC class I non-specific activating receptors and co-
receptors exist with the natural cytotoxicity receptors (NCRs; immunoglobulin like superfamily)
and NKG2D (C-type lectin receptor) representing the main NK cell function-triggering molecules.

There are two major clusters of genes for these NK cell receptors on chromosome 19 and on
chromosome 12. Unlike for T and B cells, the genes for NK cell receptors do not undergo

rearrangements by somatic recombination.

1.4.1 Human killer cell immunoglobulin like receptors (KIRs)

The KIR family of NK cell receptors includes at least 13 members, of which 7 receptors are
inhibitory and 6 are activating. KIRs are monomeric receptors and are characterized structurally by
2 or 3 extracellular immunoglobulin-like domains (KIR2D or KIR3D). Most KIRs specifically
recognize groups of the ,,classical MHC class I alleles, including HLA-A, -B and —C. Each KIR2D
or KIR3D receptor functions as inhibitory or activating receptor depending on the transmembrane
and cytoplasmic domains they have.

Since the identical extracellular domain bind the same group of class I molecules, it is the long (L)
ITIM containing cytoplasmic tail of KIR2DL or KIR3DL that induce an inhibitory response,
whereas the short (S) cytoplasmic tail of KIR2DS and KIR3DS signal an activating response due to
its association with ITAM bearing adaptor proteins. The only exception is represented by the “long-
tailed” ITIM-containing KIR2DL4 receptor that recognizes the non-classical HLA-G and delivers
an activation signal upon engagement (see Tablel-1).

The most important KIR-mediated inhibitory interactions are the recognition of the HLA-Bw4
alleles by the KIR3DL1 receptor, of HLA-A3 /-A11 by KIR3DL?2 and of the two different HLA-C
epitopes by the KIR2DL receptors. HLA-C epitopes can be divided in two groups based on
dimorphisms at the positions 77 and 80 in the alpha-1 helices of the HLA-C molecules:

Group 1 consists of HLA-C epitopes that carry each Ser 77 and Asn 80 (corresponding to the cwl1-,
cw3-, cw7- and cw8-serotypes) and are recognized by KIR2DL?2 and KIR2DL3 receptors, whereas
group 2 have Asn 77 and Lys 80 (cw2-, cw4-, cw5- and cwb6-serotypes) and is recognized by
KIR2DL1 only.
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Figure 1-2: Signalling of inhibitory and activatory KIRs in NK cells. KIR receptors either have 2 or 3

immunoglobulin domains (2D or 3D) and a long (L) or a short (S) cytoplasmic tail. KIR2/3DL contain ITIM motifs in
the cytoplasmic tail, whereas KIR2/3DS receptors interact with the ITAM-containing adaptor molecule DAP12.
Ligation of activating KIRs leads to the Src-family kinases-mediated phosphorylation of the ITAM-containing adaptor
molecule DAP-12, which binds to and activates Syk-family tyrosine kinases that trigger the down stream activation
cascade. When inhibitory KIRs bind their HLA ligand, Src-family kinases phosphorylate the ITIM, allowing to bind the
tyrosine phosphatase SHP-1 (and possibly SHP-2). SHP-1/-2 mediates a negative signalling through the
dephosphorylation of Vav and SLP-76. As inhibitory KIRs have higher affinities for the HLA class I ligands, co-
ligation of both activating and inhibitory receptors result in an overall negative signal that blocks the cytotoxic activity
or cytokine release of NK cells. (adapted from S.S. Farag[1])

Corresponding to this dimorphism of HLA molecules the specificity of each long- or short-tailed
KIR2D is determined by a dimorphism at position 44 in the D, domain of the KIR receptors. Thus
there are two activating short-tailed KIR2D receptors that carry the same dimorphism, resulting in
the recognition of the HLA-C alleles of group 1 (KIR2DS1) and 2 (KIR2DS?2), respectively.

The spectrum of HLA molecules covered by activatory and inhibitory KIRs (and indirectly by
CD94/NKG?2 receptors; see below) is only partially overlapping, suggesting that both systems play
a complementary role in monitoring the expression of HLA class I molecules. In both cases of KIRs
(and CD94/NKG2 receptors) the affinity of the activating receptor is lower than that of the
corresponding inhibitory receptor, ensuring a predominance of the inhibitory signal when both
activating and inhibitory receptors recognizing HLA molecules are expressed on the same NK cell.
However, only a minority of NK cell clones express both activating and inhibitory isoforms that
recognize the same HLA allotype. More commonly, NK cell clones expressing an activating
receptor for a certain HLA class I allele co-express at least one inhibitory receptor specific for a

different one that predominates when engaged, Therefore, the MHC class I specific activating
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receptors may only signal when target cells have lost the expression of an HLA allele recognized by
the inhibitory receptor.

In this way, NK cell cytotoxicity is balanced and regulated by opposite signals delivered by
inhibitory and activating receptors. This NK cell surveillance may be important for the removal of
cells that have down-regulated or lost a single MHC class I allele while normal cells would be left

unaffected.

1.4.2 C-type lectin-like receptors

In humans more than 15 type II transmembrane C-type lectin-like proteins are encoded on
chromosome 19 where they are closely linked to the CD94 gene [20]. C-type lectin receptors are
expressed as homodimers like the NKR-P1 receptor (CD161) or as heterodimers composed of
monomers of the NKG2 family covalently bound to the common subunit CD94. CD94 is a product
of a single nonpolymorphic gene and lacks a cytoplasmic domain for intrinsic signal transduction
capacity [21]. Homodimers of CD94 exist but are of uncertain physiologic function. The
extracellular and cytoplasmic domains of the NKG2 molecules are structurally diverse, consistent
with differences in ligand recognition and signal transduction. Four closely related transcripts of the
NKG?2 family have been identified: NKG2A (and its splice variant NKG2B), NKG2C, NKG2E
(and its splice variant NKG2H), and NKG2F. NKG2D is a fifth distantly related member that
displays only a low sequence similarity with the other NKG2 molecules and does not interact with
CD9%4 (see below).

CD94/NKG2 heterodimers are constitutively expressed by all NK cells and cytotoxic T
lymphocytes. Only CD94/NKG2A transmits inhibitory signals, whereas CD94/NKG2C and
CD94/NKG2E are activating receptors. The inhibitory receptor dimer CD94/NKG2A and its
activating counterpart CD94/NKG2C recognize the nonclassical class I molecule HLA-E, which
binds nonamer peptides derived from the signal sequences of HLA-A, -B, -C, and -G [22]. Thus,
CD94-NKG2A and -NKG2C dimers sense the overall expression of HLA class I molecules at the
cell surface, a process that can be altered in virally infected or transformed cells. In addition, the
ability of these receptors to discriminate among different peptide/HLA-E complexes might also
influence the reactivity against allogeneic cells. As for the inhibitory and activating KIRs, the
binding of the inhibitory receptor CD94/NKG2A to peptide/HLA-E complexes was shown to be
stronger than binding of the activating receptor CD94/NKG2C to the corresponding complex [23].
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Figure 1-3: Signalling of inhibitory and activatory C-type lectin-like receptors in NK cells. The C-type

lectin-like receptors are disulfide-linked heterodimers of CD94 and members of the NKG2 family. The inhibitory
NKG2A and the activating NKG2C both recognize the non-classical HLA class I molecule HLA-E. Similar to KIRs
with long cytoplasmic tails, ITIM-containing NKG2A signals through SHP-1/-2 that mediates inhibitory signals by the
dephosphorylation of substrates such as Vav and SLP-76. NKG2C interacts with DAP-12 and transduce activating
signals through Syk-family members. In contrast, homodimers of NKG2D associates with the adaptor molecule DAP-
10 and binds to the MHC-like ligands MICA/B and to the ULBP family. DAP-10 contains an YXNM motif that bind
PI-3 kinase (PI3K) upon phosphorylation thereby delivering an activation signal. As this alternative pathway through
the PI3K cascade is not inhibited by SHP-1/-2, NKG2D may be able to mediate activation signal that is dominant over
the KIR- or NKG2A-mediated inhibition (adapted from S.S. Farag[1]).

1.4.3 The NKG2D receptor

NKG2D is the best-characterized non-MHC class I specific activating receptor described on human
NK cells. NKG2D has little sequence homology to the NKG2 family and is not associated to CD94.
The receptor is expressed as a disulfide-bonded homodimer and requires for the surface expression
the association with the adaptor subunits DAP10 (DAP10 or DAP12 in mice) that mediate
signalling, since the intracellular domain of NKG2D has no signalling motifs. NKG2D is
constitutively expressed by all human and murine NK cells and CD8+ af}-T cells, by almost all
human y9-T cells and by murine macrophages [24] [25].

In human NK cells triggering of NKG2D induces cytotoxicity but no cytokine release.
Phosphorylation of the YxXNM motif in DAP10 leads to binding of p85 subunit, the activation of
PI3K and the subsequent activation of Rac, Rho-family GTPases and Phospholipase C-y2 (PLC-y2)
resulting in the intracellular release of calcium and the induction of cytotoxicity [26]. Importantly,

because NKG2D has a downstream signalling pathway that is distinct from the activating KIR and
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C-type lectin receptors, triggering via NKG2D is less susceptible to blocking by KIR- or NKG2A-
generated inhibitory signals (see Figure 1-3). As a consequence, signalling through human NKG2D
was postulated to override inhibition signals generated by MHC class I engagement, and thus
NKG2D functions as a primary cytotoxicity receptor rather than a co-receptor. This concept has
been proven for the recognition of tumor cell lines [27] and by the transfection of NK cell resistant
class I positive cell lines with ligands for NKG2D which rendered the targets susceptible to NK cell
lysis [28, 29].

1.4.4 Ligands for NKG2D

The ligands for human NKG2D are the MHC class I chain related proteins A and B (MICA/B) and
the UL16 binding proteins ULBP-1, -2, -3 and -4. In normal tissue low levels of MICA/B are found
mainly on epithelial cells and fibroblasts where the expression is under the control of promoter
elements related to those of heat shock genes [30]. MIC molecules are highly polymorphic since at
least 50 different MICA and more than 15 MICB alleles are currently known [31]. MICA/B are
glycoproteins that contain MHC-like al-, a2- and a3-domains but, in contrast to MHC class I
molecules, do not require f2-microglobulin or peptides for stable surface expression.

The family of the UL16-binding proteins (ULBPs) are NKG2D ligands that are glycophosphatidyl
inositol (GPI)-linked surface molecules, which initially were identified by their ability to bind to the
human CMV-derived membrane glycoprotein UL16.

Induction or up-regulation of NKG2D ligands may occur with pathogen related cellular stress, viral
infection or tumor cell transformation. High MICA and MICB expression was found on epithelial
tumors and on CMV infected epithelial tissues or fibroblasts [32] [33] [27]. It could be
demonstrated that the CMV-derived UL16 binds to MICB, ULBP-1 and -2 and that this complex is
selectively retained in the ER. As a consequence, CMV infected cells are no longer recognized
through the surface-expression of these NKG2D ligands, indicating that the induction of UL16
expression upon infection represents an immune evasion mechanism of human and murine CMV
[34, 35]. Indeed, the induced expression of NKG2D ligands were shown to markedly enhance the
sensitivity of tumors to NK cells in vitro and in vivo in mouse models [36-38].

The human ULBP gene family is homologous to the murine retinoic acid early-induced transcript 1
(Rael) gene family. However, only ULBP-1 and ULBP-2 but not ULBP-3 bind to UL16, and it is

unknown if any polymorphisms within this gene family exists.
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1.4.5 The Natural Cytotoxicity Receptors (NCRs)

The family of Natural Cytotoxicity Receptors (NCR) is characterized by the ability to trigger NK
cell cytotoxicity in an MHC class I independent manner. NKp30, NKp44 and NKp46, all
immunoglobulin-like type I transmembrane molecules, have been identified based on the screening
of mAbs capable of inducing NK cell clone-mediated killing of Fc receptor bearing target cells. The
NCRs share no sequence homology to each other [39] [40] [41]. The most important function of
NCRs is the recognition and lysis of tumor cells by NK cells. This has become evident by the fact
that monoclonal antibodies directed against the NCRs can block NK-mediated lysis of tumor cell
lines (,,receptor-masking*). Cytotoxicity was shown to correlate strictly with the density of NCR
surface expression on NK cells [27, 42]. Viral ligands specific for NKp44 and NKp46 are known
(see below), but the cellular ligands for the NCRs have not yet been discovered. Accordingly, there
is evidence that NCRs contribute to the defence against different pathogens, in particular in the case
of viral infections [43-45]. NCRs signal through non-covalently associated adapter molecules that
contain immunoreceptor tyrosine-based activation motifs (ITAM) in their cytoplasmic tails. Src
family-mediated phosphorylation (e.g. by p56lck) of the ITAM motifs in the adaptor molecules
recruits protein-tyrosine kinases of the Syk-family (Syk-PTK) or zeta-chain associated protein of
70kDa (ZAP70) that activate the downstream signalling cascade to trigger NK cell cytotoxicity (see
Figure 1-4).
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Figure 1-4: Signalling of Natural Cytotoxicity Receptors. NCRs either associate with homodimers of the CD3§
chain and heterodimers of the FceRIly and CD3E chains (NKp46 and NKp30), or to the adapter protein DAP12
(NKp44). Ligand-engagement of the NCRs results in the phosphorylation of the ITAM-motifs (in green) and the
recruitment and activation of Syk- and ZAP70 kinases with the subsequent initiation of the signalling cascade that
induces NK cell cytotoxicity or cytokine release.
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The subsequent downstream events include the phosphorylation and activation of different
molecules like SLP76, p85-PI3K, LAT, the PLC-y1 and PLC-y2, the mobilization of Vav-1, Vav-2,
the Rho-family GTPases, Grb2, and the intracellular release of calcium resulting in the induction of
cytotoxicity or cytokine release.

The NKp30 receptor of 30 kDa associates with disulfide-bonded homodimers or heterodimers of
the ITAM bearing adaptor molecule CD3C and the FceRlIy chain and is constitutively expressed by
all activated and resting peripheral blood NK cells [39]. The receptor plays a role in the interaction
of NK cells with dendritic cells (DC) in the initial phases of infection. In particular, activated NK
cells were shown to lyse immature DCs through the NKp30 receptor [46].

NKp44 is almost absent in fresh isolated peripheral blood NK cells but can be detected on activated
NK cells cultured in IL-2, and is also expressed by a subset of yO-T cells [47, 48]. NKp44 is a
glycoprotein with a molecular size of approximately 44 kDa that associates with the ITAM bearing
adaptor molecule DAP12. DAPI2 exists solely as disulfide-bonded homodimers and mediates
surface expression and signal transduction of NKp44. Although a recent report revealed the
presence of an ITIM motif in the cytoplasmic domain of NKp44, this sequence was shown to lack
inhibitory capacity and thus has no influence on the activating function of NKp44 [49].

NKp46 is thought to act as the main NCR and is constitutively expressed by all activated and
resting peripheral blood NK cells. It associates with CD3C and FceRly, similar to NKp30 which was
found to parallel expression levels of NKp46 [39, 40, 42]. The gene of the 46 kDa surface molecule
is located in the leukocyte receptor complex of Ig-related genes (LRC) on chromosome 19 and has
no significant homology to NKp30 and NKp44, which are encoded in the NKC on chromosome 12.
NKp46 genes have also been identified in other mammals, including primates, rat and mouse.
NKp46, and NKp44 (but not NKp30), has been reported to directly bind both influenza virus
hemagglutinin (HA) and Sendai virus hemagglutinin-neuraminidase leading to enhanced killing of
infected cells [50] [43]. To date no cellular ligands of NKp46 have been identified, although NKp46
has been shown to directly mediate the lysis of certain human tumor cells. A murine homolog of
NKp46 exhibits a 58% identity to the human receptor, and it has been demonstrated that murine
tumor cells are susceptible to killing via human NKp46 [51]. This cross-species reactivity may
suggest a conserved ligand-binding site shared between the human and the mouse receptors [53]. In
addition, results from CD3C and FceRIy double knock out mice indicated a predominant role of
NKp46 in tumor surveillance since these mice showed a profound loss of NK cell activity against

most tumor targets [52].
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2. Acute Myeloid Leukemia (AML)

Leukemia is a heterogeneous group of neoplasms affecting early stages of hematopoietic
progenitors and includes the acute nonlymphoblastic or myeloid leukemia (AML), acute
lymphoblastic leukemia (ALL), chronic myeloid leukemia (CML) and chronic lymphoblastic
leukemia (CLL). During the transformation process to leukemia the cells loose the ability to
differentiate and mature into normal leukocytes. As a consequence, the malignant cells are no
longer subjected to the normal cellular control mechanisms of cell growth, differentiation and
maturation- or senescence-induced cell death with a final expansion of transformed cells that

accumulate and suppress normal hematopoietic activity.

2.1 Characterization of AML
2.1.1 Classification

AML is characterized by a neoplastic proliferation of cells in the bone marrow that are arrested in
their maturation, resulting in hematopoietic insufficiency (granulocytopenia, thrombocytopenia or
anemia) with or without leukocytosis. AML is rapidly fatal without any treatment and most patients
would die from infections and bleedings within a few months post diagnosis. The malignant cells
mainly show a myeloid or monocytic differentiation but can also be of erythroid or megakaryocytic
phenotype. AML is a rare disease, with an incidence of 2.4 per 100'000, but increases progressively
with age to a peak of 12.6 per 100'000 in adults of 65 years or older. AML affects more men than
women and despite effective treatment regimens the survival rate among patients who are less than
65 years of age is only around 40% (in the US; [54]). Although a precise aetiology of AML is
unknown, several intrinsic and extrinsic factors have been implicated, including family history,
Down’s syndrome, Fanconi’s anemia, myelodysplastic syndromes (MDS), exposure to high dose
irradiation or low-frequency non-ionising radiation, chemicals (benzenes) and cytotoxic
chemotherapy (alkylating agents, anthracyclines). The pathogenesis of AML is often associated
with the formation of oncogenic fusion proteins generated as a consequence of specific
chromosome translocations. AML can involve multiple gene rearrangements and chromosomal
abnormalities are found in more than two-thirds of AML patients [55].

De novo AML is, by definition, a primary disorder and not associated with any other underlying
disease. Secondary AML can arise after treatment of other malignancies and the transformation to

AML is often seen in patients with MDS. Exposures to chemotherapy or radiation are particular risk
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factors to develop a secondary leukemia [56]. The diagnosis and classification of acute myeloid
leukemia is based on morphological and cytochemical analysis, as well as on the immuno-
phenotypic, cytogenetic and molecular genetic analysis of the malignant cells in PB and BM. This
classification was developed by the French-American-British (FAB) group [55, 57] and it divides
AML into nine different subtypes. The distinction includes the reactivity of leukemic blasts with
histochemical stains and the cytogenetic analysis of chromosomal aberrations. Four types namely

MO, M1, M2 and M3 refer to granulocytic differentiation and differ in their extent of maturation.

Figure 2-1: FAB-classification of AML
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VE GAKARYOCYTE AML is divided in 5 groups that are further

distinguished in subgroups. The FAB-

classification is used in the group of “not
otherwise categorised” AML.

Translocations / inversions:

AML with recurrent genetic abnormalities
eg. t(8;21); t(15;17); inv(16); 11q23 abnormalities

e.g. - secondary to MDS or MPD

AML with multilineage dysplasia
- without preexisting MDS

related to prior therapy e.g. - alkylating agents

Therapy related secondary AML / MDS
- topoisomerase II inhibitors

AML not otherwise categorised CORRESPONDS TO FAB-SYSTEM: MO0-M7

in addition: acute myelofibrosis, myeloid Sarcoma, ...

e.g. - Acute undifferentiated leukemia

AML with ambiguous lineage origin - bilineal or biphenotypical acute leukemia
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M4 is associated with both granulocytic and monocytic differentiation, whereas MS5a/b has
predominantly a monocytic character of blasts. M6 show an erythroid and M7 a megakaryocytic
phenotype (see Figure 2-1).

A second classification is proposed by the World Health Organisation (WHO) and includes the
FAB subtypes but broadens the classification to secondary leukemias and is more cytogenetically
orientated. According to the WHO system, acute myeloid leukemias are categorised into five

groups, which can be sub-divided into different minor groups (see Table 2-1).

2.1.2 Prognostic factors

Age and cytogenetic status are the two most important prognostic factors in assigning the
appropriate therapy, in selection of the post-remission treatment and in predicting the outcome.
Children with AML have a better chance of cure than adults and are usually more tolerant of
intensive therapy. Remission rates of 70 to 85% have been reported using conventional induction
therapy. The most important prognostic factors in childhood AML are response to initial treatment
and the karyotype [58]. As in adults, allogeneic HSCT from an HLA-identical or haploidentical
sibling increases the long-term survival, and it is thought, that allogeneic HSCT is the treatment of
choice for children and young adults in first relapse if a suitable donor exists.

Patients older than 60 years usually have a poorer outcome. There is a higher frequency of
secondary AML and chromosomal abnormalities in elderly patients, and the death rates associated
with remission induction tend to be higher. Good prognostic factors in this age group include a
good physical condition, an age less than 80 years, primary rather than secondary AML, the absence

of cytogenetic abnormalities and the absence of leukocytosis at diagnosis [54].

Of the karyotypes that have been identified, translocations between chromosomes 8 and 21, t(8;21),
between 15 and 17, t(15;17) or the inversion of chromosome 16, inv(16) has been shown to indicate
a favourable prognosis (roughly 20% of all AML). Conversely, loss of or deletions within
chromosomes 5, 7 or both, and the translocations involving 11q23, typically define an unfavourable
prognosis. These mutations are more common in older patients and in patients with secondary
AML. A normal karyotype carries an intermediate prognosis [59]. Secondary AML is generally

more resistant to treatment than de novo AML, and conventional induction therapy may produce

28



Introduction

CR in only about 20% of patients [60]. High remission rates have been reported for an intensified
induction therapy, but nearly all of the patients subsequently relapsed [61]. Moreover, the failure to
achieve CR after two courses of chemotherapy has a very poor prognosis and is indicative of

resistant disease [62].

2.2 Treatment of AML

2.2.1 Chemotherapeutic interventions

The primary goal in the treatment of AML is to induce disease remission (induction therapy) with
the subsequent prevention of leukemia relapse (post remission consolidation therapy). Leukemia
remission can be categorised based on defined response criterias. Complete remission (CR) is
defined as the reduction of blasts to less than 5% of the nucleated bone marrow cells, regeneration
of the blood lineages, an increase in peripheral blood neutrophils (>1.5x10%1), platelets
(>100x10°/1) and hemoglobin (>110g/l; no EPO) and the absence of detectable dysplasia or
extramedullary leukemia. This definition of CR is based on morphology and has to be stable for at
least 2 months [63]. Currently, more precise molecular techniques are used to define the remaining
leukemic burden in patients with morphological remission, since it is estimated that one-half of the
patients in remission may have clinically important residual disease [64].

Most standard induction regimens comprise an anthracyclin, such as daunorubicin or idarubicin,
and cytosine arabinoside (ara-C). Between one-half and two-thirds of adults may achieve CR with
one or two courses of standard induction chemotherapy, but CR is significantly influenced by age

and cytogenetic risk factors (see above) [65].

2.2.2 Hematopoietic Stem Cell Transplantation (HSCT)

Since more than 30 years hematopoietic stem cell transplantation (HSCT) represents a curative
treatment for hematologic disorders, including malignant and inherited genetic diseases. Despite the
successful application in a large number of congenital and acquired disorders the use of allogeneic
stem cell grafts is still limited by the availability of HLA-matched donors and due to treatment-
related problems. In particular, allogeneic HSCT is associated with the danger of graft-versus-host-
disease (GVHD) reflecting the response of donor-derived alloreactive cytotoxic T lymphocytes to
the recipients HLA molecules in MHC-mismatched donor recipient pairs. Thus, the most severe

form, the acute GVHD, can affect the skin, the liver and intestine and can be life threatening.
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The source of stem cells can be either bone marrow (BM), placental blood obtained from the
umbilical cord after birth (CB) or peripheral blood into which stem cells have been mobilized by the
treatment with recombinant growth factors (mPB). The frequency of progenitors is lower in
mobilized blood than in BM and cord blood, but the possibility to perform repeated lymphapheresis
allows the collection and transplantation of higher numbers of stem cells. Peripheral blood stem
cells are equally suitable for allogeneic transplantation as bone marrow derived cells, and in
autologous transplantation mPB has largely replaced bone marrow as the source of hematopoietic
progenitors [66]. Although HSCT with G-CSF-mobilized stem cells leads to faster engraftment than
with BM cells [67], the higher content of T cells in mPB grafts may be associated with higher
incidence of GvHD. This, on the other hand, is compensated by lower rate of leukemia relapse.
Human umbilical CB is rich in progenitor cells, which were shown to be suitable for related and
unrelated allogeneic transplantation [68]. The number of stem cells available from one CB donation
is limited and often sufficient for pediatric patients only. Nevertheless, CB derived stem cells offer
substantial advantages due to the high proliferative potential of stem cells and the immunological
naive status of accessory cells in the graft including a lower expression level of T cell-derived

growth factors, that diminishes the risk of severe GVHD [69].

Development of acute GVHD upon allogeneic HSCT can be circumvented by the removal of T cells
from the graft. However, this T cell depletion is associated with an increased risk of disease relapse,
graft rejection and reactivation of endogenous cytomegalovirus (CMV) and Epstein-Barr virus
(EBV) infections.

Thus, in most cases acute GVHD is prevented by the careful selection of ,,HLA-identical* or ,,HLA-
matched* donors. The preferred donor for any patient receiving a HSCT would be a syngeneic or at
least HLA-identical sibling. Because the polymorphic HLA genes are closely linked and, for most
practical purposes, constitute a single genetic locus, each pair of siblings has a 25% chance to be
HLA-identical. This frequency allows approximately one third of patients to receive their
transplants from an HLA-identical sibling. For patients for whom a suitable HLA-matched donor
cannot be found, the use of autologous HSCs or partially HLA-matched or haploidentical grafts
from the parents or siblings is considered.

The overall survival after allogeneic transplantations and the probability to live without acute
GvHD of grades III-1V, positively correlate with the degree of HLA match [70]. But despite these
detrimental effects of acute or chronic GvHD after allogeneic HSCT it was soon recognized, that

patients could gain some benefit from a HLA-mismatch. In early reports it was demonstrated that
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patients surviving acute GvHD benefited from a reduced tumor relapse rate [71]. The incidence of
graft failure and of disease relapse is decreased compared to HSCT between HLA identical siblings
or to allogeneic transplantation with intensive T cell depletion [72].

All these findings are strongly indicative of lymphocyte-mediated effects in the GvH direction, the
so-called graft versus leukemia effect (GvL), which is thought to mediate the reduction in tumor
relapse and increase in overall survival. Improvement of engraftment can be attributed to
alloreactive T cells in the graft attacking host immune cells that otherwise would mount host-
versus-graft (HvG) reactions. Direct evidence, that donor derived lymphocytes can prevent tumor
relapse after transplantation was provided by donor lymphocyte infusions (DLI) in CML patients

[73, 74] and has been subsequently confirmed by many reports [75-77].

2.3 The Role of NK cells in Leukemia

2.3.1 Evidence for an anti-leukemic activity of NK cells

Evidence for the important role of NK cells in the immune-surveillance of hematological
malignancies in humans is provided by numerous reports on tumor-mediated suppression of NK
cell activity or inherent defects in NK cell function in patients with leukemia.

In lymphoma for example, recent data have established the involvement of NK cells in the control
of EBV-related lymphomas [78]. The X-linked lymphoproliferative disease (XLP) is a severe
inherited immune deficiency characterized by abnormal immune responses to EBV. Most XLP
patients succumb to fulminant infectious mononucleosis, whereas those who survive frequently
develop lymphomas. During EBV infection infected B cells express at high levels CD48 the ligand
for the NK cell co-receptor 2B4 (CD244). In XLP patients the CD48-2B4 interaction delivers a
negative instead of an activating signal to NK cells due to the inability of the 2B4 molecule to
associate to the SH2-domaine containing phosphatases, with the consequence that an efficient
clearance of infected B cells is impeded.

In CML it was demonstrated that NK cells decrease in number and functional activity once CML
progresses to the accelerated phase [79] [80-82]. In addition, an impaired proliferative capacity and
lytic function was demonstrated for CML derived NK cells, which could be overcome by the in
vitro activation with high doses of IL-2 [83]. Such CML-derived in vitro activated NK cells were

shown to suppress autologous malignant but not normal hematopoiesis in long term culture assays.
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Interestingly, activated NK cells from some patients that failed to lyse NK-sensitive targets also
failed to suppress the malignant progenitors [84]. Indeed, according to a more recent finding, CML
patients have alterations in the differentiation of NK cells from CD34+ progenitors, suggesting that
an inherent defect of transformed progenitors is leading to the subsequent enrichment of
functionally less effective NK cells [85]

In a study on 146 AML patients in complete remission the levels of NK cell activity against NK-
sensitive targets was significantly lower than in normal blood donors and the loss of NK cell
function was associated to a subsequent relapse. Thus, NK cell activity was suggested to serve as a
possible risk-factor or indicator for leukemia relapse [86].

Similarly, blasts of AML-patients at diagnosis were found to be resistant to autologous killing [87],
while the detection of cytolytic activity of NK cells obtained from PB of AML-patients in remission
were shown to correlate to the duration of remission and survival.

A direct proof of an NK cell-mediated activity against autologous blasts in vitro and the association
of this activity with the clinical outcome were first described in 1997 for three AML and ALL
patients. The maintenance of complete remission after autologous HSCT was dependent on the
sustained presence of anti-leukemic NK cells, since the loss of leukemia-reactive NK cells was
followed by leukemia relapse, which in one patient could be reverted to complete remission by the
IFN-o induced regain of anti-leukemic NK cells [89]. These results were confirmed on a larger
group of 25 AML and ALL patients in complete remission either after chemotherapy or autologous
HSCT, where the cytolytic activity of NK cells against the autologous blasts (isolated at diagnosis)
were followed post remission. Low or absent activity was predictive of leukemia relapse with a high
sensitivity and specificity [90]. More recently, in AML patients it was suggested that the observed
defective expression of natural cytotoxicity receptors (NCRs) upon in vitro expansion might

contribute to the lack of recognition of autologous leukemic blasts [88].

2.3.2 Mechanisms of tumors to escape recognition by cytotoxic effectors

Tumor cells are found to localize in immune privileged sites unreachable for effector cells, to down-
regulate MHC class I molecules or to acquire an altered surface expression of ligands that are
essential for NK cell recognition. However, down-regulation of MHC class I and class II molecules
is a relatively infrequent event in acute leukemia, but alterations in antigenic peptide sequences may
occur resulting in an impaired recognition by cytotoxic T lymphocytes [91]. Leukemic blasts can be

deficient in co-stimulatory molecules such as CD80, CD83, CD86, CD40 and LFA-1 or ICAM-1
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that leads to an insufficient priming or inhibition of CTL development. They were found to produce
variable amounts of cytokines such as IL-10, which was shown to inhibit GvL reactions in vitro
[92] or such as TGF-beta, a known potent inhibitor of activated lymphocytes. Some blasts are also
known to abnormally secret or to be resistant to TNF-alpha and IFN-gamma.

In AML patients it was shown that primary leukemic blasts could be resistant to NK cell mediated
killing due to their reduced binding of perforin [93]. Culture supernatants derived from primary
AML blasts and AML lines were demonstrated to have the potential to suppress T cell and NK cell
proliferation, but without affecting their cytolytic function [94]. Further, it was shown that AML
blasts are resistant to NK cell mediated killing due to the expression of Fas receptor as a non-
functional surface molecule or in released form that “neutralizes” the Fas-ligand [95]. In a
reciprocal way, expression of Fas-ligand by leukemic blasts was found to prevent cytotoxic activity
of Fas receptor expressing T and NK cells [96]. In addition some lymphoid leukemias are known to
be resistant due to their low surface expression of TRAIL molecules [97].

Shedding and the serum-accumulation of ligands for the activating receptor NKG2D was also
shown to cause the down regulation of NKG2D in gastrointestinal tumors and leukemic blasts [34,

98, 99].

2.3.3 NK cells in HSCT: the role of KIR-MHC class I interactions

KIR-epitope mismatches are well known causes of NK cell alloreactivity [100-102] but their role in
human transplantation has been evaluated only recently. NK cell alloreactivity was detected in
transplantations where a mismatch in the killer cell immunoglobulin-like receptors (KIR) existed,
which generated an NK cell response in the GvH direction. This alloreactivity was clearly
correlated to higher engraftment rates without causing GvHD, it was mainly HLA-C directed and
had a clear anti-tumor effect in AML but not in ALL [103].

The most prevalent and dominant pattern of NK cell alloreactivity is due to the recognition of the
two HLA-C allotypes by KIRs (see section 1.4.1). Since KIR genes and HLA genes are located on
different chromosomes, matching for HLA genotype does not necessarily result in matched KIR
genes. Consequently, 75% of transplants from an HLA-identical sibling donor will be KIR
mismatched, and for transplants from unrelated donors the frequency of KIR mismatch will be close
to 100% [104]. In the haploidentical setting of transplantation the donor and recipient share at least

one HLA-C allele but might differ in the second one. Thus, donors heterozygous in terms of the
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HLA-C haplotype have subsets of NK cells that kill targets of homozygous recipients, whereas
heterozygous recipients resist NK cell attack from either type of donors. This has the following
implications for HSCT between HLA-identical or haploidentical siblings:

First, no alloreactivity at all, due to a full KIR-ligand (HLA-C) match. Second, alloreactivity occurs
in the HvG direction. Here the correlation of certain HLA-C determinants to increased risk of graft
failure was shown [105], but due to extensive conditioning regimens it is difficult to distinguish T
cell- from NK cell-mediated HvG effects in rejection of allogeneic BM cells. In addition, since NK
cells are sensitive to most conditioning reagents and the large amounts of HSC given in
transplantation simply should ,,override* potential residual NK cell reactivity.

The third possibility is represented by the alloreactivity in the GvH direction, which may be
responsible for most of the beneficial effects on the outcome observed in haploidentical
transplantation. Data from 92 haploidentical transplantations showed that mismatching in HLA-C
allotypes correlated with a higher probability of an event-free five-year survival for patients with
AML but not ALL [106, 107].

Why NK cell alloreactivity is observed in acute myeloid but not in lymphoblastic malignancies is
not known, but may be due to the absence of the adhesion molecule leukocyte function-associated
antigen 1 (LFA-1) on ALL blasts. Interestingly, LFA-1 is rarely expressed on non-hematopoietic
cells, which may explain that NK cells do not kill these cells and, possibly, why NK cells do not
cause GVHD. Another possibility is that in myeloid leukemia blast-derived dendritic cells directly
present leukemia antigens to reactive T cells, which has been shown in vifro in AML or in CML
where dendritic cells were found to be BerAbl positive, thus of leukemic origin but still stimulatory
for CTLs [108].

A controversy remains considering the consequences of KIR ligand incompatibility for the risk of
severe GvHD, which was shown to be reduced [109] as well as increased [110]. In a case-control
study on 556 bone marrow recipients from unrelated donors, mismatches for HLA-C correlated to a
higher risk of graft rejection [111]. Even more striking, a recent study of 62 haploidentical
transplanted leukemia patients revealed poorer engraftment rates and overall survival in KIR
epitope mismatched than with matched transplants without any influence on the incidence of GVHD
[112].

In general, depending on the protocol that is administered, allogeneic HSCT can produce an
environment which favours a GvH directed immune response either dominated by T cells as in
HLA-matched transplants and in mini-transplantation, or by NK cells in the case of haploidentical

transplantations with T cell depletion, anti-thymocyte globulin treatment and KIR ligand
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incompatibility. Taken together these observations suggest that alloreactive T and NK cells can
contribute to the eradication of residual tumor cells and that patients receiving HSCT may benefit

from DLI given at later time points.

3. Cellular Immunotherapy: The Adoptive Transfer of anti-Leukemic
Effector Cells

The adoptive transfer of leukemia-directed effector cells to patients with hematologic malignancies
includes different approaches. In principle, the infusion of cytotoxic effector cells is aimed at
prevention of leukemia relapse and maintenance of remission after HLA-matched stem cell
transplantation by the eradication of minimal residual disease. Moreover, the adoptive transfer of
allogeneic or autologous effectors with GvL activity might be considered as a therapeutic tool in
elderly patients who are mostly intolerant to intensive chemotherapy or as a potential therapy for
recurrent chemotherapy-refractory leukemia.

Beside the well-established infusion of donor derived T cells there are attempts to use in vitro
generated cytotoxic T lymphocytes that were selected for their tumor specificity. The alternative
approach in the adoptive transfer of anti-leukemic effector cells is to infuse yd T cells, NK-T cells
or CD3-CD56+ NK cells which are not MHC-restricted and therefore do not bear the risk to
develop GvHD.

3.1 Donor-derived lymphocyte infusion (DLI) and leukemia-specific cytotoxic T
lymphocytes (CTLs)

The most prominent approach is represented by the donor derived lymphocyte infusion (DLI) after
T cell depleted allogeneic HSCT. Several studies demonstrated that donor derived CTL-precursors
directed against leukemic blasts in transplanted patients emerged and persisted in the peripheral
blood of recipients who maintained a state of remission. DLIs were initially applied to CML
patients but are currently extended to a variety of hematologic malignancies [114]. In some CML
patients a strong correlation was shown between the presence of anti-leukemic CTLs and the
disappearance of the tumor cells. In contrast, in transplanted patients who experienced a relapse the

frequency of CTL precursors rapidly declined [113].
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Usually DLI consists of a crude mixture of lymphocytes collected by lymphapharesis and is applied
in HLA-matched HSCT. T cell DLIs are not recommended in partially mismatched or
haploidentical HSCT because of the high risk to develop GvHD. The adoptive transfer of donor T
cells that specifically recognize viral antigens has been effective in preventing CMV and EBV
disease after allogeneic HSCT without causing GVHD [115] and autologous tumor-reactive T cells

have been transferred to successfully treat patients with melanoma [116].

3.2 The adoptive transfer of y3-T cells and cytokine-induced NK-T cells

The TCR positive y8-T cells were demonstrated to be important mediators of alloengraftment [117]
without causing GVHD [118]. The anti-tumor activity of y0 T cells was shown for many tumors of
different origin, where the reactivity was not MHC restricted but depended on interaction of LFA-1
with its ligand ICAM-1. In addition, yd-T cell clones (V81 cells) could be raised against acute
lymphoblastic leukemias (ALL) but not against myeloid blasts indicating a possible specificity of yd
T cells to lymphoid cells [119]. No reports so far demonstrated the immunotherapeutic use of
expanded and activated yd-T cells.

NK-T cells are TCRo3 + CD3+ CD56+ cytotoxic T cells that are abundant in the liver, where they
make up to 40% of total lymphocytes and localize to the sinusoidal walls. They are also found in
the BM, in smaller numbers in the spleen, lymph nodes and the thymus [120]. NK-T cells may
represent an intermediate stage in phylogenic development between NK cells and T cells. Their
function is not yet clearly defined, but they may play an important role in the surveillance of
malignant cells and cells infected with intracellular pathogens as well as in the control of
autoreactive lymphocytes [121]. Early reports on ex vivo expanded and activated T cells, at that
time not defined as the NK-T cell subset, demonstrated a MHC-unrestricted and unspecific
cytotoxicity against a variety of malignant cells including autologous leukemic blasts [122].
Cytokine induced killer (CIK) cells are NK-T cells expanded from PBMNC by the timed addition
of IFN-y, IL-2 and the anti-CD3 monoclonal antibody OKT3. The CIK cells are CD16— and are
derived from T cells and not from NK cells, which retain their phenotype under these conditions
[123]. A typical bulk CIK culture contains approximately one third of CD3+CD56+ cells, two
thirds of CD3+CD56-cells and below 10% of CD3-CD56+ NK cells [124].

Such bulk cultures exert a marked non-MHC restricted cytotoxicity against a variety of tumor cells
including B-lymphoma lines [125], fresh tumors and autologous or allogeneic CML progenitors,

but have only minor effects on normal hematopoietic progenitor cells [126]. The adoptive transfer
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of CIK cells to SCID mice challenged with human lymphoma cell lines protected against the
development of tumors and prolonged the survival [123]. In a HLA class I and class II mismatched
mouse transplantation model it was clearly demonstrated that CIK cells do not mediate GVHD but
are able to exert a strong GvL effect against a mouse lymphoma cell line [127].

In CML patients it could be demonstrated that the large-scale ex vivo generation and expansion of
BcerAbl negative non-malignant CIK cells is possible, and that these cells have potent in vitro and in
vivo effects against autologous tumor cells. In tumor-inoculated immunodeficient SCID mice a
single CIK infusion could significantly delay the progression of leukemia [126]. CIK cells could
also be generated during relapse phase of patients treated with chemotherapy for a variety of
malignancies including lymphoma, acute leukemia, myeloma and breast carcinoma. CIK cells could
be obtained from peripheral blood samples with a minimal pool of residual normal lymphocytes and
were demonstrated to be cytotoxic against autologous and allogeneic leukemic blasts from AML

[128], ALL and B-CLL patients [129].

3.3 The adoptive transfer of NK cells

3.3.1 Results from mouse transplantation models

Expanded and activated CD3-CD56+ NK cells are known to mediate numerous anti-tumor effects
in vitro and in vivo, particularly against metastatic tumors and autologous or allogeneic leukemic
blasts [130-132]. The adoptive transfer of activated NK cells was shown to promote the engraftment
in mice receiving syngeneic as well as allogeneic grafts [133, 134].

In an MHC mismatched transplantation model NK cells were shown to play a pivotal role in tumor
suppression and the augmentation of allogeneic BM engraftment in mice [106]. In this model
(donor F1: H-2d/b transplanted to parental: H-2b/b) donor T cells were tolerant of the recipients
MHC, but donor NK cells included alloreactive cells (recognizing H-2d allotype, hence not
inhibited by the H-2b allotype). A single dose of alloreactive but not of syngeneic NK cells could
eradicate advanced human CML in NOD/SCID mice. These alloreactive NK cells did not cause
GvHD, even when infused in large amounts into lethally irradiated and transplanted recipients (all
mice with 100% survival), whereas the co-transplantation of alloreactive T cells caused GVHD and
the rapid death in all mice. However, the alloreactive NK cells could reduce recipient type T cells
and granulocytes in bone marrow and spleen to levels only observed after lethal irradiation,

demonstrating a strong immune- and myeloablating effect. These results implicated the use of
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alloreactive NK cells as a preconditioning infusion to obviate high-intensity regimens while still
inducing efficient myeloablation. Indeed, the co-transplantation of as few as 2x10° alloreactive NK
cells to non-lethally irradiated recipients resulted in high levels of mixed donor chimerisms (up to
80 %), which could be converted to a full donor chimerism by an additional post-engraftment
infusion of alloreactive NK cells. This MHC-mismatched F1 to parent transplantation model could
clearly demonstrate that the conditioning by alloreactive NK cells could prevent GVHD by the
elimination of recipients’ antigen presenting cells (APC).

Similar results were obtained in an allogeneic transplantation model using tumor-bearing mice as
bone marrow recipients [131]. It could be demonstrated that donor derived NK cells inhibited
GvHD and substantially promoted graft-versus-tumor (GvT) reactions. Mice receiving NK cells had
significantly improved survival, and this could be further augmented with the co-administration of
donor T cells. In contrast, donor T cells alone gave a certain protection from the tumor, but the mice
ultimately died due to GvHD. If the administration of NK cells was delayed after initiation of
GvHD by transferred donor T cells, the incidence and severity of GvHD was increased.
Importantly, this allogeneic transplantation model used an adenocarcinoma, suggesting that the
adoptive transfer of alloreactive NK cells may be effective in HSCT for the treatment of
hematological disorders as well as metastatic solid tumors.

Taken together, these results in mice implicate that the adoptive transfer of NK cells can have a
protective effect against GVHD through the inactivation of recipients APCs such as dendritic cells
and is suggested as a mechanism of suppression of GvHD by NK cells in allogeneic

transplantations while inducing strong graft versus tumor activity [135].

3.3.2 Transfer of ex vivo expanded NK cells in humans: NK cell DLI

One possible immunotherapeutic application of donor derived NK cells in humans which can be
directly concluded from mouse transplantation models would be the preconditioning in HSC
transplantation with donor NK cell infusions. Such NK cell DLIs would aim at the consolidation of
engraftment with a less severe conditioning or even without high-intensity regimen and without T
cell depletion while still inducing an efficient myeloablation.

Moreover, the adoptive transfer of NK cells after allogeneic HSCT offers the possibility to induce a
strong GvL activity against residual disease without the development of GvHD. Thus, NK cell
infusions can be given as a ,pre-emptive NK-DLI“ at predetermined time points after

transplantation or as ,,therapeutic NK-DLI* upon evidence of minimal residual disease or a mixed
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chimerism. First prospective ongoing studies and clinical trials are concerning the safety and
efficacy of donor NK cell collections and the tolerability of NK cell infusions to cancer patients or
recipients of allogeneic or autologous HSCT. Recent reports demonstrated the feasibility and safety
of the adoptive transfer of donor lymphocyte preparations, which were ex vivo IL-2 activated and
enriched for CD56+ effector cells. The adoptive transfer of isolated, enriched and ex vivo IL-2
activated haploidentical CD56+CD3- NK cells to AML patients was shown to be safe without any
severe adverse events. Here the persistence without any further in vivo expansion of donor cells up
to several months was demonstrated [136]. In addition, these studies are designed to determine the
practicability of large-scaled graft engineering to prepare highly purified NK cells for the use in
NK-DLIs [137, 138].

Furthermore, NK cell infusions could be applied to AML patients at high risk, particularly in
elderly patients or patients in a bad physical condition who are usually not eligible to allogeneic
transplantations since they are not able to tolerate the severity of a myeloablative regimen. Such an
adoptive transfer of alloreactive, ex vivo expanded and activated allogeneic or autologous NK cells
may serve as an alternative approach in the treatment of disease. The first reports on the adoptive
transfer of ex vivo IL-2 activated and expanded NK cells in humans, of so called Lymphokine
Activated Killer (LAK) cells in 1993, demonstrated the feasibility of NK cell infusions as an
alternative approach to high-dose in vivo IL-2 administration even though no direct benefit could be
assigned to the transferred cells [139]. More recently, the ex vivo expansion of AML patient-derived
NK cells with a cytolytic activity against autologous leukemic blasts was shown [140]. Similarly,
the expansion of NK cells and NK-T cells from patients with chronic B cell lymphocytic leukemia
(B-CLL) was reported. NK cells were expanded from PBMC cultures with no difference in
expansion rates of NK cells derived from patients either in indolent or progressive state of disease
[141].

Importantly, since CIK cells and NK cells can be generated at the time point of diagnosis it is worth
to note, that patient derived effector cells are derived from normal resting NK cells or NK-precursor
cells, thus are non-leukemic in nature which would justify their clinical application [129]. This is
most feasible in the autologous transplantation setting, in which peripheral blood lymphocytes
harvested by leukapharesis could be expanded for re-infusion post transplantation after
hematopoietic recovery at a time of minimal residual disease. In general, with the demonstration of
potent cytotoxicity against autologous leukemic blasts in AML, it is conceivable that IL-2 activated

NK-like T cells (CIK) or NK cells will find a place in clinical use.
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4. Gene Therapy and Genetic Modification with Lentiviral vectors

4.1 The concept of gene therapy

Gene therapy protocols have been designed to correct inherited or acquired metabolic, infectious, or
malignant diseases. The primary aim of gene therapy, namely the insertion and expression of a
therapeutic copy of a mutant or deleted gene has been extended to additional clinical applications of
gene transfer. Such therapeutic interventions may concern the genetic modification of tumor cells or
terminally differentiated effector cells of the immune system. New strategies include for example
the replacement or inactivation of mutant tumor suppressor genes and oncogenes in tumor cells, the
introduction of genes encoding prodrug-metabolizing enzymes as new forms of drug delivery [142]
as well as the transfer of genes encoding co-stimulatory molecules [143] to modify tumor cells for
the use as cancer vaccines.

The genetic modification of immune cells such as dendritic cells (DC), T cells or NK cells could
provide new immunotherapeutic approaches for an effective anti-cancer therapy. For instance,
genetically modified DCs expressing defined tumor-associated antigens may serve as cellular
vaccines in eliciting a tumor specific CTL response [144]. Further, the transfer of T cell receptor
(TCR) genes to T cells which are additionally genetically modified to express the HSV thymidine
kinase (HSV-tk) “suicide-gene” were successfully applied in immunotherapeutic DLIs after

allogeneic HSCT [146] and offer the potential to direct T cells to any antigen of interest [145].

4.2 Viral vectors for gene transfer

4.2.1 Viral gene delivery systems

Successful gene therapy primarily depends on the safe and efficient transfer of the selected gene
and the precise targeting into the cells of interest. If long-term expression is needed the transferred
DNA has to integrate into the genome of the target cell, ideally in a specific site, and the vectors
should allow the integration of large exogenous DNA inserts without the induction of gene
silencing. Moreover, in some therapeutic applications the transgene should be able to respond to
cellular mechanisms of regulation of gene expression or should allow to be regulated by the
exogenous administration of drugs, so that the gene product will be produced in correct quantities

and at appropriate times. Among the wide variety of gene delivery systems viral vectors have
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proven most useful since they fulfil the majority of the requirements. However, the most important
constraints of all vector systems including viral vectors are their inability to be targeted to a specific
cell type or tissue together with their random insertion to the host genome. This integration
represents a mutagenic event that has the potential to disrupt or to transcriptional activate genes.
Each viral vector system available today has certain advantages that make it valuable for a

particular application in gene therapy (see Table 5-1), but only retroviral derived vectors have the

capability to mediate the stable integration of the transgene into the host genome.

vector

characteristics

disadvantage

Adenoviruses

high vector titers, with large DNA inserts
(up to 15kb);

high level of expression;

infection of non-dividing cells;

high target cell range

no genomic integration,

thus toxic and inflammatory in vivo
reactions possible, with neutralisation of
vector particles by the immune system

Adeno-associated viruses

High vector titers; Infection of non-dividing
cells with genomic integration;
Non-toxic

Small vector genome allows only small
DNA inserts;

Requirement for helper adenovirus, with
low gene transfer efficiencies

Herpes simplex virus

large DNA inserts possible (up to 30kb)

no genomic integration;
toxic and inflammatory in vivo reactions
possible

Retroviruses

Genomic Integration of viral genome; high
vector titers possible with large DNA
inserts (up to 9kb); high target cell range

genomic integration in dividing cells only;
random insertion with low gene transfer
efficiencies

HIV-derived lentiviruses

High vector titers; Infection of non-dividing

random insertion

cells with genomic integration; large DNA
inserts (more than 10kb)

Table 5-1: Characteristics of viral gene delivery systems

4.2.2 The lentivirus-based vector system

Retroviruses are lipid-enveloped particles comprising a homodimer of two single stranded RNA
genomes of 7 to 11 kb and virus replication enzymes within a protein core. Following infection, the
viral genome is reverse-transcribed into DNA that is transported to the nucleus where it randomly
integrates into the chromatin. The family of retroviruses includes several varieties being exploited
for gene therapy, the mammalian and avian C-type retroviruses (oncoretroviruses), spumaviruses
and the lentiviruses. All retroviral genomes have two long terminal repeats at the 5’ and 3’ ends (5°-
/3’LTR) with closely located cis-acting sequences that are active during viral gene expression,
reverse transcription, packaging and integration. The LTR frames the three groups of structural
genes gag, pol and env that encode the capsid proteins, the reverse transcriptase, polymerases, the
integrases and the surface glycoproteins, respectively (see Figure 5-1). The 5S’LTR (R-5U) contains

the promoter that drives the transcription of the viral genes, whereas the 3’LTR (U3’-R) contains
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the transcription termination site and the polyA signals. Lentiviruses have a more complex genome
encoding two additional groups of regulatory and accessory genes that are essential during the viral
life cycle and pathogenesis. The regulatory gene product tat is responsible for the promoter activity
and initiates transcription from the 5’LTR, whereas the rev protein binds to the rev responsible
element (RRE) within the viral RNA which is necessary for efficient gag and pol expression and
allows the transport of unspliced RNA out of the nucleus. The accessory genes vpr, vif, vpu and nef
have function in nuclear transport, particle assembly and release as well as in the growth arrest of
infected cells, thus representing virulence factors for the infectivity of the virus. Upon infection of
eukaryotic cells the retroviral RNA is reverse transcribed within the cytoplasm and the viral genome
enters the nucleus to integrate into the host DNA. Unlike the common oncoretroviruses such as the
murine leukemia virus (MLV) that cannot cross the nuclear membrane, lentiviruses use an
mechanism of active transport of the viral genome through the pores of the intact nucleus. The
reverse transcribed viral DNA together with the gag-encoded matrix protein, the enzyme integrase
and the product of the vpr gene form the pre-integration complex that is recognized by the nuclear

import machinery and translocated to the nucleus (see Figure 5-2).
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Figure 5-1: Schematic organisation of the retroviral genome. In addition to the gag, pol and env genes found in all
retroviruses accessory (vpr, vif, vpu and nef) and regulatory genes (tat, rev; all in red) are present in the wild-type HIV.
Retrorviral RNA that is packed into a virus particle contains shortened LTRs with the U5-and the U3’ regions
duplicated in proviral DNA after reverse transcription. A prototypical self-inactivating (sin) lentiviral vector is shown
below. The only regions left from the HIV are the LTRs are a small part of the gag gene, the packaging signal sequence
P (both necessary for RNA encapsidation), and the rev-responsible element (RRE). A 400bp deletion in the 3’LTR
(A3’LTR) results in the abolishment of the promoter activity of the (duplicated) U3’-R-US5 LTR after integration.
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Lentiviruses are therefore able to infect and integrate into non-dividing cells such as terminally
differentiated somatic cells or hematopoietic stem cells, while oncoretroviruses need mitotically
active cells (with the disassembly of nuclear membrane during mitosis) to complete their replication
cycle. During the process of reverse transcription the US5-region of the 5’LTR (R-U5) and the U3’-
region of the 3’LTR (U3’-R) are both duplicated, so that a proviral DNA integrates that contains
two identical LTRs, each consisting of the regions U3 (viral promoter/enhancer), R (transcriptional
start sequence) and US. This is especially important for the generation of so-called “self-
inactivating” (sin) viral vectors where a deletion in the U3’-region results in the loss of promoter
activity after reverse transcription and integration (see Figure 5-1). Such engineered vectors are able
to transduce a foreign gene after infection of target cells, but are replicative defective and thus

unable to multiply and spread to other cells[149].
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Figure 5-2: Lentivirus replication cycle. Infection begins with the recognition of specific cell surface receptors by the
viral envelope glycoproteins, followed by the fusion with the target cell membrane. Viral RNA is reverse transcribed to
DNA in the reverse transcription complex (RTC). Proviral DNA is uncoated and forms together with DNA binding
viral proteins (e.g. integrase; associate with the central DNA flap) the pre-integration complex (PIC) that is translocated
to the nucleus where the provirus integrates randomly. Integration to the host genome enables the provirus to be stably
maintained and passed to the progeny cells by host DNA replication during mitosis. Viral RNA is transcribed into
unspliced and spliced mRNA variants. The unspliced RNA is translated into structural core proteins (matrix, capsid and
nucleocapsid) and the viral enzymes (protease and integrase) and two copies are packed as genomic RNA into new
virions. The spliced mRNA variants code either for the packed reverse transcriptase or the envelope proteins. Mature

virions are released from the cell (virus budding) after the acquisition of their envelopes that consists of cellular
membrane components and viral env proteins.
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The currently used lentiviral vectors are derived from the immunodeficiency viruses of human
(HIV-1 or HIV-2), simian (SIV), feline (FIV) or bovine (BIV) origin. The rational to develop
lentiviral vectors from the non-human viruses is that they would be more acceptable for clinical

application since the parental viruses are not infectious to humans.

Lentiviral vector particles are generated by the co-transfection of a producer cell line with three
different vector plasmids [147, 148] (see Figure 5-3; section 2.4.1). The first plasmid represents the
transfer vector that carries the gene of interest under the control of a strong internal promoter. Most
viral genes are deleted, leaving a backbone of the LTRs with the packaging signal sequence
(encapsidation-site; 3’ of the 5’LTR), a small part of the gag coding region and a variety of
regulatory sequences. Such cis-acting elements like the rev responsible element (RRE) regulate and
improve the nuclear translocation of reverse transcribed DNA as well as the nuclear export and
stabilization of vector mRNA and their propagation into viral particles. Additional important
improvements in such vectors are the insertion of the central polypurine tract and central
termination site element (cPPT/CTS) that facilitates nuclear translocation of the pre-integration
complex and the insertion of the post-transcriptional regulatory element (PRE) of the woodchuck
hepatitis B virus (WPRE) [150] that enhances the transgene expression through the stabilization of
vector mRNA. The second plasmid, the packaging construct, provides the viral gag, pol and rev
genes in trans, whereas the third plasmid encodes the envelope protein that is mostly either the
amphotropic MLV envelope glycoprotein or the vesicular stomatitis virus G-protein (VSV-G) that
broaden the types of cells that can be infected.

This split of the genetic information on three different transcriptional units improves the biosaftey
since it minimizes the probability of the reconstitution of a replication competent retrovirus (RCR).
For additional safety aspects all accessory genes (vpr, vif, vpu and nef) are deleted in the so-called
2" generation packaging and vector plasmids without affecting the vector yield or the transduction

efficacy of most cell types.

4.3 Genetic modification of hematopoietic stem cells

The hematopoietic stem cell is one of the preferred targets for gene therapy, since this cell has the
capacity to self renew and to differentiate into all mature cell lineages of the blood and the immune
system. Many of the genetic diseases that affect these systems could be treated by the stable

introduction of genes into HSCs with the potential to achieve a long-term therapeutic effect. HSCs
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Figure 5-3: Lentiviral vector production in producer cell lines. Schematic drawing of the
“2™ generation” three-plasmid lentiviral vector system is shown in (A). All information for the production
of viral particles is split onto three separate DNA plasmids. The transfer vector carries the gene of interest
flanked by the HIV-derived LTRs, the regulatory RRE sequence, a shortened form of the gag gene with the
encapsidation site () and the accessory sequences cPPT to achieve genomic integration in the target cells.
The packaging construct provides the gag and pol genes in trans but is deleted for the y-signal to avoid the
encapsidation of mRNA. The third plasmid codes for the amphotropic vesicular stomatitis virus G-protein
(VSV-G), that allows the infection of a broad range of target cells. In (B) the process of virus production is
illustrated. The plasmids are inserted by Ca-phosphate transfection to a producer cell line that releases high
amounts of infective viral particles. Cell culture supernatant is collected and concentrated virus
(ultracentrifugation step) is used to transduce target cells with the desired vector construct.
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are easy accessible for ex vivo manipulation, and in theory a small number of modified cells would

be sufficient to repopulate the whole hematopoietic system of a recipient for his entire life.

However, human HSC therapy is still hampered by many obstacles concerning the gene delivery
systems used. A stable long-term transgene expression in vivo is only achieved when the gene
transfer is mediated into the relatively rare population of primitive stem cells. Only these cells
would be able to long-term reconstitute the hematopoiesis after transplantation leading to the
sustained expression of the transgene in all blood cell lineages. Common viral and non-viral gene
delivery systems are inefficient in the transduction of quiescent stem cells, since these types of
vectors do require the breakdown of the nuclear membrane at mitotic cell division to enter the
nucleus. Genomic integration of DNA from such vectors needs the ex vivo growth factor
stimulation to induce cell division prior to transduction, that leads to a lineage commitment and
differentiation of stem cells and finally results in a weak long-term engraftment of transduced cells
in the recipient. Transduction with lentivirus-derived vectors could circumvent these limitations
since these vectors integrate into the genome of non-dividing cells. Even though many
modifications improved safety and efficacy of gene transfer and elevated the acceptance of
lentiviral vectors, only a few clinical trials with lentiviral vectors have been initiated so far [151,
152]. However, recent clinical experiences with gene therapy trials on X-linked SCID have recalled
into question the ultimate biosaftey of retrovirus-mediated genetic modifications of human cells.
Two cases of acute T cell leukemia were reported in patients who had undergone retrovirus-
mediated gene therapy of CD34+ selected hematopoietic stem cells to cure inherited X-linked SCID
[153, 154]. In these patients’ cancerous T cells it was found that the vector had inserted itself into a
gene called LMO-2, mutations in which are known to be involved in childhood cancers. Such
processes of insertional mutagenesis in oncogenic regions are thus the most worried side effects of
retroviral mediated gene transfer. On the other hand, no serious adverse effects have been
associated to date with the adoptive transfer of gene-modified mature cells [155]. In contrast to
HSC, mature cells have a limited life span, they do not pass through multiple rounds of proliferation
and differentiation and may thus have a lower risk of malignant transformation following retroviral

integration.
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I1I. RESEARCH OBJECTIVES

Natural killer (NK) cells are important effectors of innate immunity mediating the spontaneous
killing of virus-infected and malignant cells [156]. The cytotoxic activity of NK cells is regulated by
the complex balance between activating and inhibitory receptors. The normal expression of HLA
class I molecules, which function as the ligands for inhibitory receptors, protects healthy cells from
NK cell lysis by blocking the signalling pathways of activating receptors [1]. In the absence of HLA
class I expression, as a consequence of viral infection or tumor transformation, the effects of
activating receptors are no longer counterbalanced and target cell lysis is initiated (“missing self
recognition”).

Most tumors have evolved strategies to escape the immune surveillance by NK cells. In
hematological malignancies such as acute myeloid leukemia (AML), several mechanisms can be
responsible for the failure of recognition of malignant cells. First, unlike most solid tumors, leukemic
blasts maintain the expression of HLA class I molecules that mediate NK cell inhibition [91, 157].
Second, the malignant cells may display a low or absent expression of the ligands for NK cell
triggering receptors[34, 37]. Alternatively, NK cells may fail to eliminate AML blasts due to the
defective expression or the down-regulation of activating receptors involved in the recognition of
tumor antigens [88].

In this context we hypothesize that the anti-tumor activity of AML-derived NK (AML-NK) cells
could be enhanced by shifting the receptor balance towards a status that “overrides” the inhibitory
signalling and favours NK cell activation. Hence, the major objective of this work was to characterize
the function of AML-NK cells and to manipulate the expression of activating receptors on NK cells

in order to confirm the model of a receptor-balanced NK cell regulation.

The goal of the first part of this thesis was to achieve an enhanced cell surface expression of the
Natural Cytotoxicity Receptor NKp46 by the genetic modification of NK cells. For this purpose, we
used the HIV-derived lentiviral vector system for the gene transfer to NK cell lines, primary
peripheral blood NK cells and NK cells generated in vitro from hematopoietic progenitor cells. With
regard to the potential application of genetically modified NK cells in cellular immunotherapy
protocols, we investigated the conditions for the expansion of NK cell populations with the

concomitant maintenance of transgene expression.
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In the second part of the thesis we focused on the phenotypic and functional characterization of
AML- NK cells. The main goal was to define whether abnormalities in NK cell effector functions are
responsible for the insufficient recognition and lysis of autologous leukemic blasts. Next we
investigated the possibility to expand AML-NK cells in vitro and examined the influence of
cytokines on the pattern of expression of NK cell receptors. The activity of cytokine activated AML-
NK cells was determined in vitro by the IFN-y release and the cytotoxicity against NK cell sensitive
target cell lines and autologous leukemic blasts. The anti-leukemic activity of AML-NK cells in vivo
was determined upon the adoptive transfer to NOD/SCID mice transplanted with human leukemic

blasts.

In a third part of this thesis we investigated the conditions that lead to the development of human NK
cell precursors and mature NK cells in the murine bone marrow microenvironment.

Suitable models for the in vivo analysis of human NK cell effector functions and their development
have been lacking. The NOD/SCID transplantation system has not been useful since the lymphoid
differentiation in mice repopulated with human progenitors cells is restricted to the B cell lineage
whereas T and NK cells are produced at a minimum level or not at all. We administered human
cytokines that are known to act during NK cell development in vitro to NOD/SCID mice engrafted
with human cord blood derived CD34+ progenitors and characterized the NK cell lineage derived

from the human graft in vivo.

Results of these studies on the characterization of NK cells in AML patients and their genetic
modification as well as the establishment of an NOD/SCID in vivo system of human NK cell
development may contribute to the improvement of immunotherapeutic strategies for the treatment of

acute leukemia.
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IV. MATERIALS AND METHODS

1. Molecular Biology

1.1 RNA Isolation and cDNA Synthesis

1.1.1 Total RNA isolation and DNasel treatment

Approximately 5x10°-1x10 cells were used for the extraction of total cellular RNA. Cells were
washed in PBS and centrifuged at maximum speed (12°000rpm) for 1-2 min. The pellet was
resuspended in 1ml of TRIzol Reagent (Gibco, Life Technologies, Inc.), vortexed vigorously for 1-
2 min and incubated for 15min at RT. 200 ul of chloroform was added, the tubes were vortexed
again vigorously for 2-3 min and incubated for additional 10-15 min at RT. The cell lysate was
centrifuged at maximum speed for 15 min at 4°C. The upper RNA containing (colourless)
hydrophilic phase was carefully transferred into a new tube and 500u1 (1:1 ratio) of isopropanol was
added and the tubes shortly vortexed. After an incubation time of 10 min at RT the tubes were
centrifuged at maximum speed for 15 min at 4°C. The supernatant was discarded and the RNA
pellet washed in 1ml of 70% ethanol and again centrifuged at maximum speed for 15 min at 4°C.
The ethanol was completely removed and the pellet air-dried for 5-10 min in the flow of a sterile
hood. RNA was dissolved in 50u1 DEPC-H,O and stored at —70°C for further use in RT-PCR.
DNasel treatment was done with 5-8 ug of total cellular RNA in a total volume of 20ul. 2ul of 10x
buffer and 5-8 units of DNasel (1U/ug RNA) were added to the RNA and the volume adjusted with
DEPC-H,O to final 20ul. RNA was incubated for 15min at RT, reaction was stopped by the
addition of 25mM EDTA and the enzyme heat-inactivated at 65°C for 10min.

1.1.2 Small scale isolation of polyadenylated mRNA

When only small amounts of cells were available for RNA isolation (e.g. from cord blood
differentiation cultures initiated with 2x105 transduced CD34+ progenitors) the QuickPrep® Micro
mRNA Purification Kit (Amersham Pharmacia Biotech Inc.) was used. The mRNA was isolated
according to the manufacturers protocol; briefly, microcentrifuge tubes were prepared with 1ml of
oligo- (dT)-cellulose suspension and cells were homogenized in 0,4ml of “extraction buffer”

(buffered aqueous solution containing guanidinium thiocyanate). 0,8ml of “elution buffer” (10mM
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Tris-HCl, 1mM EDTA) was added, the cleared homogenate (centrifuged at maximum speed for
Imin) was mixed with the oligo- (dT)-cellulose and gently mixed for 3min. Tubes were centrifuged
at maximum speed for Imin, the supernatant discarded and the cellulose-pellet washed 5 times with
Iml of “high-salt” buffer (10mM Tris-HCl, 1mM EDTA, 0,5M NaCl) and 2 times with 1ml of
“low-salt buffer” (10mM Tris-HCI, ImM EDTA, 0,1M NaCl). The pellet was transferred to a
MicroSpin column and washed again 3 times with “low-salt buffer”. The mRNA was finally eluted

with preheated (65°C) “elution buffer” (10mM Tris-HCI, ImM EDTA).

1.1.3 RT-PCR

Reverse transcription (RT) was performed in a total volume of 20ul. 1-2ug RNA was used in a
maximum volume of 8ul, 2ul 10x buffer ( ; Perkin Elmer), 0,75x1 RNase inhibitor (40U/ul;
Promega), 1ul of Random Hexamers (...; 50uM), 0,25ul RTase (SuperScript™II RT, 200U/ul;
GibcoBRL) and 4x2ul of dNTPs (10mM each; Promega) were added. The RT reaction was
incubated at 21°C for 12min, followed by 45min at 42°C and stopped at 95°C for Smin. 2ul of this
RT-mix was used in the subsequent PCR which was performed in a total volume of 20ul. 2ul of
10x buffer ( ; Perkin Elmer), 2ul of a dNTP mix (2mM each), 0,5u1 Taq polymerase (5U/ul;
Promega) and 1ul of each primer (2-104M) were added and the volume adjusted with DEPC-H,0O
to final 20pl. Standard PCR was performed with S5min preheating at 94°C and 30 cycles of
94°C/1min, 60°C/1min and 72°C/1min. The reaction was finished at 72°C for 7min.

1.2 Isolation of genomic DNA

Genomic DNA was isolated using the DNAzol® Reagent (GibcoBRL, Life Technologies)
according to the manufacturers protocol. Briefly, up to 1x10” cells were washed in PBS and the
pellet was resuspended in 1ml of DNAzol. Cells were lysed by gently vortexing and inverting the
tube. The homogenate was centrifuged at maximum speed for 10min and the viscous supernatant
was transferred to a fresh tube for ethanol precipitation. 0,5ml of ethanol (100%) was added leading
to a cloudy DNA precipitate that was wrapped around a pipette tip and attached to the tube wall.
Ethanol was discarded, the remaining cell lysate was aspirated and the genomic DNA was washed 2
times with 95% ethanol. Alcohol was completely removed and the DNA air-dried for 15min. DNA
was dissolved in 20041 DEPC-H,0.
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Small-scale isolation of genomic DNA was done by a cell-lysis procedure using a two detergent
“Whole cell lysis buffer”. For 100ml of buffer Sml of KCL (1M), 1ml of TrisHCI (pH 8,3; 1M),
150ul of MgCl,, 10mg gelatine and 4501 Nonidet p40 and 450u1 Tween 20 were added to 93ml
H,O. The cells (< 10000) were resuspended in 20ul of the lysis buffer and 3ul of proteinase K
(conc.:) was added. The lysates were incubated for 1hour at 56°C and the enzyme was inactivated at

100°C for 10min. In standard PCR reactions 1ul of the cell lysate was used.

1.3 Western Blotting
1.3.1 Preparation of total cell lysates

Cell lysates were prepared using a “triple-detergent” extraction buffer (EB; for total 10ml: 7.5ml
milli-Q water; 0.5ml Tris [ IM, pH8.0; final:50 mM]; 0.3ml NaCl [5 M; final 150 mM]; 0.1ml
EDTA [0.5 M, final 5 mM]; 1.0 ml DOX [5 %, final 0.5 %]; 1001 SDS [10 %, final 0.1 %]; 400u1
NP-40 [25 %, final 1.0 %]; 20u1 Aprotinin [ Img/ml, final 2ng/ml]; 50u1 Leupeptin [ 1mg/ml, final
Sng/ml] ). Cells were washed in ice cold PBS, centrifuged and all liquid was carefully removed. Per
1-2,5 x10° cells in suspension 100u1 EB was added, vortexed and incubated for 10 min on ice. The

lysate was centrifuged at 10’000 rpm and the supernatant was immediately put on dry ice or stored

at —=70°C (in 25pu] aliquots).

1.3.2 SDS-PAGE separation and membrane blotting

The gels were prepared according to Laemmli (Laemmli 1970) with some modifications. The
resolving gel contained 12% Acrylamide/Bis, 375 mM Tris, pH 8.8, and 0.1 % SDS, and was
polymerised with 50-75ul 10 % APS and 5 1l TEMED per 10 ml gel. The stacking gel contained
4% Acrylamide/Bis, 125 mM Tris, pH 6.8, and 0.1 % SDS, and was polymerised with 50 ul 10 %
APS and 10 ul TEMED per 10 ml gel. The 4x sample buffer contained 10% glycerol, 2 % SDS, 0.5
% bromophenol blue, 60 mM Tris, pH 6.8, and 5% p-mercaptoethanol (added just before use). The
samples were denatured for 4min at 95°C. The separation buffer contained 25 mM Tris-base, 14.4
% glycine and 1 % SDS. The gels were run for 15 min at 100V followed by 1lhr at 160-200V.
Before the protein transfer, the gels were washed once in running buffer and once in transfer buffer
(25 mM Tris-base, 14.4 % glycine). The proteins were blotted to Immun-Blot PVDF Membrane
(Biorad) using the Mini Trans-Blot Electrophoretic Transfer Cell (Biorad) with 100V for lhr. The
blots were blocked over night in blocking solution, BS (1g BSA and 5g dry milk in 100ml PBS,
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0.05% Tween20). The membrane was washed 3 times in PBS-Tween and incubated with the
primary antibody for 1-3 hrs at RT (purified mAbs: 2,5 ul/ml; polyclonal Abs: 1 in 2000-5000
dilution) in BS. The primary antibody was removed by washing 3 times in PBS-Tween before the
secondary antibody was incubated for 1 h at RT in PBS-0,1 % BSA (HRP-conjugates: 1 in 4000
dilution; SAV-HRP- conjugates: 1 in 5000 dilution). After washing three times with PBS-Tween,
the protein bands were revealed with the Super Signal Reagent® (Amersham Pharmacia) and

exposed to Hyperfilm ECL (Amersham Pharmacia).

2. Cell Biology

2.1 Flow Cytometry

Three-colour FACScalibur® analysis (Becton Dickinson) was used to phenotypically characterize
freshly isolated NK cells, activated and expanded polyclonal NK cell lines or patient-derived PB
samples. Cells were stained with fluoresceinisothiocyanate (FITC)-, phycoerythrin (PE)- or
allophycocyanin (APC)- and peridin chloropyll protein (PerCP)-conjugated monoclonal antibodies
(mAbs) against human CD3, CD16, CD33, CD34, CD45, CD56, CD69, CD94 and CD161 or
isotype control antibodies (all from BD PharMingen, San Jose, CA). Staining with the unlabeled
mAbs anti-HLA-A,B,C (clone G46-2.6; BD PharMingen), anti-MHC class II (clone 1.243;
hybridoma supernatant) anti-CD158a, -CD158b, -NKB-1 (clones EB6, GL183, DX9; BD
PharMingen), anti-NKp46 (clone 9E2; hybridoma supernatant provided by Marco Collona, Basel
Institute for Immunology) and anti-NKG2D (clone M585, 1gG1; 10ug/ml) or anti-ULBP-1 (clone
M?295, 1gG1; 10ug/ml), -ULBP-2 (clone M311, 1gG1; 20ug/ml) and -ULBP-3 (clone M250, 1gGl1;
10ug/ml) (all provided by David Cosman, Amgen Washington Inc., Seattle) was revealed with
secondary PE- or FITC-conjugated goat anti-mouse (gtams) antibodies (Southern Biotechnology
Associates, Birmingham, AL). Incubation with normal mouse serum (1:10 diluted; Jackson
ImmunoResearch, West Grove, PA) allowed the subsequent staining with directly labeled mAbs.
MICA/B expression was analysed using an anti-MICA/B hybridoma supernatant (rat anti-human
mAb; provided by Marco Collona, Basel Institute for Immunology) combined with a FITC-
conjugated gtarat secondary IgG (1:100 diluted; Jackson ImmunoResearch, West Grove, PA). The
putative ligands for the natural cytotoxicity receptors (NCR) were measured using the solubilized(s)

dimeric complexes of the recombinant BirA1l.4-tagged receptor molecules sSNKp30, sNKp44 and
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sNKp46 as staining reagent (anti-BirA mAb [clone BirA1.4] crosslinked; 5-10pg/ml). Binding was
revealed with secondary FITC-conjugated gtoms antibodies (Southern Biotechnology Associates,
Birmingham, AL). All stainings were incubated on ice for 20 minutes in FACS buffer containing
PBS, 2% fetal calf serum (FCS, Invitrogen, Carlsbad, CA) and 0.02% NaN, (Fluka, Buchs,
Switzerland). Propidium lodide (Sigma) was used to exclude dead cells from analysis. Staining of
patient samples was performed in 100x1 aliquots of fresh heparinized PB followed by red blood cell
lysis (FACS lysis buffer; BD PharMingen, San Jose, CA). FACS data were analysed using the

CellQuestPro® software (Becton Dickinson).

2.2 Preparation of cord blood CD34+ cells

Cord blood (CB) was kindly provided by the Department of Obstetrics and Gynecology, University
Hospital Basel and the Department of Obstetrics and Gynecology, Kantonsspital Bruderholz, with
informed consent of the mothers. The Ethical Committee of the University Hospital Basel approved
all investigations.

CB was harvested aseptically by umbilical vein puncture right after delivery and between 10 to 50
ml was collected into heparin-containing bags. The delay between collection and sample processing
did not exceed 24 hours. CB mononuclear cells were separated by Histopaque (Sigma, St Louis,
MO) density-gradient centrifugation and the subsequent red blood cell lysis (lysis buffer; KBS,
Kantonsspital Basel). The cells were cryopreserved in liquid nitrogen until use.

Frozen samples were pooled after thawing and left overnight in IMDM (20% FCS) containing
100U DNase (Sigma) per 1x107 cells/ml at 4°C. Cells were washed 2 times in PBS and resuspended
in MACS buffer (PBS, containing 2mM EDTA and 0,5% BSA). CD34" cells were isolated with
MACS (magnetic cell sorting) microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany)
according to the manufacturer’s instructions. The purity of the CD34" cell population was

determined by FACS analysis and ranged from 85 to 95%.

2.3 NK cell in vitro differentiation from CB derived CD34" Cells

Cord blood derived CD34" progenitor cells were seeded at 1 to 2 x10° cells /mL in 24-well plates in
Iscove modified Dulbecco medium (IMDM) containing 5% FCS. The NK cell differentiation
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medium was supplemented with 5% human AB* serum (Blutspendezentrum Basel), 380 ug/mL
ironsaturated human transferrin, 1% bovine serum albumin (BSA) and with IL-15, FL, and SCF
(each at 100 ng/mL). After 1 week, cells were transferred to 6-well plates, and half the medium was
replaced once a week for another 2 to 5 weeks. The development of CD56+ NK cells was
determined weekly by FACS analysis. NK cell lines were expanded by restimulation as described

below (see 2.5.2).

2.4 Lentiviral Transduction

2.4.1 Preparation of concentrated lentivirus

Lentiviral particles pseudotyped with the VSV-G envelope protein were produced by the transient
co-transfection of the human embryonic kidney cell line 293T with three different plasmids. The
packaging plasmid pCMVARS.91, the VSV-G encoding plasmid pMD.G (or pMD2.G) and a
transfer vector containing the gene of interest were used to transfect 293T cells by Ca-phosphate
precipitation. All plasmids were kindly provided by D. Trono and P. Salmon, University of Geneva,
Switzerland. The transfer vector constructs are derivates either from the single-gene vector
pLox/EW-GFP or the bicistronic constructs pWP-IRES-GFP or pWP-IRES-mCD8 and were
generated as described above (see 1.2). The 293T cells were split four and one day prior to the
transfection to obtain mono-layers of actively proliferating cells which were optimally covering
approximately 2/3 of the surface area of 10cm culture Petri-dishes. S5ug of pMD.G, 15ug of
pCMVARS8.91 and 2ug of the transfer vector plasmid were mixed and the volume was adjusted to
250u1 with ultra pure H,O and 250p1 of Ca-phosphate buffer was added. The mixture was added
slowly and drop-wise to 500ul of 2x concentrated HBSS buffer in a 15ml Falcon polystyrene tube
while permanently vortexing the tube. The mixture was incubated for 20 to 25 minutes at RT to
allow the formation of Ca-phosphate-DNA crystals. The precipitated DNA was spread on the 293T
cell layers and the plates were incubated at 37°C. After eight hours the transfection medium
(DMEM, 10% FCS) was completely replaced by fresh medium and the cells were incubated for
additional 16 to 20 hours. At that time, if GFP encoding transfer vector constructs were used, the
transfection efficiency of the 293T cells was checked by fluorescence microscopy. The viral
supernatant was collected and replaced by fresh medium for an additional incubation period of 16 to
20 hours. The supernatant was filtered through 0,45um syringe-filters (Nalgene) pooled to 40ml
“Ultra-clear open-top” tubes (Beckman-Coulter, Nyon) and centrifuged at 100000 rpm for 90
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minutes at 4°C in an ultra-centrifuge. The supernatant was discarded and the (non-visible) virus
pellet was vigorously vortexed in the remaining volume of 400 to 500ul. Tubes were covered with
parafilm and stored at 4°C overnight to let the viral particles readily disaggregate and dissolve. 400-
600u1 of the virus preparation were transferred to one spinex filter-tube and filtered by the
centrifugation at 8000 rpm for 2-3 minutes. The filter cartridge was removed and the tubes were
additionally centrifuged for 60 minutes with 13000 rpm at 4°C. The viral particles usually formed at
that time a visible pellet and all of the supernatant was carefully removed. The pellet was
resuspended in approx. 100u]l medium and aliquots of 50ul were stored at —70°C until use in

transduction experiments.

2.4.2 Titration of concentrated lentivirus

The titers of the concentrated LV preparations of GFP-encoding virus were determined on HeLa
cells. In 6 well plates HeLa cells were seeded with1x10’ cells per well (day —1) and transduced with
serial dilutions of the concentrated virus (day 0). Concentrated virus in serial 1/3 dilutions starting
from 1/300 to 1/10°000 was used in a total infection volume of 500yl per well with Sug/ml
protamine sulfate (Sigma). After the HeLa cells were incubated for 4 hours the culture volume was
completed to 3-4 ml. Transduction efficiency was determined by FACS analysis on day 3 post
infection. For the FACS analysis cells were trypsinized, washed two times in PBS and fixed in 2%
paraformaldehyde (Sigma) for ten minutes at RT. The titers were given as transducing units per ml
(TU/ml) and were determined for each virus-dilution according to the following formula:

[% (GFP* cells) x (virus dilution factor) x 2(infection was done in 0,5 ml)] TU / ml.

The final viral titers were calculated as the average of all titers determined for each dilution. On

average the lentiviral titers usually obtained were 5x10” TU/ml (range: 0,5-40x10” TU/ml).

2.4.3 Transduction of CB-derived CD34" progenitors

Before the lentiviral transduction of purified CD34+ cord blood derived hematopoietic progenitors
(see 2.2) the cells were prestimulated for 48 hours to induce cell cycling. The 2x concentrated
prestimulation-medium consisted of IMDM 20% FCS, supplemented with 380 pg/ml iron saturated
human transferrin, 1% bovine serum albumin (BSA) and the cytokines in the following

concentrations: IL-3 20ng/ml; IL-6 20ng/ml; SCF 100ng/ml; FL. 100ng/ml. As an alternative, if the
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differentiation into NK cells was the goal, the progenitors were prestimulated for 48 hours in NK
cell differentiation medium (see 2.3).

2-3 x10° CD34" progenitors were resuspended in 30-50ul of the corresponding medium and
transferred to 96 well round bottom plates. Concentrated lentivirus preparation was added to an
MOI of 20-30 in a total volume of 50-80ul depending on the viral titer. Protamine sulfate (PS) was
added as a 10x concentrated stock-solution to final 5ug/ml. The progenitors were incubated for 4
hours, resuspended in fresh medium and transferred to 96 well flat bottom plates in a total volume
of 200ul. On day 2 to 4 post infection the transduction efficiency was determined by FACS

analysis.

2.4.4 Transduction of NK cell lines and primary NK cells

As for hematopoietic progenitors the transduction of NK cell lines and primary NK cells was done
in 96 well round bottom plates in a total volume of 50-80ul in the presence of PS (final 5ug/ml).
Per transduction 2-3x10° cells were infected with lentivirus at an MOI of 20-30. Cells were
incubated for 4 hours, resuspended in fresh medium, transferred to 96 well flat bottom plates and
routinely expanded and split in regular time intervals (after 3-5 days of culture). FACS analysis of
the transduction efficiency was done on day 4 post infection.

Primary NK cells were separated from peripheral blood mononuclear cells (PBMNC) by an
immunomagnetic negative selection procedure (see 2.5.1) and infected upon the stimulation with
100 U/ml IL-2 for 2 days. After the 4-hour infection period NK cells were either immediately
restimulated with PHA, IL-2 and irradiated feeders as described below (see 2.6.2) or they were

cultured for additional 3 days in IL-2 containing medium prior to restimulation.

2.5 NK cell Isolation from Peripheral Blood Samples
2.5.1 MACS separation

Human mononuclear cells (MNC) obtained from patients after informed consent were isolated from
total blood samples by Ficoll-Histopaque (Sigma, St. Louis, MO) density-gradient centrifugation
and cryopreserved in liquid nitrogen until use. NK cells were isolated from 14 patients with AML,
13 newly diagnosed patients and 1 in relapse. The diagnosis and division into the AML subtypes of

M1-M7 was based on morphologic, cytogenetic and immuno-phenotypic criteria.
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All patient-NK cells (AML-NKs) were purified starting from thawed MNCs by immunomagnetic
negative selection using the MACS system (,,NK cell isolation kit*, Milteny Biotech, Bergisch
Gladbach, Germany) according to the manufacture’s instructions. CD3, CD14, CD19, CD36 and
IgE positive MNCs were retained in a LD depletion column wheras untouched CD56"CD3" NK
cells were collected in the flow-through. The purity of NK cell preparations from healthy donors
was at least 95% and less than 0.5% were positive for CD3. NK cell separation from AML patient
samples resulted in variable levels of purity (2-10%) due to the high proportions of leukemic blasts
(characterized by the CD45%™ phenotype). The combination of negative selection and a subsequent
positive selection for the NK cell marker CD16 or CD56 resulted in an enrichment of NK cells to a
purity of 42-70%. These mixtures of MACS-enriched NK cells and residual AML blasts were

expanded in restimulation cultures as described below.

2.5.2 In vitro cultivation: PHA restimulation

Purified NK cells were cultured on irradiated (30Gy) allogeneic peripheral blood MNCs in ,, NK
cell medium* (IMDM, 5% human AB" serum (Blutspendezentrum Basel) containing 100U/ml IL-2
(Novartis, Basel, Switzerland) and phytohemagglutinin (2ug/ml; H16, Murex Biotech, Datford,
England). The medium was supplemented with nonessential aminoacids, sodium pyruvate, L-
glutamine and penicillin/streptomycin (Gibco, Gaithersburg, MD, USA). Preparations containing
2x10* to 3x10° CD56'CD3" NK cells were seeded onto 2x10° irradiated feeders in a total volume of
2ml in 24 well plates. After 8 to 10 days cells were expanded to 6 well plates and between day 14
and 28 activated NK cell lines were phenotypically and functionally analysed. Repeated
stimulations were done after 3 to 4 weeks of culture.

NK cell expansion was either performed in the general restimulation-mix alone (irradiated feeders,
PHA and IL-2) or together with different combinations of the cytokines IL-12 (Roche, Nutley, NJ),
IL-15 and IL-21 (both from Immunex, Seattle, WA). The final cytokine concentrations were 1ng/ml
for IL-12, 10ng/ml for IL-15 and 100ng/ml for IL-21, respectively.

2.6 Measurement of Intracellular Ca **-Mobilization

Cells were washed 2 times in PBS and adjusted to 5-10x10° cells/ml in “flux-medium”(RPMI
without phenol red; 5% FCS). Indo-1AM (Indo-1-penta-acetoxy-methylester; 10mg/ml in DMSO)

was added to a final concentration of 2ug/ml and incubated for 30 minutes at 37°C (during loading
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cellular esterases cleave the AM moiety of the membrane-permeant Indo-1AM resulting in the
trapping of the highly charged Indo-1 in the cells). Cells were washed, gently pelleted (centrifuged
below 1100 rpm) and resuspended in flux-medium to a concentration of 1x10” cells/ml. Indo-1
loaded cells were stored at RT in the dark until analysis in a FACS Vantage SE (Becton Dickinson).
Each measurement of intracellular calcium release was performed on 5x10° cells in total 500u1
(450ul to 37°C pre-warmed flux-medium + 50ul Indo-1 loaded cell suspension). Purified azid-free
primary mAb at a concentration of 0,5xg/ml (anti CD3; clone TR66) or 25ul of undiluted
hybridoma supernatant (anti NKp46; clone 9E2) was added. To obtain the baseline of intracellular
calcium, cells were acquired in the FACS Vantage SE for approximately 2 minutes. Then the
secondary cross-linking mAb was added (goat anti mouse; S418) and acquisition was continued for
additional 10 minutes. For a positive control the calcium ionophor ionomycin (1mg/ml in DMSO;
Sigma) was added to one sample in a final concentration of 2ug/ml. The Indo-1 ratio of

395nm/500nm fluorescence emission (FL5/FL4) was calculated and plotted versus time.

2.7 Measurement of IFN-y production in activated NK cells

2.7.1 NK cell activation by target co-cultures

Co-cultures of PHA restimulated NK cells and target cells were performed in 96 well flat bottom
plates at an effector to target cell ratio of 2:1 in a total volume of 200ul. NK cells were used at day
15 to 25 post restimulation and seeded at 1x10° cells per well in a volume of 100ul. Target cells
were washed in PBS, resuspended in complete NK cell medium (see 2.6.2) and added to the NK
cells at 5x10* cells per well in a volume of 100ul. As a positive control for IFN-y release NK cells
were stimulated with final 20ng/ml PMA (Sigma) and final 1M Ca**-ionophor (Calbiochem). To
determine the background IFN-y release, NK cells were cultured without any targets. All co-
cultures and controls were performed in triplicates.

To analyse IFN-y release upon the antibody-mediated “re-directed” NK cell-target interaction (with
murine P815 targets), NK cells were either pre-incubated for 30 min with anti-NKp46 before the
target cells were added or anti-NKp46 was directly added to the co-culture (clone 9E2, mAb-SN;
10ul/well). Culture supernatants for the measurement of IFN-y release were taken after 36 hrs of co-

culture and stored at -20°C until use in ELISA. If NK cells were analysed for intracellular IFN-y
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(see 2.7.4) Brefeldin A (Sug/ml) was added to the co-culture for the last 4 hrs of the36 hrs

incubation time.

2.7.2 NK cell activation by antibody mediated receptor cross-link

Receptor cross-link was performed in 96 well flat bottom plates coated either with receptor-specific
mAbs or with mAbs in solution. For the coating purified mAbs were used at a concentration of final
20pg/ml in PBS in a volume of 20ul per well whereas hybridoma supernatants were used undiluted
at 5S0ul per well. Plates were incubated over night at 4°C. Coated plates were washed once with
PBS and cells were added at a concentration of 5x10* cells per well in total 200ul. If the mAbs were
used in solution, cells were pre-incubated with the corresponding mAbs for 30 minutes at RT,
washed and plated. Secondary cross-linking mAbs were added at a final concentration of 20xg/ml.

Monoclonal antibodies used as cross-linking reagents were anti-CD3 (TR66) anti-CD28, anti-
NKp46 hybridoma supernatant (clone 9E2; Marco Collona, Basel Institute of Immunology, Basel)
and goat anti-mouse IgGl PE labelled mAb (Southern Biotechnology), all as NaN,-free
preparations. Culture supernatants for the measurement of IFN-y release were taken 36 hrs after
receptor cross-link and stored at -20°C until use in ELISA (see 2.7.3). For the FACS analysis of
CD69 surface expression or intracellular IFN-y the cells were harvested after 36 hrs. Brefeldin A

was added for the last 4 hrs if intracellular IFN-y was measured (see 2.7.4).

2.7.3 ELISA detection of released IFN-y

Culture supernatants were stored at 4°C until use in the IFN-y ELISA. 96-well ELISA plates were
coated at 4°c over night with anti huINFy (clone 43-11, mIgG1; kindly provided by Ch. Heusser,
Novartis, Basel) at a concentration of Syg/ml in a volume of 100ul per well. Plates were washed
and blocked with RIA-buffer for one hour at room temperature. Each washing step was done 4
times with PBS and all incubation were at RT. Plates were washed and culture supernatants or the
IFN-y standard were added. Serial 1/3 dilutions of the IFN-y standard (recombinant hulFN-y BD
PharMingen San Jose, CA; cat. no. 554616) were made starting with a final concentration of
30ng/ml in RIA-buffer and added in a volume of 100ul per well. After an incubation time of 3 hrs
at RT plates were washed and the biotinylated anti hulFN-y revealing mAb was added (clone 45-15,
mlgG1-biotin; Ch. Heusser, Novartis, Basel). The biotinylated mAb was 1/10000 diluted and added
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in a volume of 100ul per well. Plates were incubated for 2 hrs, washed and 100ul per well
streptavidine-alkaline phosphatase (Sigma) was added at a 1/10000 dilution in RIA-buffer and
incubated for 1 hour. After an additional washing step the substrate, p-nitrophenyl phosphate
(Sigma) was added in a volume of 150u] per well and incubated for 30 minutes. The enzymatic
reaction was stopped by the addition of 1N NaOH (501 per well) and the plates were analysed for
the absorbance at 405 nm in an ELISA reader.

2.7.4 Intracellular FACS staining of IFN-y production

NK cells were used on day 15 to 25 post PHA-expansion and 1-1.5x10° cells/ml were incubated for
36 hrs in 96 well plates either with 10U/ml IL-12 and 100ng/ml IL-18 (PeproTech, Rocky Hill, NY)
or with 100U/ml IL-2 only. Brefeldin A (Sigma) was added at Sug/ml for the last 4 hours of culture.
Cells were fixed in 2% paraformaldehyde (PFA) for 15 minutes at RT, washed 3 times in FACS-
buffer and 2 times in FACS buffer containing 0.1% saponin to permeabilize the cells. Anti-IFN-y
FITC-conjugated and isotype control mAbs (BD PharMingen, diluted in permeabillization buffer)
were added for 30 minutes at RT. Cells were washed twice in permeabilization buffer and 3 times in
FACS buffer and analysed with FACScalibur. Staining for cell surface markers were done before

PFA fixation and intracellular IFN-y staining.

2.8 Up-regulation of NKG2D ligands on primary AML blasts and the HL60 cell line

Primary AML blasts were seeded at 6 x 10° per mL in 24-well plates containing 2 mL Dulbecco's
modified eagle medium (DMEM) supplemented with 2 mM L-glutamine, 100 U/ml penicillin, 100
ug/mL streptomycin, 10% fetal calf serum (FCS; all from Invitrogen, Carlsbad, CA). Cells were
cultured with growth factors (flt3 ligand, (FL) at 100 ng/mL, stem cell factor (SCF) at 100 ng/mL
and granulocyte-macrophage colony stimulating factor (GM-CSF) at 20 ng/mL; all kind gifts of
Amgen Inc, Thousand Oaks, CA), and IFN-y at 100 U/mL (PeproTech, City, UK).

The AML derived cell line HL60 was cultured with Bryostatin-1 (LKT laboratories, St. Pauel,
USA), at a final concentration of 10® M for 2 days. NKG2D ligand up-regulation was determined
by FACS analysis after 1, 2 and 4 days of culture.
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2.9 Cytotoxicity Assays
2.9.1 *'Chromium release killing assay

Cytotoxicity of activated AML-NK and control-NK cells was determined at day 14 to 28 of
expansion culture against the NK sensitive target cell line K562 and the primary autologous AML-
blasts in a 4-hour *'chromium-release assay. Cryopreserved patient-derived MNC (Ficoll density-
gradient purified) were thawed and maintained 1 to 2 days in IMDM supplemented with 5% FCS,
nonessential aminoacids (1:100), 1mM sodium pyruvate, 2mM L-glutamine and 100ug/ml each
penicillin/streptomycin (all Gibco Life Technologies, Gaithersburg, MD, USA) until blasts were
prepared for the *'chromium release assays. The MNCs were directly used for the *'Cr-loading
when the percentage of leukemic blasts (CD45%™ phenotype) was above 85% of total. Alternatively,
MNCs were enriched for blasts by the selection of CD34" or CD33" cells using MACS microbeads
(Milteny Biotech, Bergisch Gladbach, Germany) according to the manufacturer’s instructions. For
the target cell loading 2x10° cells were incubated at 37°C for 2 hours with 250uCurie of Na *'CrO,
(Amersham, Little Chalfont, UK) in a total volume of 200-300ul. The effector to target ratio ranged
from 20:1 to 0.6:1 for the AML blasts and from 10:1 to 0.3 for the K562 erythroleukemia target cell
line. All experimental wells were set up in triplicates and contained 3x10° target cells in a final
volume of 200ul. Plates were incubated at 37°C for 4 hours. To determine maximum °'Cr-loading, a
triplicate of target cells (“target maximal release) was lysed in final 0.1% Triton X-100 (20ul/well
of a 10x solution; Sigma). 30ul of culture supernatant of each well was transferred to Luma®
scintillation-plates (Perkin Elmer) and analysed in a gamma counter. Results are expressed as
percentages of specific *'Cr-release and calculated as follows: [(cpm experimental release — cpm

spontaneous release) / (cpm target maximal release — cpm spontaneous release)] x 100.

To block the inhibitory KIR-HLA interaction and to induce killing of the autologous AML target
cells anti-HLA class I monoclonal antibodies were used (W6-32; IgG2a, ATCC). Blocking was
achieved by the preincubation of target cells for 15 minutes prior to the addition of the effectors
(10ug/ml during the 4-hrs incubation). Anti-HLA class II mAb was used as a negative control
(10ug/ml; clone L423, IgG1, ATCC).

61



Materials and Methods

2.9.2 Redirected killing of murine P815 cell line

The murine FcyRII/III™ mastocytoma cell line P815 was used in reverse cytotoxicity assays
(redirected killing). Reverse cytotoxicity is mediated upon stimulation of CD16 or other
activatory/cytotoxicity receptors on NK cells with NK cell receptor-specific mAbs. The Fc part of
these mAbs binds to FcyRII (mCD32) on the mastocytoma cells and thereby elicits the lysis of the
otherwise NK cell-resistant targets. P815 target cells were labelled with 250uCi of Na >'Chromat at
37°C for 1 hour, washed and resuspended in complete “killing medium” (as described in 2.9.1).
Purified and NaN;-free NK cell receptor-specific mAbs were added to the targets at a 2x final
concentration, cells were incubated for 15 minutes at RT and added in a volume of 100ul to the
prepared effectors to a final volume of 200ul per well. The final concentration of the mAbs anti
CD16, anti CD56 (both BD PharMingen), anti NKG2D (clone M585) was 1ug/ml. In the case of
the anti NKp46 hybridoma supernatant (clone 9E2) targets were pre-incubated with 10ul SN per
3x10° cells.

The redirected killing was further performed as described for the standard *'chromium-release assay

(see 2.9.1).

2.10 Transplantation of human leukemia to NOD/SCID mice and NK cell transfer

NOD/LtSz-scid/scid (NOD/SCID) mice (The Jackson Laboratory, Bar Harbor, ME) were bred and
maintained under specific pathogen-free conditions in the animal facility of the Research
Department, University Hospital Basel. Mice were kept on acidified drinking water supplemented
with Bactrim (32/160 mg/L; Roche Pharma AG, Reinach, Switzerland) for the duration of the
experiments.

K562 erythroleukemia cells were washed and resuspended in PBS and 1x10 cells in a total volume
of 100ul were injected subcutaneously into the dorsal lateral thorax of NOD/SCID mice. 3-5x10° in
vitro activated and expanded AML- and control-NK cells on day 14 to 21 of restimulation culture
were resuspended in 150ul PBS and injected intravenously on day 1 post tumor inoculation. Tumor
growth was monitored weekly by determining the tumor surface area as follows: [(short diameter/2
x long diameter/2) x st]. Unpaired student t test was used to confirm statistical significance between

the different transplantation groups of mice.
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PBMNCs from AML patients containing 1x10” blasts (only patient samples with a content of more
than 75% blasts were used) were resuspended in PBS and were injected intravenously in a total
volume of 100ul into the tail veins of 7-10 week old NOD/SCID mice sub-lethally irradiated with
375 cGy (“Co source; 2cGy/min). Engraftment of the human leukemia was monitored on week 4, 8
10 and 12 post transplantation by the FACS analysis of peripheral blood samples as described in
section 2.1. In mice repopulated with AML blasts as indicated by > 0,5% CD45+ cells in the PB,
bone marrow samples were aspirated from one femur by puncture through the knee joint [158]
under the intraperitoneal anaesthesia using Ketalar (150mg/kg; Parke-Davies) and Xylasol
(30mg/kg; Griaub AG, Bern). BM cells were collected in FACS buffer and phenotypically analysed
by flow cytometry. If engraftment of AML-blasts was confirmed in BM aspirates, in vitro activated
and expanded autologous AML-NK cells on day 14 to 21 of restimulation culture were resuspended
in 200ul PBS and injected intravenously on week 8—12 post transplantation. Transplanted human
NK cells were supported by the i.p. administration of human rhIL-2 (Novartis, Basel, Switzerland)
and rhlL-15 (Immunex, Seattle, WA). 10ug of each cytokine in 100ul PBS was given in three
doses, along with the injection of NK cells and 24 and 48 hours later. Mice were sacrificed on day 7
post NK cell transfer and the content of AML blasts in the BM, spleen and PB was determined by
FACS analysis.
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V. RESULTS
(A) GENETIC MODIFICATION WITH LENTIVIRAL VECTORS

1. Cloning of Transfer Vector Constructs

The lentiviral transfer vector constructs used in this study are based on the vector plasmids
pLox/EW-GFPASall (single gene vectors) and pWP-IRES-GFP (bicistronic vectors) that were
kindly provided by Didier Trono, Department of Genetics and Microbiology, CMU, Geneva. Both
transfer vectors belong to the self-inactivating (SIN) lentiviral vectors, which lose the
transcriptional capacity of the viral long terminal repeat (LTR) once integrated in the genome of the
target cells. This SIN activity is due to a 400bp deletion in the U3 region of the 3’LTR (ALTR;
Gene Bank accession no.: AF 237862). Transgene expression is either regulated by the elongation
factor 1-alpha (EF1-alpha) promoter (in pLox-GFP vectors) or its shorter version, the intron-less
EFl-alpha (“EFl-alpha short”; in pWP-IRES-GFP vectors). All vectors contain the post-
transcriptional regulatory element (WPRE) of woodchuck hepatitis virus that allows an enhanced
transgene expression (Zufferey R, J. of Vir., 1999). The bicistronic vectors additionally contain the
central polypurine tract (cPPT), a cis-acting element that improves the efficiency of gene transfer to

the target cell nucleus.

1.1 The “single-gene” transfer vectors

The single gene transfer vector for the cDNA of the natural cytotoxicity receptor NKp46 was
constructed based on the green fluorescence protein (GFP) encoding lentiviral vector plasmid
pLox/EW-GFPASall. The FLAG-tagged NKp46™*° cDNA was PCR-amplified from a pFLAG-
CMV1 expression vector containing the cDNA of NKp46 in frame to the sequences of an N-
terminal FLAG tag and the preprotrypsin leader peptide (a gift of Marco Colonna; Basel Institute of
Immunology, Basel, Switzerland). A 935 bp fragment flanked by a 5° BamHI and a 3° Clal
restriction site was amplified using primers carrying overhangs to generate the corresponding sites
(primer: 5’BamFLAG sense; 3’p46Cla antisense; see “Materials and methods”). The amplified
fragment was BamHI-Clal sub-cloned in the pBluescript® Il KS expression vector (Figure 1-1 a). In
a second step the GFP encoding cDNA in the pLox/EW-GFPASall vector was exchanged by the
940 bp BamHI-Sall NKp46™*° fragment excised from the pBluescript plasmid (Figure 1-1 b). The
correct sequence of the NKp46 cDNA insert in the pBluescript plasmid as well as in the final
transfer vector construct was confirmed by automated sequencing.
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Figure 1-1: Cloning of the single gene transfer vector pLox-NKp46. A 935bp fragment containing the NKp46
cDNA fused to an N-terminal FLAG-tag and the preprotrypsin leader sequence was PCR amplified with primers
generating 3° BamHI and 5° Clal restriction sites. The insert was sub-cloned and sequenced in the pBluescript

expression vector (a). The pLox NKp46 transfer vector was generated by the BamHI-Sall replacement of GFP in the
pLox/EW-GFPASall plasmid with the NKp46 insert (b).

1.2 Bicistronic transfer vectors

The bicistronic lentiviral transfer vector construct is based on the pWP-IRES-GFP vector plasmid
(Fig. 1-2). The pWP-constructs contain additionally the central polypurine tract (cPPT) sequence
and the short form of the EF1 alpha promoter regulates expression of the transgene-IRES-GFP
cassette. This vector construct contains the internal ribosomal entry site (IRES) of the
encephalomyocarditis virus (ECMV) and allows the simultaneous expression of the gene of interest
together with the GFP marker gene. Transcription leads to the formation one bicistronic mRNA
with the IRES sequence functioning as the initiation site for translation of the GFP gene. To
generate an NKp46 encoding bicistronic vector, the 940 bp BamHI-Sall NKp46™° fragment
excised from the pBluescript plasmid was inserted to the pWP-IRES-GFP backbone upstream to the
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IRES sequence. Correct sequence and integration of the inserted fragment was confirmed by

automated sequencing of the EFlalpha-IRES region in the pWP-NKp46-IRES-GFP vector.
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Figure 1-2: Generation of the bicistronic transfer vector pWP-NKp46-IRES-GFP. The BamHI-Sall NKp46

cDNA fragment was inserted upstream to the IRES sequence into the pWP-IRES-GFP plasmid.

2. Genetic Modification of Cell Lines

To investigate the potential of the generated lentiviral vectors to transduce NK cells with the cDNA
for the natural cytotoxicity receptor NKp46, we first chose the T-lymphocytic Jurkat cell line and
the NK cell lines NK92 and NKL as a model for gene transfer. These cell lines can be easily
cultured in vitro and, in contrast to primary lymphocytes, they actively proliferate and therefore
should be highly susceptible to lentiviral transduction. Like all primary T cells, the Jurkat T cell line
does not express NKp46, but the CD3-C subunit that associates as an adaptor protein with NKp46.
Thus, the Jurkat cell line provides a useful model system to explore the lentiviral gene transfer of
the activating NK cell receptor NKp46 into lymphocytes.

The NK cell lines NKL and NK92 express endogenous NKp46 at very low levels, and therefore

should allow the study of functional consequences of the expression of a transgenic receptor.
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2.1 Lentiviral transduction of Jurkat cells

2.1.1 Transduction of Jurkat cells with single-gene transfer vectors

Lentiviral transduction of Jurkat cells was performed either with viral supernatants or with
preparations of concentrated virus. Concentrated virus of the pLox-GFP was titrated using HeLa
cells. Viral titers of concentrated virus of the pLox-NKp46 vectors were determined based on the
RT assay.

Transduction efficiencies with the pLox-GFP vector were on average higher than that of the pLox-
NKp46 vector (see Table 2-1). Transductions done with viral supernatant of the pLox-GFP vector
on average lead to 51,3 + 27,2% (range: 14-83,6%) of GFP positive cells, while a poor transduction
efficiency was obtained with viral supernatant of the pLox-NKp46 vector yielding 1,2 + 0,9%
(range: 0,2-1,8%) of NKp46* cells. When concentrated virus preparations at an MOI of 20 were
used, the frequency of GFP positive Jurkat cells was 97,7 + 3,5% (range: 91-98%) whereas
transduction with concentrated pLox-NKp46 virus preparations resulted in an output of transgene

expressing Jurkat cells that was 34,8 + 9,7% (range: 24-83,8%).

pLox-GFP pLox-NKp46
GFP+ NKp46+
LYV supernatant 51,3+27.2% 1,2 +0,9 %
concentrated LV
MOI 10-20 97,7+ 3,5% 34,8 +£9,7%.
Table 2-1: Transduction efficiencies of Jurkat cells. Cells were transduced with the pLox/EW-GFPASall

based transfer vector constructs and percentage of transgenic cells was determined by FACS analysis. Mean

percentages and SD are shown (pLox-GFP; SN; n=7) (pLox-GFP, conc. virus; pLoxNKp46, SN or conc. virus n=3).

To obtain pure populations of NKp46-expressing Jurkat cells, we repeatedly sorted for transgene
expressing cells that were transduced with concentrated pLox-NKp46 virus. FACS sort of
transduced Jurkat cells in combination with single cell cloning by limiting dilution technique
generated clones that showed a stable and homogenous surface expression of the NKp46 receptor

(Figure 2-1).
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Figure 2-1: Generation of transduced Jurkat clones. Cells were transduced with concentrated pLox-NKp46

lentivirus and the subjected to FACS sorting and single cell cloning by limiting dilution to generate a homogenously
NKp46 expressing clone. Jurkat-NKp46 clone #3 (0,3 cell/well) is shown.

Detection of the NKp46 transgene in the Jurkat-p46.3 clone by western blot analysis is shown in

Figure 2-2.
kDa m 2 & @ 6
97 — y (1) Jurkat-NKp46
66 — (2) Jurkat wt
g — NKp46
x 3)  Jurkat-GFP
45 — (4  293T-NKp46
(5) Control 2nd mAb
31 — & only)
]
Figure 2-2: Western Blot detection of transgenic NKp46 receptor. pLox-NKp46 transduced Jurkat cells

(clone Jurkat-p46.3) were lysed and electrophoretically separated by SDS-PAGE (approximately 2,5x10° cells per

lane). The proteins were blotted to a nitrocellulose membrane and NKp46 was detected with anti-NKp46 hybridoma

supernatant (mIgG1; clone 9E2) combined with a horse-radish peroxidase (HRP)-conjugated secondary antibody.

The genomic integration of lentivirus derived DNA was confirmed by PCR on genomic DNA of the
Jurkat-p46.3 clone and on pLox-GFP transduced Jurkat cells. Figure 2-3 shows the agarose gel
analysis of the PCR products generated with primer pairs specific for the integrated EGFP transgene
or the exogenous, FLAG-tagged NKp46 receptor cDNA. PCR was also performed on genomic

DNA of wt Jurkat cells that served as a negative control.
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Figure 2-3: PCR detection of genomic integrated lentiviral provirus cDNA. Integration was confirmed by

the use of transgene specific primer pairs. The GFP encoding vector cDNA was detected with the 3’EGFPsense-
EGFP5’antisense primer combination, whereas the integration of NKp46-cDNA was confirmed by the BamFLAG
3’sense-Clal5’antisense primer pair specific for the vector-encoded exogenous NKp46. As a positive control the

plasmid DNA of the corresponding transfer vector construct was used. Comparable amounts of genomic DNA were

used in the PCR reaction as shown by the amplification of the 3-Actin gene (gel insert below).

2.1.2 Transduction of Jurkat cells with bicistronic transfer vectors

The transduction of Jurkat cells with lentivirus preparations of the bicistronic pWP-IRES-GFP
transfer vector resulted in almost pure transgenic populations. The transduction with LV
supernatant yielded between 88% and 98% GFP+ cells (not shown). Figure 2-4 shows a typical
transduction result with concentrated virus of the bicistronic pWP-NKp46-IRES-GFP transfer
vector at a MOI of 2-5. FACS analysis of GFP expression on day 5 after infection revealed a
transduction efficiency of 97%. As expected, the mean fluorescence of the GFP expression
observed with the bicistronic vectors was approximately one log lower compared to the high GFP
expression levels achieved with the single-gene pLox-GFP vector (MFI ~10%). A lower expression
of the GFP marker gene was also seen in transductions using concentrated virus of the bicistronic
control vector pWP-IRES-GFP (data not shown). This reduced expression may reflect the fact that
the initiation of translation from the IRES site on the bicistronic mRNA is less efficient compared
to the translation starting at the 5’end of mRNA. Importantly, expression of both genes was stable

over time as measured for up to 7 weeks after transduction.
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We observed that a certain fraction of transduced cells did not express the upstream NKp46
receptor gene (Figure 2-4). Despite nearly 100% of the cells express the GFP gene, less than 90% of
the GFP+ cells showed the surface expression of the NKp46 receptor (85% NKp46+ vs. 97%
GFP+). Since bicistronic vectors were used and the opposite was to be expected, this “incomplete”
surface expression of the NKp46 receptor suggests that in a subpopulation of Jurkat cells the
transport to the cell surface is impaired, possibly due to a limited availability of adaptor molecules.

This is supported by the results obtained in transduction experiments using concentrated virus of the
pLox single-gene vectors. The GFP-encoding vectors readily transduced Jurkat cells even at low
multiplicities of infection, whereas homogenous expression of the NKp46 receptor was only

achieved upon the cloning of transduced cells after FACS sorting.
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Figure 2-4: Transduction of Jurkat cells with concentrated virus of the bicistronic construct pWP-NKp46-

IRES-GFP. FACS analysis of transgene expression was measured on day 5 post infection (MOI 2-5). Staining was
done with unlabelled anti-NKp46 and anti-FLAG (M2; Sigma) mAbs using the same PE-conjugated goat anti-mouse

IgG1 secondary reagent. Detection of transgenic NKp46 receptor with the anti-FLAG mAb as the primary reagent is
less efficient compared to the anti-NKp46 mAb.

2.2 Lentiviral transduction of the NK cell lines NK92 and NKL

2.2.1 Transduction efficiency with “single-gene” and “bicistronic” transfer vectors

In contrast to the results obtained with Jurkat cells, only poor transduction efficiencies were
achieved in NK cell lines. Transductions with concentrated lentivirus of the single-gene pLox-GFP

vector at an MOI of 20 resulted in 0,8-1,0% of GFP+ cells on day 3 post infection. Results for
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concentrated virus of the bicistronic LV transfer vectors were up to 45% measured on day 3 post
infection (Figure 2-5), but rapidly dropped on day 8 to below 1% GFP+ cells for both NKL and
NKO92 (Table 2-2). This phenomenon of “pseudo-transduction” was observed upon the infection
with concentrated virus preparations of the pWP-NKp46-IRES-GFP vector as well as with virus of
the “empty” pWP IRES-GFP control vector (data not shown). The high initial transgene expression
may be indicative of a highly efficient transfer of vector DNA into the nucleus of target cells
without the integration into the hosts’ genome or with high rates of gene-silencing. No pseudo-
transduction was observed when concentrated virus of the single gene vectors was used. Indeed,
unlike the bicistronic constructs, these vectors do not carry the central polypurine tract (cPPT)
sequence that allows an increased transfer of the vector preintegration-complex through the nuclear
pores.

Thus, the NK cell lines NK92 and NKL are highly susceptible to the nuclear translocation of vector
DNA derived from the bicistronic lentivirus constructs. This indicates that the NK cell lines may
posses a mechanism to minimize vector DNA integration, although “silencing” of integrated vector
DNA cannot be ruled out since the integration of vector DNA into the genome of cells with a high

initial “pseudo-transduction” was not evaluated.

pLox-GFP pWP-NKp46-IRES-GFP
GFP+ GFP+
NKL <1,0% < 1% d8
NK92 <1,0% < 1% d8
Table 2-2 : Transduction efficiencies of NK 92 and NKL cell lines. Cells were transduced with

concentrated lentivirus of the single-gene or the bicistronic vector constructs at an MOI of 20. The percentages of GFP+

cells at day 3 (pLox-GFP) or day 8 post transduction (pWP-constructs) are shown.

2.2.2 Generation of stably transduced NK92 and NKL

Stably transduced NK92 and NKL cells were generated by the repeated FACS sort of GFP+ cells
resulting in almost pure transgenic NK cell lines with 94% (NK92) to 98,5% (NKL) of cells
positive for GFP expression. Figure 2-5 illustrates the results obtained for NK92. Transduction of
about 2x10” cells resulted in a very high initial transduction rate that rapidly declined within the
following 8 days to below 1% (Figure 2-5a). The subsequent FACS sort of about 1,3x10* GFP
positive cells resulted in the enrichment of transgenic cells to a level of 4,1% after an expansion

period of 16 days. In contrast to day 8 post infection the transgenic cells were now visible as a
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distinct and highly GFP positive population that allowed the subsequent re-sort to a purity of 94%

GFP positive NK92 cells (Figure 2-5b).

Similar results were obtained for the NKL cell line transduced with the same vector. A high purity

of transduced cells (> 98%) was achieved even after a single FACS sort (data not shown).
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Figure 2-5: Generation of a stably transduced NK cell line NK92. NK92 cells were transduced with

concentrated virus of the vector construct pWP-NKp46-IRES-GFP at an MOI of 20. FACS analysis of the transduction
efficiency at the indicated days is shown in (a), the repeated FACS sort of transduced NK92 on day 8 and day 24 post

infection in (b).

As observed in Jurkat cells, FACS analysis revealed a lower expression of the upstream NKp46
gene, when compared to expression of the downstream GFP marker. This diminished surface
expression of transgenic NKp46 in a proportion of transduced cells suggests either a limited
availability of adaptor molecules necessary for the surface expression or simply reflects an

inefficient transport of receptor molecules to the cell surface in NKL and NK92.
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2.3 Analysis of the functional activity of transgenic NKp46 in cell lines

By the combination of repeated FACS sorting and cloning by limiting dilution stably transduced
clones of the Jurkat cell line were generated. These Jurkat-p46 clones showed a high and
homogenous surface expression of the transgenic NKp46 receptor whereas the wild type cells were
negative (Figure 2-1). Accordingly, a high expression of NKp46 together with the GFP reporter
gene was achieved after FACS sorting of GFP+ cells of the NK cell lines NK92 and NKL
transduced with the bicistronic pWP transfer vector constructs. NKp46 expressed by the modified
NK cell lines represents mainly exogenous receptor since wild type NKL and NK92 express low
levels of endogenous NKp46.

To determine the functionality of the transgenic receptor, we measured the induction of the
lymphocyte activation marker CD69, the production of IFN-y or the mobilization of intracellular
calcium-ions upon monoclonal antibody-mediated receptor crosslinking or in target cell co-cultures.
Further we analysed the potential of the transgenic NKp46 receptor to induce the monoclonal

antibody mediated re-directed lysis of murine target cells.

2.3.1 CD69 expression and intracellular Ca’* -release in the Jurkat cell line

Resting primary lymphocytes as well as the cultured Jurkat T cell line do not express the activation
marker CD69. Strong surface expression of CD69 was induced by the unspecific stimulation with
PMA and PHA, which served as a positive control treatment. Jurkat-NKp46 cells were either
incubated with mAbs in solution or with immobilized mAbs in antibody—coated plates. To allow
optimal receptor crosslink on cells pre-stained with mAbs a secondary goat anti-mouse polyclonal
Ab (GaM) was added. Crosslinking with anti-CD3 only or in combination to a crosslinking
secondary mAb served as a positive control for antibody mediated CD69 expression. The anti CD3
mediated induction of CD69 expression was as high as in response to PMA-PHA when the cells
were incubated on antibody-coated plates (Figure 2-6b), but was lower when anti CD3 was used in
solution (Figure 2-6a), reflecting a stronger cross-linking effect through plastic adherent mAbs. In
contrast, the mAb mediated crosslink of the transgenic NKp46 receptor in the Jurkat-p46.3 clone
did not result in the induction of CD69. Neither the anti-NKp46 mediated receptor cross-link alone
(Figure 2-6¢), nor the simultaneous stimulation of the co-receptor CD28 (Figure 2-6d) induced any

CD69 expression on the transgenic Jurkat clones.
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Figure 2-6: FACS analysis of the expression of the activation marker CD69 on Jurkat cells transgenic for

NKp46 (clone Jurkat-p46.3). Crosslink of NKp46 (c), NKp46+CD28 (d) and CD3 (a,b) was achieved either through
plastic adherent (“coated”) anti-NKp46 (mAb-SN; 60ul/well) or anti-CD3 and anti CD28 (purified mAb; 20ug/ml), or
through the addition of a secondary goat anti mouse (GAM, final 20pug/ml) mAb to Jurkat cells pre-stained with the
corresponding mAbs (“crosslink™ in a, b and c). As a positive control CD69 expression was induced by the unspecific

activation with PMA (20ng/ml) and PHA (1pg/ml). FACS analysis of CD69 expression was done on day 36 hours post

stimulation.

We next analysed whether the crosslink of the transgenic NKp46 receptor could induce the
mobilization of intracellular Ca**ions. As shown in Figure 2-7b a sharp increase in free intracellular
Ca* was detected upon the addition of the calcium ionophor ionomycin. The pre-staining with anti
CD3 and the subsequent cross-link with a secondary GaM mAb resulted in an immediate but lower
Ca® mobilization (Figure 2-7¢) as compared to the ionomycin treatment. Treatment with anti-
NKp46 or the secondary GaM mAb only did not result in any detectable change in free intracellular
Ca™* (Figures 2-7a, d). In contrast, the addition of cross-linking GaM to NKp46 pre-stained cells
induced a weak but significant Ca** mobilization (Figure 2-7e). This result clearly suggests that the
transgenic NKp46 receptor is functional in the Jurkat cell line in terms of mediating an immediate

activation of the signal transduction cascade upon receptor triggering.
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Figure 2-7: Measurement of intracellular Ca** ion mobilization in the Jurkat-p46.3 clone. Ca**-release was

measured upon the treatment with secondary mAb only (a), calcium-ionophor (b), anti CD3 crosslink (c), anti NKp46

only (d) or in the presence of anti NKp46 together with secondary mAb crosslink (e). Arrows indicate the time point of

the addition of the secondary cross-linking mAb.

However, the relatively weak response to the used monoclonal antibody might indicate that this
particular mAb is not an agonistic type of antibody or that the transgenic NKp46 receptor is

ineffective or even defective in its capacity to trigger a strong intracellular signalling.

2.3.2 Crosslinking of transgenic NKp46 and IFN-y release by NKL

In contrast to the transgenic Jurkat clone Jurkat-p46.3 (see 2.3.1) intracellular Ca2*-ion mobilization
upon the anti-NKp46 mediated receptor crosslink could not be detected with the transduced NK cell
line NKL-p46-IRES-GFP. All obtained results were inconclusive and even the calcium ionophor
stimulation did not elicit any reproducible Ca2*-fluxes (data not shown).

To assess whether the stimulation of the exogenous receptor induces IFN-y secretion of transgenic
NKL we mediated the receptor crosslinking. Figure 2-8 shows the secretion of IFN-y by primary PB
NK cells and by NKL wild type (wt) and transduced NKL-p46-IRES-GFP cells in response to anti-
NKp46 mediated crosslinking, that was either mediated through plastic adherent primary antibodies
(anti-NKp46; anti-CD38; anti CD16) or by the stimulation of pre-stained NKL cells with secondary
goat anti-mouse antibodies (Figures 2-8a,c). Alternatively, anti-NKp46 mediated crosslinking was

induced by the “re-directed” use of the antibody in co-cultures with the murine target P851 pre-
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incubated with anti-NKp46 (Figure 2-8b). Here the K562 cell line served as a negative control for
the induction of IFN-y release.

IFN-y secretion was determined by ELISA of culture supernatants collected 36 hours after
stimulation. For a positive control, cells were stimulated with PMA and ionomycin, which resulted
in a high IFN-y release that was up to 28’000 pg/ml for NKL and 59’000 pg/ml for PB NK cells. In
contrast, unstimulated PB NK cells as well as wt and transduced NKL cells displayed a very low
background-release of IFN-y (300-500 pg/ml) and crosslink of NKp46 did not lead to any further
induction of the cytokine. Neither plastic adherent or soluble anti-NKp46 nor the “re-directed” anti-
NKp46 mAb (bound to the murine P851 target cells via the FcyRII-receptors) triggered the cells to
release IFN-y.

Similarly, the crosslinking of CD38 by anti-CD38 mAb did not result in the induction of cytokine
release in NKL. In NKL it was shown that signalling via CD38 is strictly dependent on the
expression of CD16 that provides the signalling components (Deaglio, S. Blood 2002). Since the
NKL cell line we used is negative for CD16, and the crosslink of CD38 did not reveal any cytokine
release, a possible effect of the “over-expressed” transgenic NKp46 receptor in the delivery of

signalling components to CD38 in NKL can be ruled out.
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Figure 2-8: ELISA measurement of IFNy-release upon mAb mediated receptor crosslink and upon co-

culture with target cells. For receptor crosslink in (a) and (c) 0,5-1x10° cells per well were seeded in 96 well plates
coated with anti-NKp46 (mAb-SN; 60ul/well) or anti CD38 and anti CD16 (purified mAb; 20ug/ml). Alternatively,
cells were pre-stained with anti-NKp46 or anti-CD38 and the secondary reagent (goat anti-mouselgG1) was added to a
final concentration of 20ug/ml. Co-cultures were done at an E:T ratio of 2:1 with 1x10° effector cells (b). Target cells
were pre-incubated for 30 min with anti-NKp46 before NK cells were added (mAb-SN; 10ul/well). Culture
supernatants were taken after 36 hrs. Maximal IFNy-release was induced by the unspecific stimulation with PMA

(20ng/ml) and calcium ionophor (Ionomycin; 1xM).
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As already hypothesized from the Ca2*-flux measurements in the Jurkat-p46.3 clone, the transgenic
NKp46 receptor might be functionally defective in terms of signal transduction. At least, the
antibody-mediated crosslinking of the exogenous receptor might be insufficient to transmit a full
activation signal that could lead to the release of cytokines. One possible explanation for the
dysfunction of the transgenic receptor molecule might be the fact that the exogenous receptor
contains a FLAG tag at the N-terminus. The six additional amino acid residues of the tag do not
interfere with the specific binding of the antibody to the receptor, but may affect the process of
signal transduction.

However, in control experiments with primary PB NK cells that express the endogenous NKp46
receptor and CD16 at normal high levels no IFNy release was detectable upon the anti-NKp46 or
anti-CD16 mediated receptor crosslink (Figure 2-9c¢). Thus, it cannot be excluded that the crosslink
with anti-NKp46 mAb is insufficient to induce any cytokine release in NK cells or that the mAb we

used (anti NKp46, clone 9E2) have no agonistic capacity.

2.3.3 Redirected killing of murine targets by NKp46 transduced NK92

In order to determine whether the monoclonal antibody specific for NKp46 is capable to function as
an agonistic reagent, we performed “re-directed” cytotoxicity assays with normal primary NK cells.
These IL-2 activated and in vitro expanded peripheral blood NK cells displayed normal surface
expression levels of CD16 and NKp46. In NK cells a “re-directed” cytotoxicity against the NK-
insensitive murine target cell P815 can be induced by the addition of mouse anti-human monoclonal
antibodies specific for activating NK cell receptors. In Figure 2-9 the “re-directed” killing of P851
by activated and expanded primary PB NK cells (a) and by wt NK92 and transgenic NK92 (b) is
shown. For the induction of the cytotoxic activity of the NK cells, purified anti-CD16 mAb was
used as a positive control reagent. The addition of anti-CD56 served as a negative control. Since
CD56 is not a cell-activating molecule, the tight contact between NK cells and the targets mediated
by anti-CD56 should not lead to cytolysis.

As expected, the spontaneous killing was around 1% or almost undetectable, but a high specific
lysis was induced by anti-CD16 that was up to 30% at an E:T ratio of 20:1 (Figure 2-9a). In
contrast, no lysis was measured when anti-CD56 was added. The addition of anti-NKp46 mAb
induced a cytolytic activity against P851 at different E:T ratios with a maximal specific lysis of 8%

at the E:T ratio of 20:1, corresponding on average to 40% of the anti-CD16 induced response.
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These results strongly indicate that anti-NKp46 indeed represents an agonistic antibody suitable to
trigger cytotoxic activity in NK cells. However, the level of mAb-induced activation is clearly
below that mediated by anti-CD16. This may be due to the fact that the mAb was used as an un-
purified hybridoma supernatant of unknown protein concentration.

We next analysed the re-directed cytotoxicity of the NK92 wt cell line compared to the lentivirus-
transduced counterpart NK92-NKp46-IRES-GFP. Since the NK92 cell line is negative for CD16,
no antibody was available to serve as a positive control for a maximal inducible specific lysis. The
transduced cell line displayed a high surface expression of NKp46 (MFI ratio 15,0) compared to the
wt line expressing low levels of endogenous NKp46 (MFI ratio 2,8; not shown). Background
activity against P851 (without the addition of antibody or in the presence of anti-CD56) was low or

almost absent and equal for the wt and the transgenic cells (Figure 2.9a).
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Figure 2.9: “Re-directed killing” of the murine target cell line P851. The “re-directed” killing by activated and

expanded primary PB NK cells (a) and by wt NK92 and transgenic NK92-NKp46-IRES-GFP (b) is shown. Percentage
of specific lysis was measured in standard 4 hrs Cr’' release assays. The P851 target cells were pre-incubated with the
indicated mAbs for 30 min before they were added to the effector cells (purified anti-CD16, anti-FLAG and anti-CD56
at final 1pg/ml; anti-NKp46 SN at 10u1/100ul, corresponding to final 0,5-1ug/ml). FACS analysis of the surface

expression of the activating receptors NKp46 and CD16 is shown in (b).
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No difference between wt NK92 and transgenic cells was observed with the anti-FLAG mAb that
led to a E:T ratio-independent unspecific triggering. The addition of anti-NKp46 induced a cytolytic
activity in both cell lines, and surprisingly the specific lysis of wt NK92 was stronger compared to
the lysis observed with the transduced line. At the highest E:T ratio of 20:1 for instance, specific
lysis of wt NK92 was 17%, whereas that of NK92-NKp46-IRES-GFP was only 9%.

This unexpectedly low killing despite higher NKp46 surface expression might be explained by the
hypothesis that the transgenic NKp46 receptor is indeed functionally inactive. If one assumes that
the availability of anti-NKp46 mAb is not limited, all FcyRII-receptors on the P851 targets should
have bound anti-NKp46 mAb. Thus, the high surface expression of inactive receptor molecules on
NK92-NKp46-IRES-GFP cells may compete with the endogenous, functionally active NKp46 for
the binding to the triggering antibody and thereby may lead to the observed reduction in “re-

directed” cytotoxicity.

3. Genetic Modification of Primary Peripheral Blood NK Cells

3.1 Phenotypic characterization of activated and expanded PB NK cells

3.1.1 Phenotypic characterization of PHA and IL-2 expanded polyclonal NK cell cultures

To determine the ability of lentiviral vectors to transduce primary NK cells we isolated NK cells
from fresh or cryopreserved ficolled peripheral blood samples of healthy donors. NK cells purified
by MACS technology were stimulated and expanded with phytohemagglutinin (PHA) and IL-2 in
the presence of irradiated allogeneic PBMCs. Expansion of NK cells was measured on day 14, 21
and 28 post stimulation. In a typical polyclonal stimulation culture NK cells started to form (PHA-)
blasts on day 4 to 6 and entered the phase of exponential growth on day 8 to 10 of culture period.
Figure 3-1 shows the average expansion of normal NK cells upon stimulation. NK cells usually
reach a plateau-phase of expansion between day 21 and 28, thereafter they stop to proliferate,

decrease in size and enter a resting phase, in which they can be repeatedly stimulated.
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Regular restimulations with the same polyclonal NK cell line were done up to for times resulting in
comparable proliferative responses (data not shown). NK cells were phenotypically characterized
on day 14, 21 and 28 during culture period by FACS analysis for the cell surface expression of
different NK cell and lymphocyte markers. Cells were stained for the NK cell specific CD56, the
natural cytotoxicity receptor NKp46, the activatory receptors NKG2D and CD16 (FcyRIII) and the

lymphocyte activation marker CD69.

10° x 1000 Figure 3-1: Average expansion rates
of normal peripheral blood NK cells.
100 1-3x10° NK cells isolated from healthy
donors (n=4). were stimulated with
10 phytohemagglutinin (PHA; 1pug/ml) and
2x10° irradiated allogeneic PBMCs in the
1 presence of rhIL-2 (100U/ml). Cell counts
were done on the indicated days of expansion
01 * culture and standardized for the expansion of

days in culture 14 21 28 0,1x10° cells.

NK cells were also stained for the inhibitory receptors CD158a (KIR2DL1), CD158b (KIR2DL2)
and NKB1 (KIR3DL1) of the killer cell immunoglobulin-like receptor (KIR) family, for the lectin-
like inhibitory receptor CD161 (NKR-P1) and for CD94 that forms heterodimers either with the
inhibitory NKG2A or with the activatory NKG2C receptors (Figure 3-2a). The surface expression
levels (measured as percentage positive cells or by the mean fluorescence intensity ratio; MFIR) of
the inhibitory KIRs, of CD161, and of CD94 were unchanged during in vitro expansion, while the
activation marker CD69 was strongly upregulated when compared to freshly isolated resting NK
cells (data not shown).

Freshly isolated peripheral blood NK cells belong to different subsets according to the expression
pattern of CD56 and CD16. However, in all stimulation cultures analysed, the NK cell subsets
characterized by the CD56"¢"/CD16%™"*"* and the CD56"™ /CD16"*" phenotype were no more
distinguishable since almost all cells acquired a uniform CD56"¢"/CD16"" phenotype (Figure 3-
2b). The surface expression of the natural cytotoxicity receptor NKp46 showed a transient down-
regulation during the process of restimulation but reached in almost all expansion cultures the initial
or even higher levels between day 20 and day 28 (Figure 3-2c). The average expression level of

NKp46 during the 28 days of in vitro culture was 8,1 = 2,3 (MFIR+SEM) and thus comparable to
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freshly isolated PB NK cells with an average MFIR of 10,0 = 0,9. In contrast, surface expression
level of the activatory receptor NKG2D was strongly upregulated in all cultures analysed.

The average MFIR increased from 6,8 + 0,7 at day O to a MFIR of 25,2 + 3,4 without any down-
modulation during the 28 days of in vitro expansion (Figure 3-2d). FACS analysis of freshly
isolated PB NK cells revealed three different patterns of NKp46 surface expression (Figure 3-3a).
NK cells either showed a homogenous receptor expression that was of a “dim” or “bright”
phenotype or consisted of two distinct subpopulations, representing a “bimodal” phenotype of

NKp46 surface expression.
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Figure 3-2: Typical surface expression pattern of different NK cell markers. PHA-stimulated normal

peripheral blood NK cells were analysed by FACS. Expression of the markers is shown as histograms on day 14 of
restimulation culture (a); open curves represent the staining with isotype mAb (if directly labelled mAbs were used) or
with secondary reagent only (in case of unlabeled primary mAbs were used; e.g. for the detection of NKp46).
Compared to the different subsets of PB NK cells found in freshly isolated NK cells, activated and expanded cells
showed a uniform CD56 and CD16 bright phenotype (b). NKp46 surface expression during the process of restimulation
was transiently down regulated but reached initial or higher levels between day21 and day28 of culture; a typical kinetic
of surface expression is shown in (c). The surface expression of the activatory receptors NKG2D and NKp46 on freshly
isolated peripheral blood NK cells compared to the average expression levels upon in vitro expansion between day14

and day28 is shown in (d); red bars represent the mean values.
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3.1.2 Modulation of the NKp46 surface expression by repeated PHA stimulations

To further expand and propagate NK cell cultures in vitro, cells were regularly restimulated
between day 21 and day 28 of expansion culture. As described in 3.1.1, the average expression
levels of NKp46 after the first PHA/IL-2 stimulation reached the initial “ex vivo” values, but in

some cases (2/8 healthy donors) the overall surface expression level decreased with repeated

stimulations.
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Figure 3-3:

Filled histograms show the NKp46 surface expression, with the indicated mean fluorescence ratio (MFIR), whereas the
open histograms represent background staining with the secondary reagent only (FITC-labelled goat anti mouse IgG1).
In freshly isolated NK cells the expression of NKp46 was either of the “dim”, the “bimodal” or was of the “bright”
phenotype (a). Repeated PHA/IL-2 stimulations lead to the complete loss of surface expression of the receptor as shown
for one normal donor with an initial “bimodal” type of NKp46 expression (b). In all PHA/IL-2 expansion cultures the

initial NKG2D dim expression was upregulated to a “bright” phenotype that stayed at high levels even upon repeated

stimulations.
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Flow cytometry analysis of NKp46 surface expression on freshly isolated expanded PB NK cells.
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Figure 3-3b shows the repeated expansion of a polyclonal NK cell line with a bimodal type of
NKp46 expression. After first expansion the bimodal distribution of NKp46 expression was
maintained, but the overall MFIR decreased from 9,1 to an MFRI of 3,9. NKp46 surface expression
was progressively decreasing with further restimulations to and was virtually lost after the third
stimulation. Similar results were obtained upon the repeated PHA/IL-2 expansion of a polyclonal
NK cell population with a bright NKp46 surface expression.

In this case the initial bright expression after the first expansion changed to a bimodal distribution
and finally was lost after the third restimulation (data not shown). In contrast, in all PHA/IL-2
expansion cultures NKG2D surface expression was upregulated after the first expansion and

remained at high levels even upon the repeated stimulation (Figure 3-3b).

3.1.3 Modulation of the NKG2D surface expression upon PHA-stimulation in combination with
different cytokines

The finding that the repeated in vitro expansion of PB NK cells with PHA and IL-2 resulted in a
strong up-regulation of NKG2D and in a transient down modulation or even a complete loss of
NKp46 prompted us to test the effect of different cytokines in combination with the PHA/IL-2
stimulation. Among the cytokines that are known to regulate the function and homeostasis of NK
cells, we used IL-12, IL-15 and IL-21. We analysed the influence of these cytokines on the cell
expansion and focused on the expression levels of the activatory receptors NKG2D and NKp46.

Figure 3-4a shows the expansion of normal PB NK cells upon PHA stimulation either in the
presence of IL-2 alone or with IL-2 in various combinations with IL-12, IL-15 and IL-21. In all
tested combinations of the different cytokines similar NK cell expansion rates were obtained. FACS
analysis of the receptor expression revealed no changes in the surface expression of NKp46, but a
strong upregulation of NKG2D in cultures containing IL-2 only, together with IL-15 or IL-21 or IL-
2 in combination with both cytokines (Figure 3-4 b). In contrast, in all cultures that contained IL-12

the up-regulation of NKG2D surface expression was suppressed
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Figure 3-4: Expansion rates and receptor expression in response to different cytokines. NK cells were

stimulated with phytohemagglutinin (PHA; 1pg/ml) IL-2 (100U/ml) and irradiated allogeneic PBMCs in the presence
of the indicated cytokines. The final cytokine concentrations were 1ng/ml for IL-12, 10ng/ml for IL-15 and 100ng/ml

for IL-21, respectively. Expression levels of NKp46 and NKG2D were determined by FACS analysis as mean

fluorescence ratio (MFIR) on day 14 of expansion cultures (b).

3.1.4 Functional consequences of NKG2D surface modulation

To assess whether the observed cytokine mediated upregulation or suppression of the NKG2D
receptor has any influence on the cytotoxicity, we analysed the cytolytic activity of receptor-
modulated NK cells against the NK-susceptible AML cell line HL60. HL60 cells express the
NKG2D ligands ULBP-1, -2 and -3 as well as MIC/A and MIC/B at low levels. The ligands can be
upregulated upon treatment with growth factors promoting the myeloid differentiation (such as
SCF, Flt3-ligand and GM-CSF) or with the monocyte-activating cytokine IFNy. In addition, the
transcription enhancing compounds like the 5-aza-2-deoxycytidine (AZA; inhibitor of DNA
methyltransferase), Trichostatin (TSA; histone deacetylase inhibitor, HDACi), Bryostatin-1
(phosphokinase-C activator) or all-trans retinoic acid (ATRA) and 1-alpha-2,5-dihydroxyvitamin-

D3 (vitamin D), which are all known to induce the differentiation of myeloid progenitors or
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malignant myeloblasts, were also found to induce the up-regulation of NKG2D ligands on HL.60
cells (dissertation A.Rohner, 2004).

The HL60 cell line untreated and treated with Bryostatin-1 for 3 days was used in cytotoxicity
assays to determine functional differences upon the modulation of NKG2D surface expression.
Figure 3-5 shows the cytokine-modulated “low” and “high” NKG2D expression phenotypes on
expanded NK cells isolated from the same donor (Figure 3-5a) and the upregulation of the NKG2D
ligands ULBP-1, -2 and-3 on Bryostatin-1 treated HL60 cells (Figure 3-5b). In contrast to the
treatment with vitamin D or IFNy, the surface expression of MHC class I molecules was not
affected and remained at initial levels (data not shown). Figures 3-6a and 3-6b show the cytolysis of
untreated HL60 cells by the two different types of NK cells. At all E:T ratios the specific lysis of
the “NKG2D low” NK cells was significantly below that of the “NKG2D high” NK cells, indicating
that the extent of cytolysis may be NKG2D-dependent.

(a) Modulated NKG2D expression on NK cells:
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Figure 3.5: FACS analysis of the surface expression of NKG2D on cytokine-modulated NK cells. Expression
levels of NKG2D (a) and the corresponding NKG2D ligands on Bryostatin-1 treated HL60 cells (b) were measured on
day14 of expansion culture. The “high” NKG2D phenotype was induced by PHA-stimulation and expansion with IL-2,
whereas the “low” phenotype was achieved by PHA-stimulation and expansion in the presence of the cytokines IL-2,
IL-12 and IL-21 (filled histograms). Upregulation of the surface expression levels of the NKG2D ligands ULBP-1, -2,
and -3 on HL60 cells was induced by the treatment with Bryostatin-1 for 3 days. The thin line represents the
background level of the ligands (“untreated”) whereas the filled areas show the ligand expression upon treatment

(“treated”).
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To test this hypothesis, we blocked the NKG2D-ligand interaction by the addition of anti-ULBP
and anti-NKG2D mAbs. A slight decrease of the cytolysis by the “NKG2D low” but not by
“NKG2D high” NK cells was observed (Figure 3-6b). This implies that the “NKG2D high”
phenotype characterizes an activation status with an almost maximal NK cell activity that might be
mediated by the concerted activation of several different receptor-ligand interactions. In contrast,
the “NKG2D low” phenotype may characterize an activation status with an overall low cytotoxic
activity that might be enhanced by the upregulation of receptor ligands. Indeed, Bryostatin-1
treatment of HL60 target cells that causes the upregulation of NKG2D ligands resulted in a clear
increase in cytolysis by the “NKG2D low” NK cells at most E:T ratios, while the cytotoxic

potential of the NKG2D “high” effectors was only marginally enhanced.
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Figure 3-6: Cytotoxic activity against the NK sensitive target cell line HL60. In (a) the specific lysis of

untreated HL60 targets by NK cells with “low” and “high” NKG2D surface expression is shown. NK cells were used
on day14 of expansion cultures for the analysis in *'chromium release assays. Effect upon the addition of NKG2D
blocking mAbs (anti-ULBP-1,-2 and anti-NKG2D; each 10ug/ml) at the indicated E:T ratios is shown in (b). The
graphs in (c) illustrate the cytotoxic activity of the two types of NK cells against Bryostatin-1 treated (filled symbols)

compared to untreated HL60 targets (open symbols).
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Taken together, the 60 to 70% specific lysis of HL60 by “NKG2D high” NK cells may represent
the maximal inducible lysis and, more importantly, NK cells having a low NKG2D surface
expression can induce an almost maximal killing only if a sufficient amount of ligands is present on
the target cells. These ligands can be upregulated resulting in an enhancement of the susceptibility
to NK cell lysis. Thus, the weak cytolytic activity of cytokine-modulated NK cells is at least in parts
due to the low expression of NKG2D.

3.2 Lentiviral transduction of peripheral blood NK cells

3.2.1 Transduction with single-gene and bicistronic transfer vectors

As described for NK92 and NKL (see 2.2), single-gene or bicistronic lentiviral vectors were used to
transduce primary peripheral blood NK cells. The transduction efficiency of stimulated and in vitro
expanded PB NK cells with the single-gene vector pLox-GFP on day 3 to 7 post infection was as
low as observed with NK92 or NKL (2,2 = 1,0%; Table 3-1). Transduction with the bicistronic
transfer vectors showed high initial rates of gene transfer which were most likely due to
“pseudotransduction” since transgene expression rapidly declined within the first 7 days post
infection to levels achieved with the single-gene vectors (from 35,3 +16,7% to 3,2 +1,5%). As
expected, the mean expression level of GFP was approximately one log higher after transduction
with the single gene vectors than with bicistronic vectors containing GFP as a downstream gene
with the IRES sequence as the starting site of translation.

Figure 3-7 shows the typical FACS analysis results for the transduction of in vitro expanded PB NK
cells. 2x10° NK cells were transduced at an MOI of 20-30 on day 14 to 21 of expansion culture.
Since NK cells stop to proliferate between day 14 to 21 in expansion cultures the cells were
restimulated immediately after the 4 hours of infection or on day 6 post infection. For both types of
transfer vectors FACS analysis on dayl4 post restimulation revealed that the percentages of
transduced cells were equally (5,2 + 1,4% vs. 4,6 £ 2,6%) and maintained through the process of

expansion at the levels measured before (Table 3-1).
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(all constructs; n=7)

GFP+
day 3 post infection day 7 post infection rg;lt}i/nﬁlggitn
PLZL‘E)FP 2,2 +1,0% n.d. 5,2 +1,4%
pWP-IRES-GFP 35,3 £16,7% 3,2 +1,5% 4,6 +2,6 %

Table 3-1:

determined by FACS analysis at the indicated time points. PHA and IL-2 expanded PB NK cells were transduced on
day14 to 21 of expansion culture at an MOI of 20-30. Transduced NK cells were repeatedly stimulated with PHA/IL-2

either on day 7 post infection or immediately after the 4 hours of infection. Mean expression levels of GFP are shown +

Transduction efficiencies of expanded polyclonal primary NK cells. GFP expression was

SD.
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Figure 3-7:

PHA/IL-2 expanded polyclonal NK cell lines were transduced at day14 to 21 of expansion culture. 2x10° NK cells

were transduced at an MOI of 20-30 and restimulated with PHA and IL-2 on day 6 post infection. FACS analysis was

performed on day 14 post restimulation.
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In contrast, the transduction of freshly isolated peripheral blood NK cells resulted in higher
efficiencies compared to those obtained with PHA/IL-2 expanded cells. PB NK cells were isolated
from cryopreserved (ficolled) blood samples, stimulated for 2 days in IL-2 containing medium and
transduced with concentrated virus. Figure 3-8 illustrates the transduction of freshly isolated NK
cells with the bicistronic vector pWP-NKp46-IRES-GFP at an MOI of 20. Transduction efficiency
was measured on day 4 post infection and NK cells were PHA/IL-2 stimulated 3 days later. FACS
analysis on day 14 post stimulation showed an overall efficiency of about 25,2% GFP+ cells with
30,1% of NK cells transduced. Since in NK cell stimulation cultures residual CD3+ T cells and NK-
T cells are expanded as well, it is possible to compare the transduction efficiencies of primary CD3-
CD56+ NK cells with that of primary CD3+ cells. Interestingly, the high transduction efficiency
achieved with the bicistronic vector in the CD3-CD56+ NK cell population (30,1%) was
significantly higher compared to the efficiency observed in the CD3+ T cell and NK-T cell subsets

which was only around 7,5%.
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Figure 3-8: Transduction and propagation of freshly isolated primary PB NK cells. NK cells were separated

from cryopreserved PB samples and stimulated for 2 days in IL-2. 2-3x10° NK cells were transduced with concentrated
pWP-NKp46-IRES-GFP virus at an MOI of 20. NK cells were PHA/IL-2 stimulated on day3 post infection and FACS
analysis of expanded NK cells was done on day14 of stimulation culture. The indicated percentages correspond to the

overall content of GFP+ cells.

3.2.2 Selection of stably transduced NK cells by FACS sorting

In order to maintain and propagate the transduced CD56+CD3- NK cell population in a polyclonal
NK' cell expansion culture, the transgenic cells were FACS sorter purified before repeated
stimulation. If the transgenic cells were not selected or enriched, the percentage of transduced cells

gradually declined during the process of PHA/IL-2 expansion.
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Figure 3-9: Transduction and maintenance of transgenic primary PB NK cells. NK cells were infected with

the bicistronic pWP-NKp46-IRES-GFP vector at an MOI of 20. In (a) the transduction of in vitro expanded PB NK
cells and the repeated PHA/IL-2 restimulation is shown. After the first expansion on day 6 p.i., the bulk population
contained about 1,5% transgene expressing NK cells, which were almost lost upon the second restimulation. FACS
sorter enrichment of GFP+CD56+ cells without the depletion of CD3+ cells resulted in the preferential expansion of
CD3+ (NK)-T cells (b). In (c) the expansion and maintenance of transduced CD3-CD56+ PB NK cells upon FACS sort

and restimulation of CD3-GFP+ cells is shown.

Figure 3-9a shows the progressive loss of a transgenic NK cell population in a repeatedly stimulated
expansion culture transduced with the bicistronic lentiviral vector pWP-NKp46-IRES-GFP.
Typically for this vector, very high initial transduction efficiency on day 3 post infection (78%
FLAG+; 20% GFP+) declined to about 1,5% on day 14 after in vitro expansion. This small
population of GFP+ NK cells was almost lost upon the second restimulation. For the maintenance
of transduced NK cell cultures it is important to ensure that the in vitro cultures are depleted of

CD3+ NK-T and NK cells before the repeated stimulation.
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The depletion is necessary since CD3+ cells preferentially expand under these conditions and
overgrow the CD3-CD56+ NK cells. The FACS sort of CD56+ cells including the CD3+ NK-T and
NK cells with the subsequent restimulation is shown in Figure 3-9b. This particular sort for
transgenic cells on day 14 post restimulation yielded about 60% GFP+ cells, which mainly
comprised T cells (>80%) and contained only 11% CD3-CD56+ NK cells.

An example for the enrichment of a transgenic CD3-CD56+ NK cell population by FACS-sorting is
shown in Figure 3-9c. In this experiment freshly isolated and IL-2 activated PB NK cells were
transduced with the bicistronic pWP-NKp46-IRES-GFP vector and restimulated on day 6 post
infection. The content of GFP+ NK cells on day 14 of expansion culture was around 24%, which
allowed an efficient separation of transduced cells. The FACS sort of CD3-CD56+GFP+ NK cells
with the subsequent restimulation resulted in a stably transduced population of NK cells with a
proportion of GFP+ cells that was almost 100%. Figure 3-10 shows the analysis of the surface
expression levels of NKp46 on these transgenic NK cells on day 14 after the second (upon the

FACS sort) and third restimulation, respectively.
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Figure 3-10: NKp46 surface expression on transgenic NK cells upon repeated in vitro expansion. NK cells

were transduced with concentrated pWP-NKp46-IRES-GFP virus at an MOI of 20, PHA/IL-2 stimulated on day 6
post infection, FACS sorted for GFP+ NK cells and repeatedly stimulated for a second and third time. NKp46
expression was determined by FACS analysis on day 14 of each stimulation procedure and is indicated as the mean
fluorescence intensity ratio (MFIR). The open histograms represent the staining with the secondary reagent only

(GaM IgG1-PE).
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At both time points the NK cells homogenously expressed the GFP marker and even after the third
restimulation RT-PCR on total RNA clearly revealed the presence of lentivirus derived mRNA for
exogenous NKp46 (data not shown). However, the transgenic cells not only were negative for the
surface expression of exogenous NKp46 (as indicated by the absence of FLAG staining) but also
showed a decrease in endogenous NKp46 to low levels (MFIR of 2,1).

Thus, it remains to be elucidated whether the observed down regulation of endogenous NKp46 in
turn influenced the expression of the transgenic receptor through post-transcriptional mechanisms
or wether the lentiviral vector derived mRNA may interfere with the endogenous NKp46 messenger

in a way that only low levels of endogenous NKp46 are present on the cell surface.

3.2.3 Transient transductions: restoration of down-modulated NKp46 surface expression

In order to obtain a sufficient amount of NK cells transgenic for NKp46 to perform functional
assays, we took advantage of the high rates of pseudo-transduction observed with the bicistronic
lentiviral vectors. As mentioned in section 3.2.1, infections with concentrated virus of the
bicistronic pWP-constructs resulted in high transduction efficiencies on day 2 post infection. This
efficient transgene expression was only transient, since the percentage of transgenic cells rapidly
declined within 8 days after infection (see Table 3-1). High pseudo-transduction was achieved even
upon the infection of 3x10° NK cells at an MOI of 1-2 for 8 hours.

To assess any potential functional differences due to the expression of the transgenic NKp46
receptor, we transduced repeatedly in vitro expanded primary PB NK cells, which lost their NKp46
surface expression (see 3.1.2). Figure 3-11 illustrates the transient transduction of primary PB NK
cells that displayed a practically complete down-modulation of NKp46 surface expression upon
three consecutive PHA/IL-2 stimulations. FACS analysis two days post infection revealed a high
expression of exogenous NKp46 with about 78% of the cells positive for the FLAG-tag and more
than 85% of the cells positive for the receptor, corresponding to an MFI ratio of 7,2 (versus 1,4 for
the not transduced control cells; Figure 3-11a,b). Like in all transductions performed with the pWP-
vectors, this high transgene expression was not stable and NKp46 expression declined to

background levels on day 7 to 8 post infection as shown in Figure 3-11c.
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Transient expression of NKp46 in PHA/IL-2 expanded PB NK cells. High “pseudo-transduction”

was achieved by the transduction of 3x10° NK cells with concentrated virus of the lentiviral vector pWP-NKp46-IRES-

GFP at an MOI of 1-2 in a total volume of 500ul (a). FACS analysis of NKp46 surface expression on day 2 post

infection of untransduced (no virus) and virus transduced NK cells as mean fluorescence intensity ratio (MFIR; a) or as

percentages of positive cells (b). Surface expression of transgenic NKp46 declined within 8 day to background levels

(c). Black histograms represent the NKp46 staining, whereas open histograms show the secondary reagent (GaM IgG1)

only.

Thus, transductions with the bicistronic pWP-vectors result in high short-term transgene expression

levels and represent an efficient approach to generate transgenic NK cells suitable for functional

assays.
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3.2.4 Functional consequences upon restoration of NKp46 surface expression

We first analysed if the lentivirus-mediated restoration of NKp46 surface expression has any
influence on the cytotoxic activity in general, using the NK cell sensitive target cell line K562 in
*!Cr-release cytotoxicity assays. Therefore, PHA/IL-2 expanded primary PB NK cells with a down-
modulated NKp46 surface expression were “short-term” transduced with the lentiviral transfer
vector pWP-NKp46-IRES-GFP. Figure 3-12a shows the surface expression levels of NKp46 on the
NK cells before and after the lentiviral infection. In this particular experiment the relatively low
surface expression of NKp46 (MFI ratio 2,3) could be increased to an intermediate level with an
MFI ratio of 9,7. As shown in Figure 3-12b the high NKp46 expression did not result in any
detectable differences in the cytolytic activity against K562 targets. Both NK cell populations
displayed a high activity that was in a normal range with a specific lysis of up to 80% at the upper
effector to target ratios (E:T ratio). This result shows that the virus infection per se did not interfere
with the cytolytic capacity of NK cells.

The high and NKp46-independent cytotoxicity was confirmed by the finding that the K562 target
cell line we used did not express the ligands either for NKp46, nor for the other NCRs NKp44 and
NKp30 (as determined by the use of recombinant soluble NCR receptors-dimers; sol p30/44/46) or

the activating receptor NKG2D (data not shown).
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Figure 3-12: Cytolytic activity against the NK sensitive target cell line K562. PHA/IL-2 expanded primary PB
NK cells that had a down-modulated NKp46 expression were transduced with concentrated pWP NKp46-IRES-GFP
virus at an MOI of 1-2 on day 14 of expansion culture. FACS analysis of NKp46 expression was done on day 2 post

infection (a). The specific lysis of K562 target cells was measured in standard 4 hrs *'Cr release assays (b).
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Next, we performed °'Cr-release cytotoxicity assays with the THP-1 target cell line, which
expresses ULBP-1 and -3, the ligands for NKG2D at substantial levels and is highly positive for the
ligands for NKp30, NKp46 and NKp44 (Figure 3-13a). The cytolytic activity of untransduced and
transduced NK cells against THP-1 cell is shown in Figure 3-13b. For both NK cell populations the
specific lysis was below that against the K562 targets and was comparable to the lysis measured
with freshly isolated and IL-2 activated control PB NK cells. No major difference in the cytolytic
potential was detectable for the transduced NK cells in comparison to the untransduced cells. Since
THP-1 target cells are positive for the NKp46 ligand(s) this strongly indicates the possibility that
the transgenic NKp46 receptor is not capable to recognize the corresponding ligand(s) or to trigger

an activating signal that could result in an enhanced cytolysis.
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Figure 3-13: Cytolytic activity against the NK sensitive target cell line THP-1. THP-1 expresses ULBP-1 and —
3, the ligands for NKG2D as well as the ligands for NKp30, NKp46 and NKp44 (a) as measured by the use of
recombinant receptor proteins (soluble receptors-dimers; sol p30/44/46). In (b) the cytolytic activity of virus transduced
vs. untransduced PB NK cells (see Figure 3.11) compared to the lytic activity of freshly isolated IL-2 stimulated (for 3
davs) PB NK cells is shown.
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As demonstrated in section 2.3.3, hybridoma supernatant of the anti-NKp46 mAb (clone 9E2)
showed an “agonistic” capacity and could induce the cytolysis of the NK cell resistant murine target
cell line P815 by normal PB NK cells or by wild type NK92 when used against the endogenous
NKp46 receptor in a “redirected way. From such “redirected” cytotoxicity assays with the
transgenic NK92 cell line we already concluded that the exogenous NKp46 receptor might be

inactive probably due to a deficiency in signal transduction.
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Figure 3-14: “Re-directed killing” of the murine target cell line P851. FACS analysis of the surface
expression of NKp46 was done on day 2 post infection (a). The “re-directed” killing by PHA/IL-2 expanded primary
PB NK cells is shown in (b). Percentage of specific lysis was measured in standard 4 hrs Cr’' release assays. The P851

target cells were pre-incubated with the indicated mAbs for 30 min before they were added to the effector cells
(purified anti-CD16, anti-CD56 at final 1ug/ml; anti-NKp46 SN at 10u1/well).
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Figure 3-14 illustrates the lentiviral modification of primary NK cells and the evaluation of the
“redirected” cytotoxicity against the P815 target cells upon the expression of exogenous NKp46
receptor. FACS analysis on day 2 post infection (Figure 3-14a) revealed an efficient lentiviral gene
transfer to the primary PB NK cells.

Untransduced NK cells were almost negative for endogenous NKp46 (MFIR 1,6) whereas the
transduced cells displayed an at least 5-fold increase in the surface density of exogenous NKp46 as
indicated by the MFIR of 9,4 obtained with the anti-FLAG staining.

However, this significant difference in NKp46 surface expression did not result in any substantial
change in the “redirected” killing of P815 cells (Figure 3-14b). For both NK cell populations the
anti-CD16 induced cytolysis as well as the background lysis without the addition of any mAbs was
in the same range for most E:T ratios. As expected from the experiments performed with transgenic
NK92 (section 2.3.3; Figure 2-10), the addition of anti-NKp46 mAb could not induce any cytolysis
by the transduced cells that was significantly higher compared to untransduced cells or compared to
background lysis. In contrast to the transgenic NK92, the primary NK cells used in this experiment
were practically negative for endogenous NKp46 and thus allowed the assessment of the
functionality of the transgenic NKp46 without any interference due to the expression of endogenous
receptor. Therefore, we could confirm the results obtained with the transgenic NK cell line, but the
results suggest that the transgenic NKp46 receptor, at least as a FLAG-tagged version, is

functionally inactive.

Taken together, the high cytolytic activity against K562 and THP-1 observed with lentivirus
modified NK cell populations indicates that the vector-mediated surface expression of NKp46 does
not interfere in any way with the cytolytic activity of NK cells. However, since the over-expression
of NKp46 did not correlate to an enhanced cytotoxicity against target cells that are positive for the
NKp46 ligand(s) and, more strikingly, since the “redirected” triggering of exogenous NKp46 did
not result in any significant enhancement in the cytolysis of P815 targets, we conclude that the

transgenic receptor is indeed functionally inactive.
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4. Genetic Modification of Cord Blood Derived Hematopoietic
Precursor Cells

In the previous chapter we described the limited effectiveness in transduction of mature PB NK
cells, confirming that NK cells are refractory to genetic modification. In the following a highly
efficient approach of transfer to and the stable expression of the green fluorescent protein (GFP)
marker gene in NK cells is described. Since functional NK cells can be differentiated from
hematopoietic progenitor cells (HPCs) in vitro [18], this goal was achieved by the lentiviral transfer
of the GFP gene to cord blood derived progenitors with the subsequent differentiation towards the
NK cell lineage (see Figure 1-1). The selection of transduced GFP-expressing precursors by FACS
sorting resulted in almost pure transgenic populations of NK cells after the in vitro differentiation.

This approach was extended to the gene transfer of the natural cytotoxicity receptor NKp46 and to
explore its influence on the effectiveness to recognize and lyse target cells by in vitro generated NK
cells. For this purpose the single gene and bicistronic lentiviral vectors described in the previous

chapters were used.

4.1 Transduction with single-gene transfer vectors and in vitro differentiation

Our first goal was to determine the effectiveness in generation of transgenic NK cells by the
lentiviral transduction of CD34+ HPCs and the subsequent in vitro differentiation towards the NK
cell lineage. We used concentrated lentivirus preparations of the single gene transfer vectors pLox-
GFP and pLox-NKp46. In all transduction experiments CD34+ cord blood derived HPCs were
prestimulated with “NK cell differentiation medium” (containing SCF, FL and IL-15; see Materials
and Methods) for 2 to 3 days prior to exposure to the lentiviral vectors. 2-3x10° cells were
transduced at an MOI of 20-30. Immediately after the infection cells were expanded in the “NK cell
differentiation medium” for 5 to 6 weeks.

Figure 4-1 shows a typical FACS analysis of differentiation cultures of pLox-GFP transduced and
untransduced CD34+ HPCs. The content of developing CD56+ NK cells and the GFP expression
were determined weekly over a time period of 4 to 5 weeks. In all cultures analysed differentiation
did not lead to the development of CD3+ cells (Figure 4-2, top). Gene transfer efficiency in pLox-

GFP transduced cultures was on average 16,8+9,9% (n= 5) as measured on day 3 post infection.
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Importantly, the percentage of GFP expressing cells stayed throughout the differentiation culture at
levels comparable to the initial efficiency of transduction. In the depicted differentiation culture for
instance (Figure 4-1, bottom), the percentage of GFP positive cells is maintained in all cells as well
as in the developing NK cell population at a level of about 20%. This indicates that the transgene

expression in the transduced progenitors is stable and not affected by the process of cell

differentiation.
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Figure 4-1: FACS analysis of two independent differentiation cultures of CB-derived hematopoietic
progenitors. The upper panel shows the FACS analysis a control differentiation culture without transduction. In the
lower panel a differentiation culture starting with pLox-GFP transduced progenitors is shown. Cells were prestimulated
3 days with IL-15, SCF and FL prior to infection and initial transduction efficiency was measured on day 2 post

transduction. Expression of CD56, CD3 and GFP was measured before and during in vitro culture at week 2, 3 and 4.

The percentages of cells positive for each marker are indicated in the corresponding quadrants
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Transduction efficiencies achieved with the pLox-NKp46 vectors could not be determined since we
were not able to detect the exogenous NKp46 receptor in the differentiation cultures by FACS
analysis. This may be due to different reasons. First, at the time the transduction experiments were
performed the titers of the different batches of concentrated pLox-NKp46 lentivirus could not be
determined as done for the GFP-encoding constructs. Therefore pLox-NKp46 virus preparations
were used in amounts (volumes) similar to those of pLox-GFP vectors, but possibly below the
intended MOI of 20 to 30. This may have resulted in a content of transgenic cells that was below
the detection level in FACS analysis which may be confirmed by the fact that transductions of the
Jurkat cell line performed with concentrated virus preparations (see 2.2) resulted in efficiencies that

were clearly below that of the GFP encoding vector.
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Figure 4-2: Detection of integrated vector cDNA and of exogenous NKp46 transcripts. Total cell lysates of
differentiation cultures transduced with the pLox-NKp46 transfer vector were analysed (pLox-GFP transduced cultures,
CBIII-GFP, served as a negative control). On the indicated days post infection (p.i.) mRNA was isolated (lanes land 2)
and analysed by RT-PCR. Genomic DNA was isolated on day 38 p.i. and analysed by PCR (lane 6). Arrows indicate
PCR products that confirm transduction of CBIII-NKp46 culture. The control cDNA (lanes 3, 4, 5) was generated by
isolation of total RNA of the indicated cells and analysed by RT-PCR. The two primer combinations used, are both
specific for vector sequences (5’BamFLAG sense/Cla3’anti-sense, 930bp; 5’pLNKp46 sense/WPRE3’anti-sense,
380bp). As a positive control (+) for the primer combinations cDNA isolated from 293T cells transfected with pWP
NKp46-IRES-GFP plasmid DNA was used.
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Second, the expression of exogenous NKp46 receptor in the CD34+ HPCs may suppress or
interfere with the development of early NK cell progenitors and thus may lead to a loss of
transduced progenitors that would give rise to transgenic NK cells. Similar conclusions can be
drawn from results obtained in transductions with bicistronic transfer vectors (see 4.1.4). Despite
the failure to detect pLox-NKp46 transduced cells by FACS analysis in differentiation cultures, the
amplification of PCR products indicates that vector cDNA has integrated in the progenitors. In
independent differentiation cultures transcripts of exogenous NKp46 could be confirmed by RT-
PCR on mRNA and the integration of the transgene was confirmed by PCR on genomic DNA.
Figure 4-2 shows the PCR detection of exogenous NKp46-transcripts (Figure 4-3a,c) and of vector
cDNA integrated to genomic DNA (Figure 4-3b). Moreover, RT-PCR on mRNA isolated on day 38
post infection indicates the persistent transcription of the exogenous NKp46 transgene throughout

the process of differentiation as it was observed in pLox-GFP transduced cultures.

4.2 Restimulation of in vitro generated transduced NK cells

The in vitro differentiation towards the NK cell lineage is accompanied by an intensive proliferation
and expansion to high cell numbers. Table 4-1 summarizes the average content of CD56+ NK cells
and the average overall cell expansion of in vitro differentiation cultures. Within 4 weeks the
content of CD56+ NK cells reaches an average of 41,2 = 18,7% of total cells, with a range of 12-
81%.

day0 week 1 week 2 week 3 week 4 week 5
% CD56+ (n=10) B 1,5+1,2 6,9+3,8 16,9+13,7 41,2+18,7 52,6+23,3
(range) (0,5-5) (0,7-16,7) (4-64) (12-81) (21-94,5)
fold expansion
-- 65+24 164+76 208+57 347+96 n.d.
(n=4)
calculated abs. 2x10° 13x10° 32,8x10°  4,16x107  6,94x107 n.d.
cell numbers
estimated abs. 5 6 6 6
numbers CD56+ -- 1,9x10 2,3x10 7,1x10 28,5x10
Table 4-1: Average content of CD56+ NK cells and the average total cell expansion rates. Two measured in

independent CB CD34+ NK cell differentiation cultures were initiated with 2-3x10° progenitors. The average content
of developing NK cells and expansion rates were determined based on the analysis of vector transduced and non-

transduced differentiation cultures.
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Together with an average expansion rate of 347+96 fold and a starting population of about 2x10°
progenitor cells one can calculate the total cell number in differentiation cultures after 4weeks to
roughly 7x107 cells. Thus, the estimated output of NK cells within such a differentiation culture can

be estimated to at least 3x10° cells after 4 weeks of expansion.

In order to propagate and to further expand the in vitro generated NK cells, the differentiation
cultures can be restimulated as described for primary PB NK cells (see 3.1.1). Restimulations were
performed as early as at week 2 of in vitro culture. Despite the NK cell content at this time point is
usually below 20% (Table 4-1) restimulations resulted in the expansion of almost pure populations

of CD56+CD3- NK cells on day 14 to 21 (see Figure 4-4).

week 4 day 21
differentiation culture restimulation
S 133 9 5.196 | 1.4
0 "5 g = KT I .
© L1 Restimulation ©
TR R 1o
GFP
Figure 4-4: Loss of transgenic NK cells in differentiation cultures after restimulation. At week 4 of

differentiation culture 1,5-2x10° cells were PHA/IL-2 stimulated as a “bulk” unseparated population. The percentages

of cells positive for each marker are indicated in the corresponding quadrants. The content of CD3+ cells was usually

below 3% (not shown).The content of transgene expressing cells dropped from initially 21% to 1,4% after stimulation.

However, in lentivirus transduced differentiation cultures the expansion of CD56+CD3- NK cells
was as efficient as for untransduced cultures, but PHA/IL-2 stimulation lead to the loss of transgene
expressing cells. Figure 4-4 illustrates a differentiation culture transduced with the pLox-GFP
vector and restimulated at week 4 post infection. The content of NK cells in this particular
differentiation culture was 42% with about 20% of cells positive for the GFP marker. Restimulation
resulted in the expansion of the CD56+CD3- NK cells to a purity of more than 97%, but the
transgene expressing NK cells were almost all lost (1,4%), indicating that the process of

restimulation preferentially expanded the non-transduced NK cells.
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Thus, as already concluded for transduced primary PB NK cells (see 3.2.2), the restimulation of
transgenic NK cell populations needs the separation or at least the enrichment of transgenic cells
prior to restimulation to avoid the loss of transduced cells during expansion. To reach this goal, we

purified transgenic NK cells by FACS based cell sorting.

In a first step we purified the transduced progenitor cells by FACS 2 days after the lentiviral
transduction. In Figure 4-5 the in vitro differentiation of FACS sorted pLox-GFP transduced
CD34+ progenitor cells is shown. The sort of a 12% population of GFP+ progenitors on day 3 after
lentiviral infection resulted in the enrichment of transduced cells to 70-80% at week 4 (Figure 4-

5a).

(@) FACS sort and in vitro differentiation
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Figure 4-5: FACS based enrichment of transgenic precursor cells after lentiviral infection. Developing NK
cells were separated and expanded during in vitro differentiation. Cord blood derived CD34+ HPCs were transduced
with the pLox-GFP vector at an MOI of 20. On day 3 post infection GFP+ progenitors were FACS sorted and subjected
to in vitro differentiation (a). The indicated percentages represent the content of GFP+ cells within the developing NK
cell population. The content of CD56+ NK cells was 7, 24 and 40% at week 2, 3 and 4, respectively. Figure (b)
illustrates the FACS sort of transgenic NK cells at week 4 and the subsequent expansion. FACS analysis on day 14

upon expansion is shown.
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This content of transgenic cells was maintained in all subpopulations during in vitro differentiation
and thus 70% of the developing NK cells were transgenic for the GFP marker. In a second step, the
generated NK cells were sorted at week 4 to obtain a pure population of transgene expressing cells.
At that time point the overall content of NK cells was about 40% that allowed an efficient FACS
sort of transgenic NK cells. The subsequent restimulation of the sorted cells lead to the expansion of

a nearly 100% GFP+ NK cell population (Figure 4-5b).

In conclusion, the FACS based enrichment of transduced progenitor cells combined with a second
purification step of transduced NK cells during development represents a highly efficient approach
in the generation of genetically modified NK cells. The early sort of transduced progenitor cells
significantly enhances the output of transgenic NK cells in terms of absolute numbers, which in turn
enhances the effectiveness of the subsequent cell purification for PHA/IL-2 expansion. Thus, this
approach does not only allow to use a relatively low number of progenitor cells with a maximal
output, but also helps to reduce the consumption of lentivirus, the preparation of which to high titers

is representing one of the limiting factors in retroviral gene transfer technology.

4.3 Transduction with bicistronic transfer vectors

Figure 4-6 illustrates the transduction of CB derived CD34+ cells with the bicistronic vectors pWP-
IRES-GFP and pWP-NKp46-IRES-GFP. As observed for the infection of primary PB NK cells (see
3.2.1), the transduction efficiencies measured on day 3 post infection reached very high levels in
CD34+ cells but dropped during the in vitro differentiation to below 10% GFP+ cells after 2 to 3
weeks (see Figure 4-4). This effect was observed for both vectors and it remains to be elucidated
whether this decrease is due the failure of vector integration or whether the loss of transgene
expression is due to an ineffective or even suppressed transcriptional activity. Although the overall
differentiation towards the NK cell lineage in cultures transduced with the bicistronic constructs
seemed to be unaffected, there is evidence that the transgene is transcriptional inactive in the
developing NK cells. Figure 4-7 shows the FACS based analysis of the NK cell content and GFP
expression in the NK cell populations of differentiation cultures transduced with the pWP-IRES-
GFP and pWP-NKp46-IRES-GFP vectors.
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Figure 4-6: Progressive loss of transgene expression. Differentiation cultures of cord blood derived CD34+

HPCs transduced with bicistronic pWP-NKp46-IRES-GFP transfer vector (top panel) and the corresponding control
vector pWP-IRES-GFP (lower panel). FACS analysis of GFP expression was done at the indicated time points post

infection (p.i.).

The content of in vitro generated NK cells is comparable for both bicistronic constructs reaching 70
to 94% at week 4 to 5 (Figure 4-7a) similar to cultures transduced with the single gene vectors (see
Table 4.1). But in contrast to differentiation cultures initiated from pLox-GFP transduced
progenitors, the percentage of transgenic NK cells was dramatically reduced in cultures transduced
with bicistronic vectors. As shown for the pWP-IRES-GFP vector, a roughly 10-fold reduction in
the content of transgene expressing NK cells was observed when compared to the overall content of
GFP+ cells or to that of the residual (non-NK) cells (Figure 4-7b). In pLox-GFP transduced cultures
the percentage of transgene expressing NK cells did not differ significantly from the overall content
of GFP+ cells.

The pWP-constructs contain the (intron-less) short form of the EF-1 alpha promoter (see section
1.1), which may explain different expression levels of the transgene in different cell populations.
Since stable transduction of mature PB NK cells with the bicistronic pWP-NKp46-IRES-GFP
vector was only successful for freshly isolated IL-2 activated but not for in vitro expanded cells (see
3.2.2), it is possible that the “EF-1alpha short” promoter is transcriptional inactive in not terminally
differentiated, developing NK cells.
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Figure 4-7: NK cell content and GFP expression in the NK cell populations of differentiation cultures.

CB derived CD34+ HSCs were transduced with the vectors pWP-IRES-GFP, pWP-NKp46-IRES-GFP and pLox-GFP,
respectively. Content of CD56+ NK cells during in vitro differentiation culture is shown in (a). In (b) the percentages of

GFP+ NK cells in pWP-IRES-GFP transduced cultures is compared to the content of transgenic NK cells in pLox-GFP

transduced cultures.
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Figure 4-8: FACS sorting of transgenic precursor cells and the subsequent ir vitro differentiation. The

upper 15% of GFP+ progenitors transduced with the pWP NKp46-IRES-GFP vector were sorted on day 3 post
infection. At day 24 of in vitro differentiation the content of NK cells was 25% in the control culture that was not

transduced, whereas in the FACS sorted and GFP+ differentiation culture the content of CD56+ NK cells was below
1%.
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This hypothesis cannot fully explain the fact that the decrease in transgene expression is
preferentially observed in the developing NK cell population. If transcription is not suppressed in
mature NK cells and assuming that in vitro generated NK cells acquire a full state of maturation,
one would expect the detection of transgenic cells at later time points during the process of
differentiation. Thus, it cannot be ruled out, that the exogenous NKp46 receptor interferes with the

development of early NK cell progenitors leading to the loss of transgenic cells.

Indeed, differentiation cultures that were FACS sorted for transgenic precursors early after lentiviral
infection contained more than 90% transgenic GFP+ cells after a culture period of 3 weeks. In
contrast to the untransduced control culture starting from the same CD34+ progenitors that
comprised of 24% NK cells, the content of NK cells in the transduced differentiation culture was
below 1% (Figure 4-8). This strongly indicates that the expression of exogenous NKp46 receptor
may have a suppressive or even a toxic effect on early NK cell precursors. In the case of a pure
transgenic progenitor population the differentiation towards NK cells may be totally suppressed

resulting in the complete failure of NK cell development.
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V. RESULTS

(B) THE CYTOTOXIC POTENTIAL OF NK CELLS FROM AML PATIENTS

5. Isolation and Expansion of NK cells from AML patients

5.1 Patient cohort, NK cell isolation and irn vitro expansion

Peripheral blood NK cells were isolated from patients with newly diagnosed or relapsed acute
myeloid leukemia (AML). 14 patients were included into the study, 12 newly diagnosed and 2
patients with recurrent leukemia from which 1 relapsed after allogeneic stem cell transplantation.
All PB samples were taken before chemotherapeutic intervention. Table 5-1 summarizes the main
characteristics of the selected patients. Diagnosis and the division into AML FAB-subtypes of M1
to M7 were based on morphologic, cytogenetic and immuno-phenotypic criteria (determined by the
Hématologie Labor, University Hospital Basel). The main immuno-phenotypic lineage markers in
AML are CD33, CD117, CD15 and CD65 for the myeloid, CD61, CD41 (CD42b) for the
megakaryocytic and CD14, CD11b, CD64 for monocytic lineage.

A highly reliable way to gate on leukemic blasts in flowcytometry is the use of the pan-leukocyte
marker CD45, which is expressed at low levels (CD45dim) in all leukemic blasts and almost absent
on some ALL and megakaryocytic AML. Myeloblasts in PB, BM and other body liquids are
phenotypically identical [63]. The content of myeloblasts in PB samples was on average 37,4% per
total MNCs. The CD45bright population was defined as the compartment of residual healthy cells
(see Figure 5-1). The content of CD56+CD3- NK cells was below 1% of mononuclear cells (%2NK
per MNC) and of total leukocytes (%NK per total). These values significantly differed from the NK
cell contents measured per MNCs in PB of healthy donors (2,6 vs. 7,0%), corresponding to a
reduction that was at least 2,5-fold. For all 14 patients depicted in Table 5-1 NK cells were
separated using the magnetic immuno-bead (“MACS-beads”) technology in a procedure that
combined the depletion of blasts and residual healthy non-NK cells with the positive selection of
CD56+ NK cells. The separations were all done from thawed cryopreserved samples starting with
2-20 x10" MNCs.

In a first step a cocktail of lineage marker specific immuno-beads was used to mainly deplete for B-
and T lymphocytes and cells of the myeloid lineages (see “Materials and Methods”). By this initial
depletion we were able to enrich the CD3-CD56+ NK cell subset in the PB samples to 2-10% of
total. Depletion of CD3+ NK-T and T cells was almost complete in all separations (95-99% CD3-).
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patient characteristics healthy donors
. cytogenetic % Dlasts %NK % NK %NK % NK
patient | age  sex FAB-type abnormalities per per er total per er total
MNCs MNcs P MNCs | P
BeT | 68 m 2" omP ? 78.2 0.7 0.1 BS 5.5 1.6
M5b; +8; t(2;11),

BT# 57 m relapsed 1(3:9) 92,9 0,7 nd CA 8.6 2.8

CcC 43 f M5 ? 93.5 nd nd FC 7.6 3.9

CL 67 f M2 ? 73,5 1.4 1.2 FA 1.2 0.3

DC 52 f M4 ? 37.7 21 1.7 KC 71 2.8

SH 73 f M1 - 84,3 0.3 0.3 CV 5.2 1.8

+4; del9q;

SC 69 f M2 del11q 88,3 0.3 0.3 NP 3.2 1.4

RM 86 f 2" MDS ? 55.4 1,0 0.6 RA 20.3 6.7

SR |74 m M1; ? 58.9 (109  52) SG 3.4 17

relapsed

EA 68 f M4 +8 76.5 0,4 0,4 SU 7.3 25

FE 37 f M4 ? 74,8 0,3 nd SS 7.8 29
MU 46 f M5b ? 37,2 nd nd
SF 54 m M5a - 731 0,8 nd

2" M4 -

SD 62 f (CML) 93.4 0,2 nd

median 64,5 mean 37,4 0,7 0,6 7.0 2.6

StDev 19,4 0,6 0,5 50 17

range 37,2-93,5 0,2-2,1 0,1-1,7 1.2-20.3 0.3-6.7
n 14 11 7 11 11
Table 5-1: AML Patient characteristics and NK cell content in peripheral blood samples of patients

compared to healthy donors. FACS analysis was done on thawed samples of cryopreserved (ficolled) MNCs or on
whole blood of freshly isolated PB. Patient BT# relapsed after allogeneic transplantation; thus NK cells are of donor
origin. Values of NK cell content for patient SR were excluded since the blasts of this patient expressed the CD56 NK

cell marker.

This was absolute crucial since CD3+ cells preferentially expand during the subsequent in vitro
expansion of separated NK cells. In rare cases the initial step allowed an efficient depletion of blast
cells and resulted in highly enriched NK cell preparations (> 80%).

We further tried to deplete for the myeloid blasts by the use of immuno-beads specific for CD33 or
CD34 depending on the phenotype of the AML blasts. However, for not explained reasons in the
majority of the performed separations these additional depletions were completely inefficient and
resulted in a reduction of blast content that was only marginal. This may be simply due to the
enormous amount of myeloblasts that might skew the ratio between immuno-beads and the “target

cells” to levels that are below the proportions recommended for separations of normal cell subsets.
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In the next step we further enriched for the NK cells by positive selection using CD56 or
alternatively CD16 specific MACS beads. This two-step NK cell enrichment resulted in a purity of
NK cells that ranged from 10 to 70%. However, the overall efficiency of AML-NK cell purification
was further reduced due to the fact that each MACS separation step is accompanied with a
considerable loss of cells. Thus, since the actual output of separated NK cells in terms of the
absolute numbers was 2x10* - 3x10°, and starting from 1x10% cells in the beginning with an
considered theoretically yield that should be about 10x10°, this corresponds to an overall efficiency

of 2 to 30%.
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2
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Figure 5-1: FACS analysis of the NK cell content as measured on whole blood samples. Representative

examples of AML patient derived PB (top) and of PB from a normal healthy donor (bottom) are shown. R1 represents

the gate on total mononuclear cells (based on FSC/SSC-plot; granulocytes excluded). the dark coloured dots represent
the blasts gate R1. The percentages indicate the content of CD3-CD56+ NK cells in the “NK cell gate”.

As a consequence of the poor yield and contamination with a substantial proportion of blasts, we
were not able to perform any functional assays with ex vivo isolated AML-NK cells. Instead, the
separated cells were immediately subjected to in vitro expansion as described for the expansion of
normal PB NK cells (see section 3.1.1). Except for two patients, all stimulations of enriched NK

cell preparations resulted in the successful expansion of CD3-CD56+ NK cells.
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The fact that in some cultures the proportion of CD3+CD56- T cells and CD3+CD56+ NK-T cells
reached 20-30 % of total cells emphasizes the importance of CD3 depletion prior to stimulation.

In contrast, the depletion of “contaminating” blasts seems to be not necessary. Even though some
AML-NK cell preparations consisted of mixtures with up to 90% of blasts, these cells disappeared
like the irradiated feeder cells within 14 days of culture. Figure 5-2 shows the expansion curves of
AML-NK cells compared to the expansion of NK cells from normal healthy donors and illustrates
the disappearance of residual blasts during in vitro expansion. No significant difference in the
expansion potential of AML-NK cells and control NK cells was observed. In both “types” of
polyclonal NK cell cultures the cells start to proliferate between day 6 to 8 and expand within the
next 10 to 14 days of culture. The plateau of cell expansion is reached between day 14 and 21. Cell
counts on day 14, 21 and 28 revealed an expansion rate that was on average 2000+790 fold-increase

in cell numbers for AML-NK cells and about 750+195 fold-increase for control NK cells.

(@)
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100 AML-NKs
= donor NKs
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Figure 5-2: In vitro expansion of separated AML-NK cells. MACS separated PB AML-NK cells (2x10*-3x10°)

were stimulated with PHA/IL-2 in the presence of 2x10° irradiated allogeneic PBMNCs. In (a) the cell expansion of
AML-NK cells is compared to the expansion of normal healthy donor derived PB NK. Cell counts were done on the
indicated time points. The cell expansion is “normalized” for 1x10° cells. The expansion of AML-NK cells as a mixture

of NK cells and residual leukemic blasts is exemplified in (b). Blast content of more than 90% did not influence the

expansion of as few as 8% NK cells (red highlighted) to pure NK cell populations within 14 days of culture.
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5.2 Phenotypic characterization of expanded polyclonal NK cell cultures

PHA stimulated NK cells were phenotypically characterized during expansion on day 14, 21 and 28
by FACS analysis for the cell surface expression of different NK cell and lymphocyte markers.
Cells were stained for the NK cell specific marker CD56 and CD16, for CD3, the activation marker
CD69 and for the activating receptors NKp46 and NKG2D. The NK cells were also stained for the
inhibitory receptors CD158a, CD158b, NKB1, CD161 and for CD94. Figure 5-3 summarizes the
FACS results for the analysed surface markers. No significant difference between AML-NK cells
and control NK cells was found. Moreover, as observed for the expansion of PB NK cells from
normal healthy donors (see section 3.1.1) surface expression levels of the inhibitory KIRs, of
CD161, and of CD94 were unchanged during in vitro expansion of AML-NK cells, while the
activation marker CD69 was upregulated when compared to freshly isolated AML-NK cells (data
not shown). Accordingly, all expanded AML-NK cells acquired a CD56""/CD16"*" phenotype

upon expansion.

(a)
cpi6
CD158b
- NK-B1
A CD158b 4 [ normal NKs
| |
y CD158a ] AML-NKs
50 100 %
CD161
A cp161
p
/ CD94
CD69E|_‘
0,0 100,0 200,0 300,0 400,0 500,0
MFI ratio
Figure 5-3: FACS analysis of the surface expression of activating and inhibitory NK cell receptors on

stimulated NK cells. Freshly isolated cells were stimulated and analysed on day 14 to 21 of expansion culture. In (a)
the expression levels of the activating receptor CD16 and the inhibitory receptors CD158a/b and NK-B1 is shown. As
indicated by the histogram for CD158a, the polyclonal NK cell populations consisted of negative and positive cells and
thus the percentages for the positive cells are indicated. In (b) the inhibitory receptor CD161, the NK cell receptor

associated CD94 and the lymphocyte activation marker CD69 is shown. Here the MFI ratios are indicated since for

these markers the populations stained homogenously. Open histograms represent the isotype staining.
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The two NK cell subsets that can be distinguished based on the differential expression of CD56 and
CD16 were found in freshly isolated AML-NK cells (data not shown) but disappeared upon in vitro
expansion (Figure 5-2). FACS analysis results of the surface expression of the activating receptors
NKp46 and NKG2D in AML-NK cells and healthy control NK cells are summarized in Table 5-3
and Figure 5-4. Expression levels were measured at the day of NK cell separation (“freshly
isolated”) and between day 14 to 28 during in vitro expansion (“PHA expanded”/ “stimulated”).
The MFI ratios of NKp46 surface expression stayed at the initial “ex vivo” levels during expansion
of AML-NK cells (6,9 “stimulated” vs. 7,0 “ex vivo”) and of the control NK cells (8,7 vs. 6,8).
Importantly, the absolute mean values of expression were at an equal level for both (Figure 5-3,
left). In contrast, the surface expression of NKG2D was strongly upregulated in response to the
restimulation process in AML-NK cells as well as in NK cells from healthy controls (Figure 5-3,
right). In accordance to NKp46, the absolute expression levels of NKG2D as measured “ex vivo” or
during the expansion were almost identical for both “types” of NK cells (9,8 vs. 27,0 for AML-NK
cells; and 10,0 vs. 27,1 for control NK cells).

freshly isolated NK cells PHA expanded NK cells
Patient | NKp46  NKG2D ';ff::gg NKp46  NKG2D patient|  NKpd6 NKG2D | ety Ny NKG2D
BeT 3,5 243 1 74 23,2
AG 6.0 17.5 BS 10.9 11.7 BT# 10.8 37,0 11} 10,5 255
BH 6.4 nd CA 6.1 10.6 cc 23 323 v 27 229
BeT 6.1 18.0 FC nd 6.9 CL 2,2 13,3 VI 2,6 19,6
BT# 75 9,6 FA 79 17.2 DC 10,3 238 vII 52 330
CA 52 nd KC 472 8.6 SH 5.1 26,4 VIII 23,6 38,5
CL 6.5 nd KR nd nd Sc 135 343
DR 14.0 9.9 NP 8.8 1.2 RM 152 27,3
DC 2.9 2.9 RA 6.7 8.8 SR 22 19,7
EA 8.7 8.6 SG 4.9 6.1 EA 8,7 250
FE 63 53 SU 57 9.1 I\Fq% 8*(? 27é9
HI 6.3 10.7 Ss nd 8.2 o ;‘8 3‘(‘) 5
JJ 115 11.0 cv 6.2 114 o " s
KA 79 nd ’ ’
(L)E Eg g'g Mean 6,9 27,0 8,7 271
RA 4.1 8.5 StDev 43 6,2 7,2 154
Ll 3 27 Range  22-152 13,3-370 26236 19,6-38,5
SH 73 73
SC nd 6.2 n 13 13 6 6
SR 52 27
SJ 11.1 10.6
WG 6.8 112
ZC 34 nd
ZP 72 182
Mean 7.0 9.8 6.8 10.0
StDev 3.09 4.59 2.1 3.0
Range | 29-140  2.7-182 42-10.9 6.1-17.2
n 18 16 9 11
Table 5-2: FACS analysis results of the surface expression of NKp46 and NKG2D on AML-NK cells and

on NK cells from healthy donors. Expression levels are shown as the MFI ratio at the day of NK cell separation (left
side) or as the average of MFI ratios between dayl4 and day28 upon in vitro expansion (right side). The highlighted
AML patients on the left side correspond to the patients on the right side from which NK cells were isolated and in

vitro expanded. In vivo- and expansion-values for healthy control NK cells were determined on different individuals.
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Figure 5-3: FACS analysis of the of activating receptors NKp46 and NKG2D. Surface expression on AML-

NK cells (filled symbols) compared to NK cells from healthy donors (open symbols). Expression levels are shown as
the MFI ratio at the day of NK cell separation (“freshly isolated™) or as the average of MFI ratios between day14 and

day28 upon in vitro expansion (“stimulated”).

Taken together, AML-NK cells display a proliferative capacity that is analogous to or even higher
than that of healthy donor derived NK cells. AML-NK cells also do not differ from healthy donor
derived control NK cells, in terms of surface marker expression including the expression of

activating and inhibitory receptors.

6. Functional characterization of AML-NK cells

In addition to the phenotypic characterization of in vitro expanded AML-NK cells we determined
their functional properties compared to expanded healthy donor derived PB NK cells.

Functional activity of NK cells can be defined by their ability to lyse virus infected or transformed
cells and by the capacity to produce a variety of immunoregulatory cytokines. Thus, in the
following the potential of expanded AML-NK cells for the production of IFN-y and the in vitro

cytotoxicity against different target cells is described.
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6.1 IFN-y production upon IL-12/-18 stimulation

To assess the potential of in vitro expanded AML-NK cells to produce IFN-y, we stimulated the
cells for 36 hours with the cytokines IL-12 and IL-18 which are known to induce the release of
IFN-y by NK cells [2]. The cells were stimulated between day 14 and 21 during in vitro expansion
and the proportion of IFN-y producing cells was measured by intracellular FACS analysis. Figure 6-
1 shows the results obtained for AML-NK cells and healthy donor derived NK cells. As a control
NK cells were incubated with IL-2 alone or in the absence of any cytokines. The proportion of IFN-
v producing cells among AML-NK and donor NK cells without cytokine stimulation or with IL-2
was below 1%. In contrast, stimulation with IL.-12 and IL-18 resulted in the IFN-y production by
26,1x13,2% of AML-NK cells and 22,7+8,6% of the healthy donor derived NK cells.

From this we conclude that AML-NK cells are functional in terms of IFN-y production and do not

differ from NK cells isolated from healthy donors since they respond equally well to the stimulation

with the cytokines IL-12 and IL-18.

IL-12/-18

no cytokines
B AML-NK (n=7)
IL-2 [] donor NK (n=3)

0 10 20 30 40 50

Percentage INFy* NK cells

Figure 6-1: IFN-y production of AML-NK cells and of NK cells derived from healthy donors. The
percentage of IFN-y producing cells measured by intracellular FACS analysis is indicated. NK cells were either
stimulated with IL-12 and IL-18 for 36 hours or were incubated without any cytokines. Incubation with IL-2 only

served as a control of background level for IFN-y producing NK cells. BrefeldinA was added for the last 4 hours of

culture period to induce the intracellular retention of IFN-y.
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6.2 In vitro cytotoxicity of AML-NK cells

6.2.1 In vitro cytotoxicity against the target cell line K562

We next analysed the cytolytic capacity of AML-NK cells against the target cell line K562. Due to
a deficiency in MHC class I expression K562 erythroleukemia cells are highly sensitive to NK cell
mediated lysis. Killing of K562 target cells thus can serve as a control for the integrity of the
cytolytic activity of a given NK cell population. Figure 6-2 shows the cytolytic activity of AML-
NK cells and of NK cells from healthy donors at different effector to target ratios. The cytotoxicity
was measured by *'Cr release assays on day 14 to 21 during in vitro expansion. AML-NK cells
displayed a high cytolytic activity against K562 with an average specific lysis that ranged from
45+12,9% to 74+9,5% at the E:T ratios of 0,6 to 10 (Figure 6-2a).
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Figure 6-2: In vitro cytotoxicity of expanded AML-NK cells against K562. In (a) the cytotoxic activity of

AML-NK cells (black bars) and of NK cells derived from healthy donors (white bars) is shown. Percentage of specific
lysis at the indicated effector to target ratios was measured in standard 4 hrs *'Cr-release assays. NK cells were assayed
for their cytolytic activity on day 14 to 21 during restimulation culture. In (b) the percentages of specific *'Cr-release for
a particular in vitro expanded AML-NK cell line in first (open symbols) and in second restimulation (filled symbols) is

shown.
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This cytolytic activity was even higher than the activity measured for control NK cells (18,5+14,7%
to 73,9+6,9%). Importantly, this high cytolytic capacity is retained through the process of repeated

in vitro expansion (Figure 6-2b).

In conclusion, AML-NK cells are highly cytotoxic against NK cell sensitive targets, indicating that

the NK cells do not bear any functional deficiencies in their cytolytic potential.

6.2.2 Cytolytic in vitro activity against autologous primary AML blasts

We next investigated the cytolytic in vitro activity of AML-NK cells against the autologous
leukemic blasts. The main goal was to define whether AML-NK cells are characterized by an
inherent defect in target cell recognition that may contribute to the escape of malignant cells from
the immune surveillance.

To address this issue, we performed ' Cr release cytotoxicity assays with expanded AML-NK cells
for 9 out of the 14 patients that were included in the study (see Table 5-1). Due to methodological
limitations of the >' Cr release technique (°' Cr uptake by the AML blasts was too low; spontaneous
>! Cr-release exceeded 25% of maximal release) we could reliably analyse the cytolytic activity for
5 out of these 9 patients. Since we expected a dominant effect of KIR-MHC class I interaction that
inhibits the cytolysis upon NK cell target interaction, we included an anti-class I mAb in the
cytotoxicity assays to block the induction of any inhibitory signalling.

Figure 6-3 illustrates the results in cytotoxicity assays obtained for the AML-NK cells generated
from patient “EA”. The cytolytic activity of AML-NK cells on day 14 after initial stimulation is
shown as the percentages of specific *'Cr-release at different E:T ratios. As expected from the high
levels of MHC class I expression displayed by the AML blasts (see section 6.3; Table 6-4), the
spontaneous lysis by the particular AML-NK cells was very low (from about 16% to below 2%).

In contrast, cytolytic activity measured in the presence of MHC class I mAb was highly elevated
and ranged from 77% to 12%. The observed induction of cytolysis upon the addition of monoclonal
antibodies was not due to an Ab-mediated “re-directed” triggering of NK cell activity, since control
experiments with anti-MHC class II mAbs that did not result in any significant induction of
cytolysis (data not shown). In addition, as observed for the cytolysis of K562 target cells the
repeated stimulation and expansion did not impede the cytolytic activity of AML-NK cells against

the autologous blasts (Figure 6-3b).
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Figure 6-3: In vitro cytotoxicity of expanded AML-NK cells against autologous leukemic blasts. In (a) the

cytolytic activity of AML-NK cells of patient “EA” after initial restimulation is shown as the percentages of specific
’!Cr-release ( 4 hrs assays) at the indicated E:T ratios. Lysis in the presence of MHC class I blocking mAb (clone
W6/32; 10ug/ml) is represented by the black bars, without the addition of mAbs by the white bars. In (b) the cytolytic
activity of AML-NK cells of patient “EA” generated by two subsequent restimulations are compared to each other.
Open symbols show the activity of AML-NK cells of the initial first stimulation whereas the filled symbols represent

lysis of NK cells upon the second stimulation.

In Figure 6-4 the results of cytotoxicity assays obtained for all 5 AML-NK cells and their
corresponding blasts are summarized. In addition to the specific lysis by the autologous NK cells
(AML-NK cells; left side), the specific lysis of the indicated blasts by allogeneic healthy donor
derived NK cells at the E:T ratio of 10 is shown (donor NK cells; right side).

For all patients (except “CC”) the spontaneous autologous killing of AML-NK cells was below
10%, but a strong cytolytic activity could be induced by the addition of MHC class I specific mAbs.
A homogenous and high specific lysis was observed that reached levels between 43 and 59%. The
high spontaneous killing of blasts from patient “CC” may be due to the fact that these leukemic
cells displayed relative high levels of surface expression of ligands for the activating receptors
NKp30, NKp46 and NKG2D (see section 6.3.4; Table 6-4), whereas only low levels of ligand

expression were measured for the blasts of the remaining patients.
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Figure 6-4: Lysis of AML blasts by expanded autologous AML-NK cells. The cytolytic activity of autologous

AML-NKs (left) and allogeneic healthy donor-derived NK cells (right) is shown. White bars represent the spontaneous
specific lysis whereas the black bars indicate the lysis in the presence of KIR-MHC class I interaction blocking mAb
(clone W6/32; 10ug/ml) at the E:T ratio of 10. As a control the lysis measured in the presence of anti-MHC class 11
mAb is shown for autologous killing by AML-NK cells of patient “FE”. Below the bars the blasts used in the

corresponding cytotoxicity assay are indicated.

Surprisingly, the spontaneous lysis measured for allogeneic donor NK cells was as low as for
autologous AML-NK cells. This was not necessarily expected since the high probability for KIR-
mismatches between unrelated individuals - as the case in these experiments - should favour an

increased killing of allogeneic targets.

However, no exact KIR-typing was done so that we cannot exclude the possibility of matches in
KIR-MHC class I recognition that would explain the observed MHC class I dependent inhibition of
cytolysis.

In addition, the specific lysis by allogeneic donor NK cells that was induced upon MHC class I
blocking (Figure 6-4, right) was below the high levels of cytolysis that were observed with
autologous AML-NK cells. This phenomenon may be explained by a higher overall activity of the
AML-NK cells compared to healthy donor NK cells as it was already observed for the killing of
K562 target cells. Thus, we determined the cytolytic activity of AML-NK cell against allogeneic

AML blasts.
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Figure 6-5: Lysis of AML blasts from patient “BT” by autologous and allogeneic AML-NK cells.

Spontaneous specific lysis (white bars) and specific lysis in the presence of MHC class I blocking mAb (clone W6/32;
10ug/ml) (black bars) at the E:T ratio of 10 is shown. “FE”, “BeT”, and “SR” indicates AML-NK cells from the

corresponding patients.

Figure 6-5 shows the cytotoxic in vitro activity of allogeneic AML-NK cells against the blasts of
patient “BT”. The anti-MHC class I induced killing of the allogeneic blasts was as high as observed
for the autologous setting, but compared to the activity of healthy donor derived NK cells the
spontaneous as well as the mAb-induced killing of AML-NK cells was indeed higher.

In conclusion, these results strongly indicate that AML-NK cells are capable to recognize and
efficiently lyse autologous leukemic blasts. Since the blockage of the KIR-MHC class I interaction
can induce a strong autologous killing it appears that AML-NK cells are readily triggered by their
targets through the interaction of NK cell activating receptors and their corresponding ligands on
the target cells. However, the fact that only the block of inhibitory signalling renders the leukemic
blasts susceptible to NK cell lysis underlines the predominance of KIR-mediated inhibition.

It remains to be elucidated if the shift in receptor balance by the over-expression of activating
receptors or the upregulation of the corresponding ligands on leukemic blasts can contribute to an
enhanced activation signal that might override the otherwise dominant inhibition of NK cell

cytotoxicity.
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6.3 In vivo activity of AML-NK cells in the NOD/SCID transplantation model

To investigate the cytotoxic effect of AML-NK cells against leukemic target cells in vivo, we used
the NOD/SCID transplantation model. We first determined the anti-tumor activity of NK cells in
mice inoculated with the erythroleukemia cell line K562. Further we transplanted leukemic blasts of
the AML patients described in section 5.1 into NOD/SCID mice to assess the in vivo activity of the

AML-NK cells against the autologous leukemic blasts.

6.3.1 In vivo suppression of K562 tumor formation in NOD/SCID mice

As described in section 6.2.1, AML-NK cells displayed a high cytotoxic activity against the MHC
class 1—-deficient human erythroleukemia cell line K562 in vitro. Thus, to confirm the observed
anti-leukemic activity in vivo and to establish an animal model for the transplantation of human
leukemias we transplanted NOD/SCID mice with the K562 cell line. Here we took advantage of the
fact that the K562 cells upon the subcutaneous (s.c.) injection to NOD/SCID mice form solid
tumors whose growth can be easily followed over time (Weichold, FF Blood). Six- to eight-week-
old NOD/SCID mice received 1x107 K562 cells s.c. and the growth of K562 tumors was followed
over a time period of 3 to 4 weeks post transplantation. To investigate the in vivo activity of
adoptively transferred NK cells we injected 2-5x10° NK cells 24 hours after the K562 inoculation.
Figure 6-6 shows the results for tumor transplanted NOD/SCID mice that either remained without
any further treatment or received a single dose of AML-NK cells or of NK cells derived from
healthy donors. Tumor growth was apparent 3 to 4 weeks after K562 injection. In untreated mice
tumor load reached an average size of 300mm’ in diameter. At that stage of tumor expansion the
observation was stopped and mice were sacrificed. In contrast, in mice treated with adoptively
transferred AML-NK cells or donor NK cells the tumor growth was significantly reduced to about
60-70% of the tumor size in the control group of untreated mice. No human NK cells could be
detected in tumors recovered from treated mice using FACS analysis of tumor preparations and
immuno-histochemical analysis of tumor sections (data not shown). Therefore reduction in tumor
size is likely to reflect an NK cell-mediated reduction of the initial tumor growth early after NK

cell infusion.

121



Results

400
no NK (n=16)
7 O normal NKs (n=4)
@ AML-NK BeT (n=4)
300 - O AML-NKSF (n=3) T
B AML-NKDC (n=4)

Tumor size (mm?)

. ]

100 - . h T*

weeks after K562 tumor inoculation

Figure 6-6: Cytotoxic activity of AML-NK cells against the K562 erythroleukemia cell line in vivo in the
NOD/SCID transplantation model. NOD/SCID mice were inoculated subcutaneously with 1x10” K562 cells. Tumor
formation was measured (as mm?) at the indicated time points post inoculation. AML-NK cells or healthy donor derived
NK cells were injected i.v. on day 1 post tumor inoculation. The NK cells were used at day 14 to 21 of in vitro
expansion cultures. Numbers in parenthesis (n) indicates the number of mice per group. Tumor size is expressed as a

mean = St.Dev.. Significant differences between the NK cell infused groups and the control group are marked.

6.3.2 Engraftment of NOD/SCID mice with primary human AML blasts

We next transplanted primary human acute leukemic blasts to NOD/SCID mice and determined the
levels of engraftment eight to ten weeks after the injection. Six- to eight-week-old NOD/SCID mice
were irradiated 2-6 hours before the intravenous injection of 1x10” AML blasts. We transplanted
mice with blast preparations of six of the 14 patients listed in Table 5-1. For all transplantations we
used thawed samples of cryopreserved ficolled patient PBMNCs. If the blast content was below
90% the absolute numbers of injected cells were adjusted to achieve the transplantation of 1x10’
leukemic cells.

In Figure 6-7 the detection of human AML blasts in bone marrow preparations of NOD/SCID mice
8 weeks post transplantation is shown. Leukemic blasts can be easily distinguished from the murine
cells by the FACS analysis of cell suspensions of the whole BM (Figure 6-7a). The level of
engraftment was determined as the percentage of human CD45+CD33+ cells per total cells. Human

leukemic blasts are also visible in BM cytospin preparations of transplanted mice (Figure 6-7b).
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Figure 6-7: Engraftment of human AML blasts in the bone marrow of NOD/SCID mice. Detection of human

cells by FACS analysis of bone marrow aspirates (a) and microscopally by histochemical staining of a BM cytospin
preparation (b). In (a) murine BM was analysed on week 8 post transplantation and human cells were identified in total

bone marrow by the use of anti-huCD45 and anti-huCD33 mAbs. The percentage indicates the content of blasts per

total mouse BM. Black arrow-heads in (b) indicates the human leukemic blasts.

The histochemical analysis revealed that the blasts retained their morphological properties after the
repopulation of the murine BM. The percentage of human blast-engraftment in each transplanted
NOD/SCID mouse on week 6 to 8 after injection is summarized in Figure 6-8. On average 5 mice
(range 3 to 8) were transplanted per patient sample. Engraftment was achieved in almost all mice
transplanted with blasts derived from patients of different AML-subtypes. The proportions of
human cells in murine BM were highly variable, even within each single patient group resulting in a
median blast content of 26,6% with a range from 20,8% to 37,8%. However, for two patient

samples no engraftment was detected at all (“CL”, “RM”).

6.3.3 Adoptive transfer of expanded AML-NK cells to leukemia-repopulated NOD/SCID mice

To evaluate the activity of AML-NK cells against the autologous AML blast in vivo we transplanted
NOD/SCID mice as described in the previous section and transferred AML-NK cells to mice that
were engrafted with human leukemic cells. Figure 6-9a illustrates the experimental outline for the

adoptive transfer of AML-NK cells to leukemia-repopulated NOD/SCID mice.

123



Results

To follow the engraftment of the NOD/SCID mice after the transplantation, we analysed the content
of human blasts in PB and BM of transplanted mice regularly between week 4 and 10 by FACS
analysis. BM sampling was done by the aspiration of a small volume of marrow from the tibia of
one of the hind limbs. If a substantial engraftment of the BM was detected, mice received a single

dose of 3-5x10° AML-NK that were injected intravenously one week after the last BM aspiration.

In order to support the viability of the transferred NK cells and to maintain their activation status,
mice received 3 doses of hull.-2 and hulL.-15 (10ug of each), administered intraperitoneally along
with the NK cell transfer and on the two consecutive days. One week after NK cell infusions the
mice were sacrificed and analysed for the content of leukemic blasts in the BM, PB and spleen.
According to this time-schedule for the adoptive transfer of AML-NK cells we defined the
endpoints for the analysis of the tumor-load as “day —7” (before NK infusion) and “day +7” (after

NK infusion).
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Figure 6-8: Engraftment of human AML blasts in the bone marrow of NOD/SCID mice. Percentage
of human cells in the BM of transplanted mice at week 8 to 10 as determined by FACS analysis is shown. Mice
were sub-lethally irradiated (375 cGy from a “°Co source at 2 cGy/min) and injected with 1x10” primary
unseparated AML blasts. Each dot represents the engraftment of a single mouse transplanted with blasts of the
indicated patient (FAB subtype in brackets). The bars represent the median percentage of engraftment for each

sample of blasts.
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Figure 6-9b summarizes the results obtained with AML-NK cell transfer to mice repopulated with
blasts of the patients “BT”, “EA” “SD” and “CC”. 10 mice received expanded NK cells and 8 mice
were analysed as controls without the infusion of NK cells. All mice infused with AML-NK cells
showed a significant overall reduction of tumor load. For seven out of the 10 mice that were treated
with transferred NK cells we determined the blast content at “day-7” before infusion to an average

of about 30,6% (Figure 6-9b; right).
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Figure 6-9: Adoptive transfer of AML-NK cells to leukemia-repopulated NOD/SCID mice. In (a) the time
schedule of NK cell infusion is illustrated. Open arrows “before” and after NK infusions represent bone marrow
aspirations one week before or end-point analysis one week after the NK cell infusion. In (b) the levels of bone marrow
engraftment are shown. The filled circles on the left side represent the control mice that received no NK cell infusions,
whereas the open symbols represent the mice treated with NK cell infusions. The connection between the symbols
correspond to the measurements of one individual mouse performed before NK cell infusion 8at the day of bone marrow
aspiration) and one week after NK cell infusion at the end-point analysis. Horizontal bars represent the average of BM

engraftment.

125



Results

Mice with high blast content were selected for the NK cell infusion-group in order to increase the
chance to determine any significant effect due to the treatment. On “day +7” the average content of
human leukemic blasts in the BM of all (n=10) treated mice was significantly reduced to about
10,0%, corresponding to an average reduction of tumor-load of 68%. All mice treated with NK cell
infusions contained below 1% of blasts in PB and spleen. Importantly, the infused AML-NK cells
were no more detectable at the day of analysis neither in the BM, nor in spleen or peripheral blood.

In the control-group the content of blasts was on average 15,8% at “day —7” as measured for 6 mice
by BM aspiration. The content of human cells measured in PB was below 1%, except for the two
mice with the highest BM-content (20 and 38%) where the percentage in PB was about 2,1 and
3,0%, respectively. Two weeks later at “day +7” the average content of human cells in the BM of
all 8 control-mice was marginally increased to about 18,3% (Figure 6-9; left). Despite this low
overall increase, there is a tendency to elevated levels of blast contents. In 4 out of the 6 mice where
the “pre-values” were determined the content of blasts in the BM remained at the initial level or was
clearly increased, whereas in two mice a strong reduction within the 2 week period was measured

(the two control-mice with the highest initial tumor load).

In conclusion, AML-NK cells display a strong anti-leukemic effect against autologous blasts in vivo
in leukemia-repopulated NOD/SCID mice. This in vivo-activity was unexpected, since the cytolytic
activity measured in vitro was mostly dependent on the block of the inhibitory signalling, indicating
that the interaction of HLA class I displayed by the leukemic blasts and the KIRs on the NK cells
exert a dominant inhibitory effect (see section 6.2.2). One possible explanation for the observed in
vivo activity could be that apoptosis inducing NK cell-target interactions might contribute to the
reduction of tumor load. Such mechanisms act in an HLA class I independent way and would
explain the observed discrepancy of the determined in vitro activity and the anti-leukemic in vivo
effect. Another possibility is that the murine BM microenvironment influenced the transplanted
leukemic blasts in a way that rendered them more susceptible to NK cell lysis. This would imply
that AML blasts may undergo a change in HLA class I expression or in the expression of the

different ligands for activating NK cell receptors during the repopulation of the murine BM.
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6.3.4 Ligands for NKG2D and the NCRs on primary AML blasts and blasts recovered from
transplanted NOD/SCID mice

In order to evaluate the possibility that the NOD/SCID BM environment induces a change in ligand
expression or a down-modulation of HLA class I molecules on the transplanted leukemic blasts we
first analysed the freshly isolated AML blasts for the expression of HLA class I molecules and for
the ligands for NKG2D and for the NCRs (Table 6-1). The yet unknown ligands for the NCRs
NKp30, NKp44 and NKp46 were detected by the use of dimers of soluble recombinant NCRs
(“solp30/p44/p46”). Analysis of HLA class I expression on the leukemic blast revealed MFI ratios

MHC class I NKG2D ligands NCR ligands
Patient ':AB- blasts CD45"%"| ULBP-1 ULBP-2 ULBP-3 | solp30 solp44  sol p46
ype

AG M2 163 166 1.2 nd 2.1 1,3 1,3 1,2
BeT 2" 92 70 3.6 nd 4.0 4,4 33 3.9
BT M5b 113 181 10.1 3.7 1,0 nd nd nd
CA M2 380 490 2.0 1.4 1.7 nd nd nd
cC M5 82 nd 4.6 2.5 3.5 4,8 nd 5,2
CL M2 175 193 1.1 1.4 1.5 nd nd nd
DC M4 40 48 1.9 nd 1.6 2,0 1,7 1,7
DR M5 nd nd 1.7 nd 3.5 1,6 1,6 1,6
EA M4 36 27 1.2 2,8 24 1,2 nd 24
HI M1 116 143 1.7 nd 1.9 nd nd 1,6
JJ M1 612 415 2.7 nd 3.0 nd 1,7 1,9
KA ? 103 85 1.1 1.0 1.6 nd nd nd
LE M2 n.d n.d 1.2 nd 1.2 nd nd nd
MM 2" 236 382 1.4 1.2 2.1 nd nd nd
MU M5b n.d n.d 1.3 1.1 1.4 nd nd nd
RA ? 58 68 1.6 nd 1.9 1,4 nd nd
RM 2n 18 32 1.1 nd 1.2 nd nd 1,1
SJ M4 n.d n.d 1.3 nd 1.4 1,4 1,4 1,3
SR M2 29 306 1.3 nd 1.4 1,5 nd nd
SD M2 (2" | 81 n.d 1,3 1,0 1,1 1,3 nd 1,3
SH M1 60 108 1,6 nd 2,3 1,7 1,6 1,4
SC M2 n.d n.d nd nd nd nd nd nd
TL M7 nd nd (10,9 3 11,4) nd (32,8 21,5
VP M2 nd nd 1.1 1.2 1.1 nd nd nd
WG MD 135 373 14 nd 1.3 1,9 1,3 1,5
ZC M4 nd nd 1.1 1.2 1.6 nd nd nd
ZP MD 158 194 nd nd nd nd nd nd
145 193 24 1,7 23 1,9 1,7 2,0

Mean

StDev 142 143 2,6 0,9 2.1 0,3 0,6 1,2

Range 18-612 27-490 1.1-10,9 1.0-3,7 1.0-11.4 1,3-4,4 1,3-3,3 1,1-5,2
n 19 17 25 12 25 10 8 13

Table 6-1: Expression levels of HLA class I molecules and the ligands for NKG2D and the NCRs.

Expression of the indicated molecules were determined by FACS analysis and are shown as MFI ratio. CD45
bright indicates the residual healthy cell compartment in AML patients. The highlighted patients correspond to the

patient cohort for which the AML-NK cells were isolated (see also Table 5-1).
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that were comparable or even below to that found on the residual healthy cell compartment
(indicated by the CD45"" phenotype) but nevertheless, high enough to induce a dominant
inhibitory signalling (145+32 vs. 193+32; see Table 6-1). This is in accordance to the obtained
functional in vitro data, which suggest that primary AML blasts are protected from autologous NK
cell lysis through the HLA class I mediated inhibition of NK cell triggering. In addition, the low or
even absent surface expression of ligands for the activating receptors NKG2D and the NCRs
support the hypothesis that acute leukemic blasts are poorly recognized by NK cells and thus might
escape NK cell lysis in the patients.

We next analysed the expression levels of these molecules on blasts recovered from the BM of
leukemia-repopulated NOD/SCID mice. Table 6-2 summarizes the FACS determined expression
levels of HLA class I molecules and the ligands for NKG2D determined for the transplanted blasts
derived from the patients “EA”, “BT”, “CC” and “SD” (see also Figure 6-8). HLA class I
expression by two of the transplanted blasts was upregulated during the 3 month process of BM

repopulation. Even though this would suggest an increased resistance to NK cell mediated lysis, a

NKG2D ligands NCR ligands
Blasts 1\14HCI MICA/B  ULBP-1 ULBP-2 ULBP-3 | solp30 solp44  sol p46
class
EA
do 36 1,1 1,2 n.d. 1,1 1,2 n.d. 2,4
ex
426 n.d. 7,0 1,7 2,3 n.d. n.d. n.d.
NOD/SCID
BT
do 113 n.d. 10,1 3,7 1,0 n.d. n.d. n.d.
ex
243 1,5 8,9 3,5 3,4 8,0 3,5 4,6
NOD/SCID
cc
do 82 n.d. 4,6 2,5 3,5 4,8 n.d. 5,2
ex
115 27 12,1 5,4 5,6 12,1 n.d. 12,4
NOD/SCID
SD
do 81 1,1 1,3 1,0 1,1 1,3 n.d. 1,3
ex
NOD/SCID
Table 6-2: Expression levels of HLA class I molecules and the ligands for NKG2D and the NCRs on

AML blasts recovered from transplanted NOD/SCID mice. FACS analysis of total BM isolated from the

leukemia-repopulated mice 10 to 12 weeks post transplantation. Expression of the indicated molecules is shown

as MFI ratio. Values “d0” indicate the expression levels determined for the freshly isolated patient samples.
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high in vivo susceptibility to the adoptively transferred autologous AML-NK cells was also
observed for these particular AML blasts (see Figure 6-9). This could be a further indication that

mainly HLA class I independent processes may contribute to the observed anti-leukemic effect.

However, when the expression levels of the ligands for NKG2D and the NCRs were evaluated, it
turned out that for all analysed blasts the ligands for at least one of these receptors were
upregulated. Blasts of patient “EA” showed a high upregulation of ULBP-1 (MFI ratio 7,0 vs. 1,2).
Similarly, blasts of patient “BT” were already high for ULBP-1 and -2, but upregulated the
expression of ULBP-3 upon the transplantation to NOD/SCID mice (3,4 vs 1,0). Although for these
particular blasts the initial expression levels of all three NCR ligands were not determined it is
likely that the ligands were upregulated upon transplantation, since the high levels measured after
BM repopulation were clearly above the average values determined for a panel of AML patients
(8,0 vs.1,9 solp30; 3,5 vs.1,7 solpd4; 4,6 vs.2,0 solp46; see Table 6-1). For the blasts of patient
“CC” almost all NKG2D ligands as well as the ligands for the NCRs were upregulated upon
transplantation to the mice. In accordance to the high initial expression levels of the ligands, these
particular blasts showed a relative high suceptibility to the killing by allogeneic and autologous NK

cells indicated by a high spontanous in vitro lysis (see Figures 6-4 and 6-5).
In conclusion, these data suggest that the observed in vivo activity of adoptively transferred AML-

NK cells against the autologous blasts might be explained by an enhanced susceptibility due to the

increase of ligand levels for activating receptors taking place in the murine BM microenvironment.
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AL, Beinsch, Baitrked) for e Aipakan of U capenimenl

I vive trealment with Famon growth Tnotors

Bkt 1o 10 wesks Wis Eninplartten, HODECID ahce wee isjecied
iraperiteeally with plocgialetelered silize (PES) of the Tolowisg
pecsiplsant hsman growlk feciew IL-15, FL (Beth fom lemines
Beatlle, WA, SOF (A mgen, Thodses] Culis, CA), PEGEed mogakirg-
e grosrth and develigpiier Tactor {MWOODF, A pen diel FKifin Brewery
Toldgyn, Jijmes), IL-2 (Movastin, Bassd Seitsedand) and [L-13 (Rohe
My, MO [L-15 FL, 8CF, MODF and 1L-2 were slminsierel for 7
evsmsesuive daps. each & 10 pg Jaily and 1L-02 was slaminesienal & 1 pg
e iy Mo B Bt 2 b oo the treitmenl. Teenty-Towr Terurs afer fhe lad
Hipecdiss, gfess dind B celli wire hirvwsial, il Sngle-cd| sigpeindisn
of dglecn and B were projeded. To msanard o hidgan HE cella
FE wis den seeldy up 1o 3 wedds afler grosel faslor jpectioss
Blatinicel T eompanissn of Wealimey ghogs wefe pefomned
il e Marm-Whitssy (7 sl

Fior Cpbomsetny ond cell sorting

Thres-color Bissescence- et vated ool | some (FATE) wnalisds was used
1 elrarictesie Biman engrafimest of MOTVECTD mice Bat wnderwent
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sarpglantition. Sergle-cell Treie BM sl aplien were
uﬂdhﬁﬂihﬂumuﬁmﬂ 25 fetal el snien (FOE
Bt From lowilropes, Caldbad, CA), &nd OO Mabl (Phaka, Bucks,
Swirzerland) sl wese Waiisa] S0 bes For 20 imisines with Nuseescein
ol peyanale (AT O, plipeesythiin (PE-, or alisplyescianin (AP0
eaiyjugatel monstaim] atibalies (mbbd) dgainel Mg (00, (03,
OO, Chs, CDES, CDES, CO8d, TR CO=EE, CT5S COs3L, CDEE,
T Sim, COSEL, MEBL, end HLA-DR ofF iastype comtrel saliledben
call fesee BD Fleebingen, San Jese, CA). Srdming with unlsbded mAb
i T (elone 30E L0, ant-ME p (elome TEZ each & paieso gl
froe M Colofifo and A, Beidhen, Basel Hslinne e lmsisolsgy,
Switgerland) wnd aiti-1L- 2Ry chain (clone CFES, kindly peovided by
[t Bakes Biogen, Casbridgs, ML) wis revealed with secosdary PE- o
FHEWWHJMHMMMW
AssneiEles, . ALY Mormal medee sefuE Wal med 1o
mmmmuwuﬁmﬂuﬁaﬂum
alleequeslly inculaled witk Sreclly labelad mabs. Propedus jslide
(Pl; Sigea) sleifeng wis ussd 05 encludes Sl celli Trom e afcdysis
FACE smmalyes of cciliting HE cells wis pefonned by Scilussy
e oz with Babsled anshe B a1 poas ieEperaban: for ) minles,
Fellowel by erytheocyte lysds wilk FACE Lpasyg Sobalico (B0 Pliarbds-
gend ind sidssqeenl wasling with FACE baffer FACS analysin wai
perfemed &0 & FACRealiber (Becton Dickissos) and dits wens
amalyiel wwing Tel(asl Pro selvwsse (Beclon Dickinsos). Fo edll-
aEtiigg 1 BM celli fecie HODHSCTD et uhderwent Sainglan-
e whens fsapended in FACH baller witheul Matly and wene sl
Witk the sppeopriste anibodies. Celli were waikeal, icaned with P,
] saeted &0 w FACE Vanzage 85 (Becton Dk

N ool ditenenliation in v

el v fron MODECID moite B o ipless contsiesg 20 o
R bumen CDE5 ooy were ssedad al |10 2 ) 1FEL cells in 34wl
ks b asvve madlied Dullecen madue (MO cetising 95 FO8,
Fb e A senen Basel), 3R} ppml. ind-
smhted b Farelems, el 1% Doving ssun sllusin asl were
sipplemested witk [L-15, FlL, arsd 8CF (sechat 100 aginl) Afer | wesl,
wells et iramalemad Lo Sowell plats, and ladll B medioe Wi replical
e g wedk for anotler 2o 5 weskn s specifial = "Reada " The
developresnd o CDS6" ME celli wis determisel o the indicalel s
it by FACE

HE cell linss were cdienad by senimclation with Srakaal @ons-
suclesr el Mo Iidigsn FE sl Ui HAL 16 (T el
Mdures Eestech, Deetond, Engard)in the presnes of 100 U IL-2 every 3o
4wkl

W cell oytobodaity and IFH-y production

Al 4 1o 5 wseals of (B ereniatios in culluge, TDGE celd were purifial
by peaitive selection Witk MACE CDSG-microhesdn (Miliergd Bioas)
Celly wene waaler]l and sesaspended in WD comtaising 2% FOE, aml
cpialoniciny sgendd e NFE-ssetve tanga B2 won det=sined in 2
ez laectate delvdropease (LDHD release aimay (CyaoTon B Prodeega,
Mebalinnh, W) sscanding 1 tie ot Eamelinn The dfeas-
Rl s paigad fren 500 ne 0l

TFrlp prodistisn e meawerad Iy inrseslube ow cplomssy.
Sl AR puarified BEC eells (o (Rifeentalion culnees (parily, B0E-05%)
o FACK HE cells fren B o ador-irealel
MODVBCID met: wene waalel sl | 10 celuml, were plalal in
wi-well plates For 36 hois i TMDM consniag 5% FOS, 75 AR husin
aeriie, D0 Ll IL-12, sl 800 sgdvel. [0 IR (PepeaTech, Rodky Hill, B
Brefeldin & (& wiaed aikded 5 pgin L fee e el & Reiars of culuee.
Celli were waskel with FACE bl stened with ashi-CTSG-FE mAL for
30 minnes on e, a2l fmal in 2% for 15 premiles an
o benperature. Cell wers wislend wice and permabilised in saposin-
eifdaiieng FACH bidller. ARE—IFH-p AT and Bslype contal mal (ED
Pleekiings) wepe adkled for 30 mesiies &l pooin lenperatae. Cels were
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wialeal Bejoe i
el itk FaChcalilir

e dind ot i FACE Bailler asl wiie

K562 tumor Bormalion

Rl eryplroleilkemin cells wee fesibpendisl = 100 pl. FBE and
injecied subreutanmcinly inds the dorsd laerd o of HODECD
wece. ME cells, reispended in 200 pl. PRE, wene Sjored |nlfse-
sy § cay aver nner el EorulaSen. [=@ios tul fecsved gradis of
CE Chast by, B5E0 cell wene inscillsied 1 day aler T-day-long
trealimest wilk IL-05 and FL. The effect of HE o8 on nence grosth
wigh delermined in goupe of 28 4 animali Temoer growth was
Farmiia (2 = BIZ) o w, where a and b e lisg and shon Sanetors
(o milligneter) . Sustiaticnl aniliyes: (o companias of Sealment gEodfn
wise perlomesd wing he digadned Selen ¢ el

Rezultz

Growith fapiors Induce molurstion of human HE calls
i MOOSSCED milos

Tix investigme the requinements {or bmmam ME cell development i
wirn, the HOINSCID enotransplaniaion syetem was chasel 10
test fhe effest of himen growtds Tacs kmows b be invalved i@
tume ME el Sevelopment b viem. Croups of MODUSCTD mboe
diarl undsrsent rsplaniation 2 moiths cadier with highly so-
riched OB U347 cells were infected lor 7 consermtive dayvs with
one of the following 4 combinations of cytokines: [1-15F1
IL-ISFLECF, IL-15FLAL-1Z, and IL-1SFLBCEMGDFTL-X
On diy 2 BA and splecis were examdeed Tor the presence of
hiimen NE cells (Table |5 Among the CUME homan lymphosyie,
caly Background levels of 0.3% £ 0.1% bunan CDS6 MK cells
were detected iy untreated contrnl andmds (Figune 1A Tehle I
With the sdmindserasion of growih factors, e frequency of CI5G6"
cells inoreased approcimately 15-fod and was similar gnong mbee
resied with e 4 growth etor combinations (nnge. 3.%% £ 0.9%
6 4.9% = 204%), The conlent of NE cells penerated in e BM of
NODVECTD meboe with bamsm growth FRceor (he et wis oompa-
radle o el in bemsan Eb and CB (1% 105 el 4%-12% CD56"
cells, respeonively, s detenminged using 6-% samples from ot
Bl somres; Figune 10 and resolts wof shown), Hama NE cells
were wlen fomd im spleens of MOTMSCID mbee, in which they
copsitmed 3 1% © 14% w 5.0% £ 1.4% of heman CT45* eells,
dipesliag o the growdy Tactors wed TL-1SFLAL-1 led in NE
cell developiment mainly o e B Bl caly sewgindly in ihe
splesn (Table 1) Addidonally, in the Bood circulatkon of MOV
BCID miee, 12.27% = 08% (n = 8 of CIMS* hmnan cells were
CI356™ NI cells, which comesponds o the pumber of NI cells

HUKAH HE CELL DEVELOMMENT M NODSCIDMCE 150

Figurs 1. Phenatges of humen KE csle in OM of grossh-lesior-oeasd
HOOFCID mice. Twa motdm shar neplancalor of OO COO4- cede, MOO&SCID
i s |- eacad with watiara ol gr LA) o T ool ww e ared
B, mplean, wd PEcalln 1 ¥ (A1 Haman HE
calln i criqasted conbrs iro growl ledor [P ed prow i feclor-bealed mioa wars

=y CLEERL COdC erdibs P - oo —m sl
mmbe COIE drelyss wo pefornsd sl (o6 monctades celln romiss
In2 cxca e peccantagae of (el O cslla (0 Hamien HE ool § aers o srscsarieed ¢
e ring with sndbod se s peired CISE erd Bos ind cated ME morlecs marks: hurtss
nicesa Bs o ke CE4E° celln. For comperison. beman HE calle
From {5 S0 w04 P wace wsined wilh srlbosien sgared SIS rd SO0 gaoed
an lyrphoogis srad Hipad ipeied on COSE catw. The thin ine indostbes daring
with [s=yps- ruriched conbro) eniedp (0 HE ca'lwin POo! HODMECID mroe reasad
with (L 1% ared FL For =L CI4E" calln

o

bamam FE (T%-153'%; Agure 1D-E}, and deey were deloriatle For a2
leiot 3 weeks ffter growidy Factor treatment.

Humin MNE eells thet developed in MOINSCID mice were
exmmined Tor e expression of o pamel of coll surfeee makens.
Stadning patiems of NK cells residing in BM ad spleen wens
indistsguishiable, wed there were no marked Sifferences in ME
cell phenotype with respect o the growth factor combimaton
wmed 10 genermie them. ME cells from e BM of [L-15FL-
e aled midis are slwewn i Figure 1B, CDS6 cells were always
Cra-, mdicating that these cytokiee comblpations promoted
aly the developinent of bona fide ME cells and not the
CEEEHCDE NI T-eell populanoi. OIS ad the 1L-IEY chidn
were expressed on all TS cells from MOINSCID mace. The
eanly activation marker CD69 was expressed on vhomally all ME

Tabia | L¥e ol prowth oo sd minsrrasdon on human hemaopoard s Insagsn n W snd oplen ol KCCPZ000 mica wich T CO34 oord Bl
Daasmr=-oa phen
TrasreT o mics) [ [=a] b0y coET [ T COa

Pl el ek (08 a3 =l mo=15 MnE& =15 0L3= 31 FEo=1E Id = QT
IL-REFL (T} b3 F el LS Mg RO BT Az L BOLT = 507 [
IL-BEFLIBCF 41 =1 GO =48 - B 1 g dd = LE Bl.o= 404 4z 20
IL-15FLEL- 1R 5 48 = BT O =-40 -8 Sd ] 1.1= =2 BT = 1D 2z ik
IL- 18P LS CPRG O FAL-2 (3 A1 =13 D = N8 =0 =38t ED= Lat BT = 1 Wz 20

WaLE E
U [
b -
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cells, likely is o response be [L-15* whereas CIIZ5, ihe
low-afimity 1L-2Ro chaln was ol present. OF the oiher tesied
markers, TII CIFF, and CTeZL selectin were expressed by
e @ 45%, 65% w0 %, and up o 60 of NE cella
respeciively (Figare 1B). Iviracellular perlonin v expreased
by Wl HE cells, HLA-DR was expressed only at low bevels or
ol @ @, and okl was absent (ool sbown) Inlenestagly,
animing of TG and CID56 serface markers revealed tha ihe
prevalenie of e CDSHSRCTHL AR popilation, which is chanme-
veristic of humam CB ad FE ME cells (Figure 1003, wis pot
apperenst 1w ME cells generaied im NODVECID mbee., Instewd
CIG wis expressed al varkoms cell surfee densities on 500 o
T of all CD56™ MK eells (Figure 1B, EL KEpd6, the mijor
MCR selectively expressed by ME cells, showed o heleroge-
menis expresslon pattern of 5% o 19% (Figure 18}, bower tham
hat found in haman MNEC cells from PE and OB (Flgere 10-D)
This bower MEpSs expression was ool einibuled o & lslibag
avslesiliny of the CDI chalm the coreceplor for RIEpds,
Because FACH stening revesded CDET expression in all humes
BME cells generated b mdes dal undersent transplantaion (das
ot shown). Based on ifhese results we comclude that humes
recombimant growih factors, incleding [L-15 and FL, specifi-
callly promoted the maburation of heman KK el i de BA ed
splieen mberoenvironments of MODVECY mice. The phenotype
of thesse cells closely resemied, bul wis pod plenbcal 1e, MNE
celils. lron human PB.

Efteat of growth inctor trestment on human ol sngrasment
anad lnenge compsrstion

The effect of growih Tactor tneament <o the cellulaity of BA ad
spleen and on esgrafiment with oman cells of RODVSCID mbee
dial underm ent irassplantaton wis ase examined (Figune 23 The
BAL of 4 lomg bowes of untresicd contnl MODNECID mbee
commalned 22 = 4 % 10° cells, of which 64'% = 5% were of hama
ol gin. Chrowtls Cector ngectons reduced the cellulanity of BM bt
ol of aplesns. In pamiciler, quick and dramaske 10CGold el boas
wis abserved wids e sdminisirabon of [L-15FLIL-1Z involving
ldqnnfug-ﬂnﬂll..-liﬂ-'lp-tlﬁ.i This is 1w secod widh
e reported iy poplasia in BM b wo spleen with IL-12 adminds-
trncn | honmmsaes puned b 5% The overall leved of hume CT45*
cells wis reduced by 30% b 50% s BAM and splesns in ol grosps
of growth-fecior-meated mice exoepl the [L-15FLAL-12 group
(Figine TE) This redection wis assoomed muanly Wil & decresss
In TS B ymphocyles, which comstiuied most hssan cells i
untreated and treated Babee and which weie reduced by 155 10 305
alter growih Factor injections {Table 1) Comcomitatly, e propo-
o of mveloid cells expressing CDA3 was increased up io 3-fold.
The lower engrafiment and chasges in the proportions belwesn B
cells aned miykond Matiges o growth Tactor freatinet e remins-
cent of the effects of FL done and with 1L-7 and SCF, neported o
have an even greaer effect when injected over several weeks =

Lympheoid preouracrs with NE cell diflerentiation polanlial are
present in BM ond splesns of ROODASCID mice
thaot undersesn iransplantaton

The finding e oo ME cells developed within T deys of
growth facior admdnisreton prompied 8 o charseierine due ME
precursnr coells i NODNSCID mice thal recaved grals of hamam
hegirinpobetic cells 1n due Arst serbes of expermnenta, we bavati-
ated whetber TINS5 MEC colla could also Be geweraled in vilro
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frome BM ad spleen cells obmnsd from NODVSCIDF mee ot
wreaied with grovwih faciors (Figare 3], In culiures comaining IL-15,
FL. and SCF, bman C1056™ edlls developed within the fist week
e reached &% 0 96% by 3 weeks (Figune 34). This wis (ter
and more efficlent tan the development of MNE cells from OB
™ progeni o culiuned mder the same conditons | | T% £ 1009
CO56+ cells @ week 3), parthcularly consbdering e fuct thal the
purity of CB CTAE* cells al the st of culture wis af st 2007%,
wherens CIG4™ human cells constinated ondy FUFE = 115 and
£4% = 0.9% of all cells in NODNSCID BM and splesn, respes-
twely (Tabde 20 The plenoypss of NE cells of MOFSCID mic
angn el fhooe geseraled (oo CB CD34% cells were slonla
{Figure 3B CIH6 win expressed only 6 bow level in 2% 0 15%
of all M cells. Remarkably, MEp46 was expressed by up o &0%
off ME cells generatisd in vioo (Figune 307, indicanng el MEp$
presead an TG~ and CIVLG® MEC cella The surlaee midkers CI37,
CDsZE. 06, wd CI006] were expiesssd o v o kevelson 5%
o 30 of N eells generated in viwe from MODVSCIR BN The
Kilter immunsghobulin-like receplon CD 1588 CDISES, md NEE]
wire mob detected | data nol shown), in apreement with repons ta
HE cells differentisbed b vioo from CD34% cells we mainly
meegativ e for dhese Fecepinm  CISESCIE* NE T el or CIE* T
eells wepe never found i these cultures {data 5t showw).

T define e precurssr cedl populations ahie o give dee to ME
eells in vl amd i viine, we perfonmed FACS malysis of b
celld fmmm BM of growth-facmor—unmensl MODVEOTD mbee
(Fagwre 440 CIE4CD38 wnd CD34CTEE hemaloposic
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Fgars 1 In wire Sifcentadon of homen KE calla A
from RDDVEO0 O ard splssn snd from bemen CO.
141 Sirgle-call musparsiors = O §1:n = 13 T wrd
wpdaan jlr o= B O MIOECID (e ardereerd et
plantalior wrd purified OB OOTH” calla (IFn =T, W)
wars cullaced for 4 waske r hE 2 Fmeciicicr medun
recomibinen] hurrse IL-15 FL, and SCF. Tha
appaaraEnsa =CDEI - hiE el w s ol i S5 FACG
aratesin Shcar s e e s SOM parcemage o
[E= B md ek
101 Evpramsion of 0016 srd COSE and of 000 HEp# an
OOEA" ME calln geasiced i coboe [ 0, and 01 ok 4
waskn Thin la 5 wil
exwird anl baxdy. Munbas (12 s S paceTage o
Pz AR M calln

I
1 pw

1@ nspleen
W I CE

progeniior colls md CUOEYCDT and COE4CDT eella all
repared 1o conisn ME precosor cella ®H were culmised (n the
presenes al IL-15, FL, and SCF, and MK cell development wis
enamined. The lastest differentiation roweed CI356% cdla, appareat
after 3 daye, wis ebtalned with T4~ 017+ cells, smuggesting ihe
dghest frequency of HEC precursss o this ool frection (Figee
4E). CD34ACDT eells also gave mpd fse do 75% of TS5+ eells
aper 14 days. In conirast, 0 clowes mniaped Wit poiminye
hemainpobsile CIE4 COAE™ progeniions, coly 200% of all celis
enpressed CI56 by day 14, These resulis indicaie that even inihe
absence of growh Cesior reatmeent, mman NE cell precarsors had
progressed b de NOVECID microenvirenment 1 an advaneed
differessiation stage, provilag an explangdon for the fasser
resporss of unsepanited MODNECID-denved cells compared with
CH T4 cedls coltoned wnder e samve ooedithons (Frgane 340
Despite dilferent kineties, ME eells penerabed in vitro (rom sorted
vell popalations (R1-R4) of NODVECID mosse BAM sogeined ihe
st phenniypi claratlensies s hose from bulk coises
de=szribeed b Fgare 3 (resulis nol showin),

Trepment of HODVSCID that underwens ennsplaation with
IL-IS'FL, [L-15FLSCE, md IL-ISTFLTL-1T eombinitons
vivn specifically increased e populaton of human CIE4-C0T+
ME cell precursars e o Sdeld im BA ad splesns (Table 21 Ths
bcrease S b pccord witds the eercase m CT56 colls obeerved
afver growth facter injectons (Table 1), some of which were
CHSETCOT (datn wot shovwn), The proportion of ioid CD34"
cells was shgnificantly decreised bn BM, primaly becase of &
reductbon in CEO4CDI9*  pre-B-cell levels, Mether ihe
CIEATCDIS nor the CD347CIT cell population wis @feced
by the eyinkine treamenl i ather crgan. We conclude Sal the
resied growih feciors acted on & CD7+ ME precursor ai ihe
rrnitsi ot Tram the CD34* w the TS siage.

FHUWAR HE GELL DEVELGPMENT N HODSCID MICE

L]

IFH-y produotion by human K& ool generabed
in NODVSCID mice

A ballmark of ME cell Funeion 18 the abilicy 0 predoce TEN-y. To
assess This Feature, CI56" ME cells from e B3 of grosdh-lacin—
ealed MOIVECIED mice wire olalied By cell saiting and wene
aimvalated in vitre (or 36 hows wids 11-12 aed 1L-15, Additionally,
MEL cells were lsolated after 4 weels of culiure of BM from
HOINECID mdee, Both growih factor wested and unneaed. The
proportion of IFM-y—producing NE cells was measured by inracel-
oy FACS anaysis. WK colls @ifferentised im vivo and im vimo
respanded equally well w the oy ke sl (Pigune 53080 the 3
iy of pesied WEC cells, productom of IFR-y wes fousd in
14% = &% and 15% = 5% of eells purified Seectly o after ouliure
of growtd-lacter—treated mouse BM ad in 54% = 1L.7% of NE
eella genenmted bn vitro from Se B3 of untreated MODVSCTD mice.
For companison, purificd ME cells fom bumss PE were inchsded
[ ] and responded more eadidy w IL-12 md [L-1%
(33% = 105} The differences bn IFM-y productiom migy be relaied
o the materaton stges of the BE cell popul sboas penerabed under
s dilferent expenimental conditions.

Cybotouko aotivily of HODVSCID- mosse-duiyed human M calis

Anuiher characseriztie of NE cells b e capasity io il wiget cells
withoul price sessitiztion. To sindy e cyiatale metivity of
HOIWECITD-mouse—denived omas MK cells, we used HLA closs
I—defielent hmman K552 erpihrolenkemin colls, which represent a
senilive NI cell trgetin i el om sube mesus inoeul lion in
vive, Form a solid pemsor whose growth cam be essily Followed
wver ime 1

For the salysks of B562 lysls bn vivo, MK cells generated in
growtli-factor—trealsd mice were ool direetly examined because of

Tishia 2. Effact of prowth Becior wrad hprzhesid pr 7]
=l RCCEZCI0 mice with reneplermss] CO3ET cord Bocd calln
Diorea eaToN " Splaan”

cooa [t i [mas i frns iy Lkt I CosaT [mas iy
Tresimend iro. mcEl coaes = PR [l Lo oo cor coos aoe- oo oo
Pz el e (30 HMma=1r 1E= 12 45 =04 f4a=an nE=0a1 Bd= 0k ET=-OE E R 11 =482
IL-15FL [T Tr=zF FAE AT E&=18 13 =08 dZ= 11" T3z QT FES ] L] B3z EiT
IL-15FLSCE ) AT =1.2¢ aFr=zar Tl=14 1L.i=04 8 =1¥F SE=0N id=ng =y 48 =05r
IL- 15 LAL- 12 8 [ FE 41 g dE= LI1" L E-§ {11 [ k] A% = 1.5 T3z T4 15 =03 Qs =i ez 11
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B i vidbain
Fgure 4. In viro dibersmiadon of homen M9 cols dedved Fom ST

moriar-purifisd preganicr cdlle of KOOSO mouse OW (&) e eds
pogadar celw ard hE prearss o s sse i2ecified i1 da BW ' criqasied

RODSOD rmics by misivrg witt OO (lop parsl) and COMCDT (bdion
parvl). Calln falirg info: s palen 111 (S04 OO0 1.8% of toiel BW cllm, P2
CO0 COMA™: 1%, PO 0347 OO ™ D), e M 000 ST 1 5% ware

mored wad alured ks W dayw in N2 2 = T wrad
reehed’]. (B Ths Seswoprrenl of TONET HE cale in vilsc was b lowsd by FECS
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e Mndied nomwbeer of cells gt could b olated by FACE sonting.
Instend, we tested the eyivinteity of human MK cells obined b
gher numbers in dfeentianon coliures of BM md splecn cells
of grostdi-lactor—mivesied NODVSCID mice (Figare 6A)L These
ME cells were highly cymoteaic; in parieular, e killisg pobentisl
of BAl-derived cells was even higher dum thet of human PE NE
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eella. The well-poomounced cyoboexic propertes of humass MK cells
of MOIVECIT ongin pencmed bn viem we o socord with (he high
levels of nctivaory peceplor MEpSS expressed by Gese cells
(Figare 3019 To soady the cytotosle elfest of hmman B cells in
Vi, MOEYECITY mice were boclalsd subsitmesssly wilh K561
cells and challengped ity esousdy | day Later with ROIDVESCID-BR-
derived NI cells thae shiwed strog eytolokeiny in vitn. Tamor
growth, appisent 3 1o 4 weelis afler 562 injection. was signifi-
catly (G070 suppressed by adoptvely mmasfered NI cells
(Figure 61}, This petsrdaton of tmmor growih was comparable o
e elfect of IL-Z-stimulated ME cells oltaeed from oman PE.
We abso mocelaied ES56I cells imbe MODVSCID mebce el had
reeivied trosplanted CB CD347 cells and had been injected with
1015 ssedl FL For 7 deya. Under these conditions, which led o the
petesratinn of endogenos human ME cella b msked redsction {up
o 50°%) of memor growth was observed (Figure 6B A possibily
lower vield of NEC cells generated b vivo mey secound Tor & lesser
anfitumor effect Guan & controlled number of commsplmbed HE
el Based on these nevales, we conclude tha haman NE oclls
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dieriwied (o MODESCID e are Fimetomsd with fespect b cytmomie-
Iy st FILA ol 1=dbeficient trgets in witro md in vivo,

Dizcussion

The ROHNSCIY o trasplantation sesdel b Bosn widely
usesd p study the biology of buman hemaoposetc stem cells of
diverse camlogic ongin ¥ These sindies indicaie Gt the BM
e ol of MOINRCI mbee supports the sorvival asd
mbltibineige developaeent of husman bemaopoiets progemios bt
thant it conn B selective with regard 1o ihe meturation of dividus
Blond cell Musages. Within the Iymphold compamment, the B-cell
limseige develops mos effichenty. ™ Om te other hand, hmman T
el HE ¢ells have never been reprosducibly detected, md only the
wasplastation of bamas Gombe Dsse of te use of [L-2R-
Blocking mbbodies flowed T Iymphopeiests in vive ™ in his
soudy, we kel fed CTS4CTIT and CDA4-CI37+ HE progendion
cells in BM amd splecn of MOTVSCTD mbce trmsplanted with OB
CTEE" cellls, and we achieved ME cell diflerentation dier in vive
admnistration of hmem cyinkines. The sseblishment of bumam
ME cell devel npaesnt in MOTVSCID e provides for e fisttime
an D vivo Bpsle io sudy the weecharcamns poveming himan ME
cell differentation and fusttion.

Severd odies have denwonstrated (hat limeage develnpaeeil of
o= humen grefl bn BOVSCTD mice can be modulaied by ihe
adnindstnation of hema cyinkines. The offects seem in vivo ofien
did mot peprodues those predicied from in viwo culbres, suchs as &
desreise i B-cell lineage developaeent bn mice receiving FL and
IL-73 or o i o of plajelet production by & prosh fesior
condmation known b seppoil m Trom cultared
progerdtnre, ® I eontrast, all the cybokine oo b natons ueed i our
anady —memieely EL-15'FL., IL~15SFLECF, IL-DAFLAL-1T, and 1L~
15 FLRCF G- — énsbled im vivo manirston of ME s
s pecapifulating the previously reporied efects of these cyin-
kines on the geserstion of MK cells from culred T34+
progeniinrs. Previous soodie: |dentified 10-15 s the crociad fasior
Fror MK cell development, along with FL mnd SCF as eyinkines that
imerease e frequency of ME edl precosom tuough the up-
regulazbon of expression of the [L-158 complen ™ Wity luman ME
cella differentiated bn vitne from CIP* progesdton, a fusctonsd
redundancy of FL sd 5CF on IL-15 respousiveness his been
repomed ) Aceordingly, the combdraion of [L- 15 amsd FL was fousd
tix bz s et et b0 dndece ME cols in BODVSCTD mice. Similaly.
the pumber and phesotype of the RE cells di pot differ depending
o e cvtokines weed b gemerale them, tough subte diflensmees
of additionsl parsmeies canot be excluded Cyiodine sdodnistra-
ot Wis femociated with & moderabe rediction b cellelanny ad
with e bewed of luman cell engraltsent in B and splecm. This s
i agresment with previom stodies 040 fhoagh the oppoaile
elfiect was alsn seen in mice recoving only Nmited Soees of siem
cella 42 A rapid and neardy totel disappeanmee of marine i bamnam
eells im ROHWSCID BA wis observed when [L-12 was comiined
with IL-15 and FlL. This is perfaps sesochaed sl the sy atkon of
mewly fomued ME eells given that an [L-12-dependent release of
TFrLy by MEC cedls, resal dag in e suppression of hemaopodeats
tie BAL hes been postulased bn humens md miee 25

In  growdh-factor—uneatsd  mice, we delected  humn
CIEE+CIaE-, CE4-CDag+, C084-007+, and OO0
el populatons, all of which responded to 1L-15, FL, ad 5CF in
witrn aned gave rise bo CIS6 ME cells. Jadging From ihe Kt cs of
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CIE6* cell peneratom | vitho, thise popalatione may represent
casly, imtenmediate, and |ib: sisges in WE cell development. These
MEC ol precursors were fousd i late as 5 months sfier troanspl anta-
tom indicating thet they con persist for @ bog fime in O
HONECID micoenvirames Similaly, usdflerentised, cm-
ek Iy inphomyyeloid CDASTOTEE O progamitom capable of
pemerating humen B, T, NE, aed prasalomonesytic cells under
appraprale cultive condtiong b vinn were manlaned over thie
bongg-termn in WOIWSCID mice el underwesst mansplsiation ™
Alogetdier, Bese resulis indeate that the microenvirement off
chimeric MOTWRCTD mice harboes husan ME progeniions, bul
Imsnaiticbent concentration of lack of cross-reactivicy of edogenons
wdEine ME oell-promoting cytokines, in paticoler 1L-15, prevens
progresskon 1o maiure CDS6° MK cells above de Background
lewela abserved in wnreaed comtrol FODVSCOTIY mice.

Humems FB MEC colls conn b d@ivided imis 2 subsets, pooeding o the
capression of cell surlpee markers and Pancional cismolen siies W48
Appmximesely 10% of @l HE cells are CDSPCT16™%= and
ey prodece sbundant cylokines fier acivation. The promnem
COSES=CT 0 subsel, representing ol lew 90% of NE cella,
secrebes less IFH- bul b5 more naturally syioiouie, This pheno-
tvphe distinetion wis nol apparenl bn the NE ool populason tha
vl oped b BODVSCTD mbee 6fter growth (acton injections, CINEG
wie expressed ol vl suface densites with a lage propation
off MK cells being CI6~% The fect that COSGSSCT 1 av cells
were 0l presenl as o predomisat ME edl popalation in growth-
Tinr-treated MODWECID mice soggeds that e devekpoen of
i suleel requines the presesce of ofber. possibly unksown,
cytokiies of hal cellilar selestion i@ impomant and canned b
mdmnkcked bn the NOINECID mowse mbereeny rnnmwenl, Despib:
s difference in phesotyple chameteriste, hman NE oclls of
HOINECID origin produce TFN-y, are sirongly cyininmie s
HLA class 1-deficlent K562 targets bm vier, mid are capable off
resduciogg BCS6E2 eryihrolenbemin tanor formation o vivo, Thes
functionaly resenibliog human PB NI cella

Aldpsiigh imhibibery and petivebery ecepiors have deflmed
functicns in maiure FB NE cells, telr roles in deweloping
Immnaiure ME cdlls is snclear. In growih-fecinr-ireated MNOIVECID
mice, we consstently Tound fewer humis NE cells egpressing tie
major wiggering recepior NEjpds tham TG NI cells. This ks
dflerent from ME cells generated in vitro from CD34+ colls, in
which MK p6 |5 expressed by most CT156+ cells md CT 6 by anly
wamnall progaition. Likewise, 2 other groips also obsemed MEpSG
preseding CI0E expression dufing ME cell Sflerentiation in
v 8T e MOTEECTD-Ser ved ME cells acquined the MEp5
phemorspe ondy ler fsolation of the progenitons snd aer fuher
cnilture. The mechamism that conirels the level of MEpSE expres-
oo dewing ME cell development bs mknown. Moiewortiy, how-
ever, s tht the surface densiny of MEp6 on masire MNE cells from
by PR Ge belerogeneais, wilh Sfflerem donors haiboiing
dflenent progortions of MEpSas=e gl NI peee colls dal display
bgh and bow eyinionke sctivity, respectivelyd Oty o the
MEQph mefivatory peceplon, the inhibitory pecepiom 10155,
CIFISEL, mnd WEBEL were nol detecied o RODVSCIDedenved
b ME cells sfler culoare, This may vesult in the absenee of
imdvdtnory shgnals and mary ephaee the killing capasity of KK cells
against meopl wstic Lrgets, as showmn by dhe inporisnt grefl-versus-
leukeinia effect b haploidendod pasplotation.

ME cells, thioigh the producton of immimeregilaory oyti-
s el cytotnxic effects, we comdidates for immunoiberapy of
trarsfommed or fecied tissuzs. It remans G be seen whether
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adoptively mansiemed ME cells of HOIVSCID celgin hal recng-
i zed and killed HI A -defiel s targes can abso suppeess the growth
of primary human vemors. Motably, cyokines that boost the
maiuratiom of MK cells an chimence NODNECID mice have bein
shosm b geicrale poisnl MNDMMOP responses Treatment of
asor-beaning mice with FL beisds b tamor regression thiosgh the
activation of dendritic md ME cella ™ [L-15 activates T and ME
cella, md greclinical sisdes show enbuncod protection agenst
wire challenge snd o potenial for [1-15 a8 & lesodr vecZing
adjuramt Y (nberestingly, we recently found dhat 11-15 up-
regulates FIL expression i that afver stems oell wansplantation, FL
lewels e srongly ereised %9 sugpesting that these I growth
Hectiors coditribane o D Fecovery of MK wells in patients whoe have
undergone tramsplatation !’ Oagaing Sscoveies ol ME-specific
recepinr md lecreasing knowbed pe abow their respective ligasls®
provkde the mems o moduate the eponses of meiue ME cells
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g either specific antibo®es™ or penetic modifcation. MO

SCITF mioe with froplanied Bemato poiete progedion represen
an {rportas model (or v o usting Se imomussedennpeutic of iy
of humaan WNE cells ad For devestigation of the factors and shgnads
orclestrating Fonmation of dee ME sell oot e i himns.
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VI. DISCUSSION

1. Lentiviral transduction of NK cell lines, primary NK cells and
hematopoietic progenitor cells

The effector functions of NK cells are regulated by the complex interaction of activating and
inhibitory receptors [1]. This tightly balanced regulation of NK cell activity offers the chance to
manipulate the counteracting signalling of activating and inhibitory receptors on NK cells. In
particular, the possibility to shift the receptor balance on NK cells towards a status that favours the
activating signals would augment NK cell anti-tumor activity and thus would serve as an attractive

approach in cellular immunotherapy.

Direct indication supporting the concept that a modulation of the receptor balance can enhance NK
cell anti-tumor responses was provided by reports on allogeneic hematopoietic stem cell
transplantation (HSCT) in the management of hematological malignancies. Ruggeri et al. [103, 106]
could show that NK cells play an important role in the elimination of residual leukemic blasts after
transplantation. A favourable prognosis was observed in AML patients receiving a haploidentical
stem cell graft with a mismatch between inhibitory killer cell immunoglobulin-like receptors (KIRs)
in the graft and the patients” HLA class I molecules (KIR-ligands). The activation and anti-tumor
activity of donor-derived NK cells was favoured due to the lack of inhibition. Since NK cells do not
contribute to the development of graft versus host disease (GVHD) after allogeneic transplantation
[135], these pioneering studies on NK cell alloreactivity upon KIR-ligand mismatch suggest the
adoptive transfer of NK cells to obtain a graft versus leukemia (GvL) effect devoid of the
deleterious GVHD reactions. Indeed, pre-clinical studies were initiated with alloreactive NK cells
given as donor lymphocyte infusions (“NK-DLI”) in haploidentical transplantations to prevent
leukemia relapse or to combat recurrent disease [137] [138].

The feasibility to manipulate the receptor balance in favour of NK cell activation was proven in a
recent study in a murine model of acute leukemia. The blockade of interaction between KIRs on
NK cells and their MHC class I ligands on target cells by the treatment with F(ab), fragments of
anti-KIR monoclonal antibodies protected mice from leukemic death. The same effect was also

achieved upon the adoptive transfer of IL-2-activated NK cells treated with anti-KIR F(ab),
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fragments ex vivo [159]. However, given the higher complexity in the human system, where subsets
of NK cells express different inhibitory receptors for self-HLA molecules, only the simultaneous
blockade of several receptors may provide a sufficient anti-leukemic effect.

The activating receptor NKG2D and the natural cytotoxicity receptors (NCR) NKp30, NKp44 and
NKp46 have emerged as major triggering receptors involved in the HLA-independent lysis of
various tumor cells [27]. We focused on NKp46, which is expressed by all human NK cells
irrespective of their state of activation. The surface density of NKp46 varies within an individuals’
polyclonal NK cell population and the expression level correlates with the spontaneous natural
cytotoxicity of NK clones against allogeneic or autologous target cells [42]. Taking advantage of
these activating properties of NKp46, our approach was to over-express the receptor by gene
transfer and, thereby, to increase the cytolytic activity of NK cells.

Only few reports on the stable genetic modification of NK cells exist so far, and most studies were
performed with NK cell lines rather than with primary NK cells. The described methods include
particle-mediated transfection and the retroviral transduction with “classical” murine leukemia virus
(MLV)-based vectors or vaccina virus-derived vector systems (protocols in NK cell... ,Colonna).
The genetic modifications mostly aimed at the delivery of cytokine encoding genes to NK cell lines
and were shown to allow the propagation of cells independent of the particular cytokine or to
enhance the effector functions of modified cells [160] [161]. In this context, some studies were
designed with the goal to modify effector cells for the application in cellular immunotherapy [162],
but clinical trials with gene-transfected primary NK cells, NK-T cells or tumor infiltrating T-
lymphocytes (TIL) were hampered by the poor efficiency of gene-transfer and the down-regulation
of transgene expression [155]. A variety of reports focused on the genetic modification of NK cell
lines in order to gain new insights in the biology of intracellular signalling or receptor-ligand
interactions. For example, retrovirus-mediated transduction experiments showed the successful
transfer of genes encoding “wild type”, mutant or chimeric versions of KIRs or of NCRs to study
the role of ITAMs and ITIMs in the intracellular signalling cascade [49] [163-166].

Similar to our approach some studies aimed at the over-expression of genetically engineered
chimeric receptors to induce a target specific cytolytic activity of NK cell lines. Such chimeric
receptors consisted of an intracellular signalling subunit, either the ITAM containing CD3C-chain or
the FceRlIy-chain, which was fused to the ligand-binding extracellular domain of CD4 to form a
chimeric CD4C or CD4y receptor, respectively. The target induced cross-link of the chimeric
receptors was shown to deliver an activatory signal to the modified cells and specifically directed

NK cell killing towards targets carrying the HIV-derived gp120 protein, the ligand for CD4 [167-
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169]. This approach to direct NK cell effector functions in a target-specific way clearly indicates
that it is feasible to augment the cytolytic activity of NK cells through the transfer of genes
encoding activating receptors.

Nonetheless, expression of exogenous genes in NK cells and NK cell lines has proven to be
extremely difficult. In all the above-mentioned reports only low efficiencies of gene transfer were
achieved. The MLV-based transduction rate of NK cell lines never exceeded 5 to 15% [49].
Moreover, despite the stable transgene-integration to the target genome is mediated by murine
retroviral vectors, high rates of transcriptional silencing due to the methylation of the viral L'TRs
occurs [155]. Furthermore, the retroviral transduction of primary lymphocytes needs the unspecific
activation of cells, which was shown to increase the susceptibility to apoptotic death of modified

cells [170].

For our gene transfer experiments we used HIV-derived lentiviral vectors, which are superior to
common retroviral vectors. These vectors mediate the efficient gene delivery into mature and cell
cycle arrested, terminally differentiated cells, including neurons, retinal cells [171], liver cells [172,
173] or PB-derived dendritic cells [144]. Lentiviral vectors were also demonstrated to transduce
activated or even resting lymphocytes including the CD56+ NK-T cells with high efficiency [174]
[175]. Likewise, HIV-based vectors are capable to efficiently transduce human CD34+
hematopoietic progenitor cells in the absence of cytokine stimulation [176], as well as the human
SCID repopulating cells (SRC) that are capable of long-term engraftment in NOD/SCID mice [177]
[178] [176]. Bone marrow from these primary recipients could repopulate secondary mice with
transduced cells confirming that genetically modified cells included primitive progenitors, possibly
the “true” quiescent stem cells [179]. By the in vitro differentiation of transduced progenitors the
lentiviral transduction provides the opportunity to generate transgenic cells of all blood cell
lineages. This approach lead to the successful transfer of the green fluorescent protein (GFP)
marker gene to granulocytes, monocytes, erythroid cells, dendritic cells [180, 181] as well as natural
killer cells [182]. Due to this highly efficient gene delivery to stem cells and their progeny and due
to the fact that the integrated provirus is less prone to transcriptional silencing, lentiviral vectors

represent a promising tool in certain gene therapy approaches.

In all lentiviral transductions carried out in our studies, HIV-based vectors of the so-called “2™
generation” were used. These vectors are self-inactivating (SIN) vectors due to an almost complete

deletion of the U3 region of the 3’LTR [149] and contain a posttranscriptional regulatory element of
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the woodchuck hepatitis virus (WPRE) that enhances transgene expression [150]. We used single-
gene transfer vectors (“pLox-vectors”) encoding either the gene for NKp46 or for the GFP marker,
as well as bicistronic constructs (“pWP-vectors”), which contained both the NKp46 and the GFP
genes. The bicistronic vectors additionally carried the nuclear translocation regulatory element
cPPT/CTS and in all vectors transcription was driven by the EF1-alpha promoter either in its long,

intron-containing (in the pLox-vectors) or short intron-less (in the pWP-vectors) version.

1.1 Lentivirus mediated genetic modification of cell lines

We first performed transduction experiments with the Jurkat T lymphocytic cell line and the NK
cell lines NKL and NK92 in order to confirm the integrity and functionality of the different vector
constructs. Since the Jurkat T cell line lacks endogenous NKp46 but expresses the CD3zeta
signalling subunit that serves as the adaptor protein of NKp46 in NK cells, Jurkat cells were chosen
as a model system to investigate expression and signalling capacity of the transgenic NKp46
protein. NK92 and NKL cell lines express endogenous NKp46 at very low levels, which should

allow to study the consequences of the receptor over-expression for NK cell effector functions.

Our results showed that the Jurkat cell line is highly susceptible for the transduction with all GFP
encoding vector constructs including the bicistronic vectors. Transduction rates of virtually 100%
were achieved using concentrated virus even at a low MOI (<10). In contrast, expression of the
NKp46 receptor in transduced Jurkat cells was consistently less efficient. When the single-gene
vector pLox-NKp46 was used between 40 and 60% of cells expressed the transgene. Also
transduction with bicistronic vectors resulted in the NKp46 expression in not more than 80% of
cells. It remains to be clarified if the observed failure of NKp46 expression in a subpopulation of
transduced Jurkat cells is due to post-transcriptional modifications of the vector mRNA or to a post-
translational phenomenon affecting the protein stability or its export to the cell surface. A limiting
expression of the adaptor molecules CD3zeta and FceRIy is most probably not the reason since it
was demonstrated that NKp46 surface expression is independent of the signalling molecules [40]. In
case of the bicistronic vectors, splicing events and unspecified post-transcriptional modifications of
the vector mRNA that may impair the expression of the upstream NKp46 gene cannot be ruled out
but seem to be unlikely, since usually the expression of the downstream gene is affected in such

multigene transfer vectors [183].
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Nevertheless, the combination of FACS-sorter purification of transduced cells together with single-
cell cloning resulted in the generation of clones of the Jurkat cell line that homogenously displayed

the transgenic NKp46 receptor at the cell surface.

The NK cell lines NK92 and NKL showed a very low susceptibility to the transduction with all
GFP-containing vector constructs tested. Even at an MOI of 20-30, poor efficiencies between 1 to
3% were measured. The reason for this low susceptibility of NK92 and NKL compared to the T
Jurkat cell line remains elusive but our results are in line with published data indicating that NK cell
lines are refractory to gene transfer [49]. Despite the low transduction efficiency in NKL and NK92,
we were able to generate 100% transgenic NK cell lines by the FACS sorter based enrichment of
cells transduced with the NKp46 encoding bicistronic vector. Importantly, long-term culture of
transgenic Jurkat cells and the two NK cell lines revealed the stable and sustained expression of the
GFP marker as well as of the transgenic NKp46 receptor over a time period of at least 10 weeks.
NKp46 expression was confirmed by western blot analysis and RT-PCR technique in Jurkat cells
transduced either with the single-gene or the bicistronic vectors. For both vectors the sustained
transgene expression at equal high levels indicates that there is no difference in the activity of both
types of EF1-alpha promoters (“short” and “long” version).

Transductions performed with NK92 and NKL using the bicistronic pWP-vectors revealed a high
initial efficiency of up to 45% GFP+ cells on day 2 post infection, which rapidly declined within the
following few days. This phenomenon was not observed with the pLox-vectors and most probably
reflected a “pseudotransduction” which might be due to the cPPT/CTS regulatory element present
in the pWP constructs. Interestingly, this phenomenon of pseudotransduction was not observed in
the Jurkat cell line but was also seen with primary NK cells (see below). Thus, NK cells may allow
the infection and efficient nuclear translocation of vector DNA but remain refractory to stable
genetic modification. In this context it needs to be elucidated whether the low transduction
efficiency observed in NK cell lines and primary NK cells is due to mechanisms that minimize the

transgene integration or due to mechanisms that promote the silencing of integrated vector DNA.

We chose several experimental approaches to investigate the functional integrity of the transgenic
NKp46 receptor. The upregulation of the activation marker CD69 and the release of intracellular
Ca® ions were measured in transduced Jurkat cells upon the monoclonal antibody mediated
crosslink of the transgenic receptor. We also measured the release of IFN-y by transgenic NKL and

NKO92 cells in response to the engagement by anti-NKp46. Further, we analysed the cytotoxic
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activity of the transduced NK cell lines by anti-NKp46 mediated “re-directed” lysis of the NK cell-
resistant murine target cell line P815.

Except for the weakly enhanced specific intracellular Ca* release in Jurkat cells, all other assays
did not reveal any substantial effects upon the engagement of the transgenic NKp46 receptor neither
in Jurkat cells nor in NK cell lines. Thus, our main conclusion from the functional assays is that the
transgenic NKp46 receptor fails to transmit an activating signal upon ligation. One explanation for
the lack of activity of the exogenous NKp46 receptor can be that the N-terminal FLAG tag on the
receptor may interfere with the antibody-mediated ligation of the receptor. Alternatively, it is
possible that the tag-epitope may influence the steric properties of the receptor thus interfering with
an association with the adaptor proteins. The apparent although weak response of transgenic Jurkat
cells as measured by the intracellular Ca®* release, would be in line with this assumption.

Another possible explanation might be that the adaptor proteins necessary for transmission of the
intracellular signalling are missing or limited in their accessibility to NKp46 in the transduced cell
lines. Since the surface expression of NKp46 was demonstrated to be independent of the adaptor
proteins [40] it is indeed possible that NKp46 is expressed at the surface but is functional inert due
to the lack of associated adaptor molecules. Although we found CD3zeta and FceRIy mRNAs in the
NK cell lines and the Jurkat clones, the amounts of the signalling subunits may be insufficient for
the function of exogenous receptors. If so, a low expression of adaptor proteins could explain the
lack of activation in Jurkat cells or the failure to induce cytokine release or the redirected killing of
anti-NKp46 coated P815 targets by the transgenic NK cell lines.

However, in a recent report on the retroviral transduction of NK92 the successful transfer of FLAG-
tagged “wild-type” NKp44 receptor and mutant versions of the NCR was shown [49]. The authors
could validate that the surface expression of NKp44 needed the co-expression of DAP12 adaptor
molecules and that the transgenic receptor was able to deliver triggering signals through the
association with endogenous DAP12. The anti-NKp44 mediated re-directed lysis of otherwise
resistant target cells and the upregulation of activation marker by the modified NK92 cell line

clearly indicated that the approach to express exogenous NCRs, such as NKp44, is feasible.

Altogether, our results show that the lentiviral vector system is suitable to transfer the cDNA for the
natural cytotoxicity receptor NKp46 with varying efficiency and leads to a stable transgene
expression in different cell lines. Even though the lentiviral vectors showed a limited capacity to
transduce the NK cell lines NK92 and NKL, the enrichment of transgenic cells with a sustained

long-term transgene expression was possible. The functional data, however, strongly suggest that
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the exogenous NKp46 receptor is not functional, most probably due to impairment in its signalling

capacity by as yet undefined mechanism.

1.2 Lentivirus mediated genetic modification of primary NK cells

Lentiviral transductions of primary NK cells were performed either with freshly isolated NK cells at
the day of isolation or with NK cells that were cultured and activated with IL-2 and PHA
(“restimulated”) for 14 to 20 days. For both stages of cell activation the transduction efficiencies
were equally low either with the single-gene pLox-vector or with the bicistronic pWP-vector. Even
at an MOI of 20 the GFP marker was expressed by 3 to 5% of cells, indicating similarly low
susceptibility to lentiviral gene transfer as with NK92 and NKL. In addition, similar to the NK cell
lines, high rates of pseudotransduction in primary NK cells were observed with the bicistronic
vector. Restimulated and cultured primary NK cells displayed a GFP expression on day 2 post
infection in up to 80% of the cells, which rapidly dropped to levels equal or below that obtained
with single gene vectors.

For the GFP encoding pLox-vector we could show that the proportion of transduced cells was
maintained through the process of in vitro restimulation, although there was a tendency of loosing
the transgene expressing cells upon repeated stimulations. In addition, such cultures often were
over-grown by contaminating residual CD3+ T and NK-T cells. These limitations were
circumvented through the enrichment of transduced CD56+ CD3- NK cells by FACS-sorting,
which resulted in the generation of pure populations of GFP-expressing NK cells suitable for the
subsequent expansion. Taking into account that the process of restimulation usually leads to cell
expansions in the range of 1000- to 2000-fold from a starting population of around 3x10’ cells, this

approach represents a highly efficient way to generate large amounts of transgenic NK cells.

Recent results from our lab showed that infections of freshly isolated NK cells that were stimulated
for two days with IL-2 resulted in 4 to 5 times higher transduction efficiencies with up to 30%
transgenic cells. The reason for this increased susceptibility to gene-transfer remains elusive. In
particular, it is surprising that restimulated NK cells, which represent highly proliferating cells, are
more refractory to gene transfer than NK cells activated with IL-2 only. This lower susceptibility is

difficult to explain but might be caused by the PHA-dependent expansion with its unspecific effects
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on cell activation. Analogous to the results achieved with cultured NK cells, cells transduced two
days after isolation maintained the initial transduction efficiency during the process of
restimulation.

For the gene-transfer of the NKp46 receptor to freshly isolated and IL-2 pre-activated NK cells we
used the bicistronic transfer vector only; no infections were done with NKp46-encoding single-gene
vectors. The enrichment of transgenic cells by FACS sorting of restimulated cultures resulted in NK
cell populations that displayed GFP expression in almost 100% of the cells. In contrast to what we
observed with cell lines, no exogenous NKp46 surface expression was detectable on the primary
cells. Interestingly, these transduced NK cells had progressively downmodulated endogenous
NKp46 during expansion, while the GFP expression remained stable even after the third
consecutive restimulation. Whether the low level of endogenous NKp46 is in any relation to the
absent surface expression of the transgene remains uncertain. It is particularly of interest, whether
the same mechanisms which are responsible for the down regulation of endogenous NKp46, could
have influenced the transgenic receptor. Mechanism limiting the NKp46 expression through the
regulation of the CD3zeta and FceRIy adaptor proteins can be ruled out, since RT-PCR analysis
showed the transcription of both molecules in transduced NK cells and since the surface expression
of NKp46 was shown to be independent of the expression of adaptor proteins in NK cells [40].
Instead, it might be possible that an unspecified interference of vector mRNA with endogenous
transcripts occurs, which in turn would affect both the expression of the endogenous as well as that
of the transgenic receptor.

Despite lacking cell surface expression of the transgene encoded NKp46, RT-PCR analysis of
transduced NK cells confirmed the presence of the bicistronic transcriptional unit including the
mRNA sequence encoding the exogenous receptor. Thus, post-transcriptional modifications of the
bicistronic vector mRNA affecting the up-stream gene only, interference of the vector-encoded
preprotrypsin leader sequence with protein transport-processes or the instability of the exogenous
NKp46 protein in primary cells may result in the observed lack of its surface expression. In favour
of these possibilities is the observation that yd T cells transduced with the bicistronic vector also fail
to express NKp46 (recent data; not included in the thesis). In this case the possibility of an
interference of endogenous mRNA or its regulatory elements with vector transcripts can be ruled
out since Y3 T cells lack endogenous NKp46.

In an alternative approach to express exogenous NKp46 in primary NK cells, we took advantage of
the pseudotransduction achieved with the bicistronic vectors, which led to a high but transient

transgene expression. This short-term effect was used to restore the NKp46 surface expression on
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polyclonal primary NK cell populations that had almost completely down-modulated NKp46
expression upon the repeated PHA-dependent cell expansion. This approach allowed us to analyse
the cytolytic potential of modified NK cells and to assess the functional activity of the exogenous
NKp46 receptor in primary cells.

Our results revealed that the transient transduction of NKp46 did not interfere with the efficient
cytolysis of different NK cell sensitive target cells. However, as observed for the transduced NK92
and NKL cell lines, the engagement of the transgenic receptor could not mediate any NK cell
effector functions. In particular, the surface expression of exogenous NKp46 did not correlate to an
enhanced cytotoxicity against target cells expressing the putative NKp46-ligand(s), (as identified
through the binding of soluble NKp46 molecules). More striking, the fact that anti-NKp46 mAbs
did not trigger the “redirected” lysis of the murine P815 target cell line, again strongly suggests that

the exogenous receptor is impaired in its capacity to transmit any activating signals.

1.3 Lentiviral transduction of cord blood derived CD34+ hematopoietic progenitor cells

Our second approach to generate transgenic primary NK cells was to apply the lentiviral gene
transfer to hematopoietic progenitor cells followed by in vitro differentiation towards the NK cell
lineage.

CB derived CD34+ progenitors were transduced either with the pLox-vector or the bicistronic
pWP-vector at an MOI of 20-30 and were immediately subjected to the differentiation culture for 6
to 8 weeks. The transduction efficiencies were determined early after infection and the maintenance
of transgene expression together with the proportion of developing NK cells were monitored
throughout the process of differentiation. Transductions with the GFP-encoding single-gene vectors
revealed an efficiency of gene transfer that was on average 16,8+9,9%, which is within the broad
range of results reported for lentiviral vectors that carry the EFlalpha promoter and are devoid of
the cPPT/CTS regulatory element [181, 184]. In certain reports describing remarkable high rates of
more than 90% gene transfer efficiency to CD34+ progenitors, transduction protocols involved
multiple infections at exceedingly high MOIs with viral titers that were far beyond those we could
produce [182] [185].

One of the most important findings in the transduction of progenitor cells with the pLox-vectors

was that during in vitro differentiation the percentage of GFP+ cells was maintained at the initial
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level and that the proportion of transgene expressing cells was stable within the population of
developing NK cells. This is in accordance to several reports that describe a stable, multilineage
transgene expression upon the in vitro differentiation of transduced progenitor cells [180, 181, 185,
186] and indicates that neither the lentiviral transduction per se nor the GFP expression interfered
with the process of in vitro differentiation.

In addition, this in vitro differentiation approach turned out to represent a very efficient way to
generate transgenic NK cells. Differentiation cultures were usually started from 2x10° progenitors
with an average content of CD56+CD3- NK cells that reached approximately 40% at week 4 of in
vitro culture. Thus, given a roughly 350-fold mean expansion rate after 4 weeks, this corresponds to
an average output of about 30x10° NK cells. Assuming the proportion of transgenic cells to be 20%,
this would correspond to an absolute amount of at least 6x10° transduced NK cells. This high output
of transgenic NK cells could be substantially increased by the FACS sorting of transduced
progenitor cells on day 4 post infection, which resulted in the development of almost pure

transgenic NK cell populations during the in vitro differentiation of CD34+ progenitors.

We further could demonstrate that NK cell in vitro differentiation cultures can be expanded with
PHA in the presence of IL-2 at high rates comparable to those achieved in the restimulation of PB
NK cells. However, in contrast to primary transgenic PB NK cells where the content of transduced
cells was usually stable during restimulation, the differentiation cultures had a far higher tendency
to loose the transgenic cells upon PHA-dependent expansion. Therefore, the FACS-sorting of
transduced progenitors prior to the restimulation was necessary to maintain the transgenic cells and

usually resulted in a high yield of nearly 100% transgenic NK cells.

However, this promising approach developed using the GFP marker gene was not applicable to
generate NK cells transgenic for the NKp46 receptor. Transgene expression was neither detectable
in differentiation cultures transduced with the single-gene pLox-vector nor in cultures transduced
with the bicistronic pWP-vector. For both types of vectors distinct explanations can be suggested
for the observed failure of NKp46 expression.

For transductions with the pLox-NKp46 virus we estimated the viral titers based on the average
yield achieved with the GFP-encoding vectors, which possibly led to transductions below the
intended MOI of 20 to 30. This may have resulted in a content of transgenic cells that was

undetectable by FACS analysis, even though PCR analysis of genomic DNA and RT-PCR on whole
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differentiation cultures revealed the integration and presence of transcripts of exogenous NKp46 for
at least six weeks during culture.

An alternative explanation is that the transgene may interfere with the in vitro differentiation of NK
cells, meaning that the exogenous NKp46 protein might impair the development of early NK cell
progenitors. Such a suppressive, or even apoptotic effect would lead to the loss of transgenic NK
cell progenitors. This hypothesis is supported by results obtained in transductions performed with
the bicistronic vector, which resulted in only transient transgene expression which very rapidly
decreased to low levels. This might indicate the progressive loss of transduced progenitor cells,
even though it also can be contributed to pseudotransduction of progenitors as observed for cell
lines and primary NK cells. In addition, we could demonstrate that differentiation cultures starting
from FACS-sorter enriched transduced progenitors resulted in almost pure GFP-expressing
populations that were mainly of the myeloid lineage with an NK cell content below 1%. This low
NK cell content indicates the disappearance of transduced progenitors committed to the NK cell
lineage, which resulted in an almost complete suppression of NK cell development. However,
although in the remaining myeloid fraction of the differentiation culture no exogenous NKp46
expression was expected, the fact that all GFP+ cells were negative for NKp46, implies instead the
presence of additional, yet unspecified mechanisms that suppress transgene expression in an
equivalent way as observed in primary NK cells or y0 T cells.

Finally, the lack of NKp46 expression upon transduction with the pWP-vectors can be explained by
a differential activity of the short version of the EF1-alpha promoter in NK cell progenitors and
mature NK cells. This conclusion was drawn from the fact that in differentiation cultures transduced
with the “empty”, GFP-encoding control-vector (“short” EF1-alpha) the GFP expression in the
developing NK cell population was markedly lower compared to the expression in the non-NK cell
population. This effect was not observed in mature PB-derived NK cells where the short EF1-alpha
promoter was shown to efficiently drive the GFP expression. In contrast, in all pLox-vector
transduced cultures (“long” EF1-alpha) the content of GFP+ NK cells was always as high as the
overall content of transgenic cells.

All these putative mechanisms may independently impair the expression of NKp46 in transduced
progenitor cells, but most probably act in an synergistic way, resulting in an almost undetectable

transgene expression.

148



Discussion

1.4 Conclusions

Our results demonstrate that lentiviral vectors are suitable to obtain stably transduced NK cell lines
or primary NK cells. Transgenic PB-derived NK cells can be expanded to high numbers without
loosing the expression of the GFP marker, thus indicating the possibility to use genetically modified
and expanded NK cells for the adoptive transfer in the immunotherapy of hematological
malignancies.

We further demonstrated that GFP+ primary NK cells can be generated by the in vitro
differentiation of lentiviral transduced CB-derived hematopoietic progenitors. This approach
represents a highly efficient method to produce large amounts of modified NK cells, in particular in
combination to FACS-sorter enrichment of transduced progenitor cells together with the PHA-
dependent expansion of in vitro generated transgenic NK cells. This approach gives the opportunity
to use genetically modified progenitors in hematopoietic stem cell transplantations for the treatment
of acute leukemias. Since donor-type NK cells develop rapidly in the early phase after
transplantation the over-expression of tumor-specific activatory receptors would direct NK cell
effector functions specifically towards the diseased cells, thereby contributing to GvL activity

against residual malignant cells.

However, all attempts to genetically modify primary or in vitro generated NK cells to overexpress
the NKp46 receptor revealed two major constraints for the transfer of the NKp46-encoding gene.

First, although a sustained expression was achieved in NK cell lines, no stable surface expression of
transgenic NKp46 could be detected, neither in hematopoietic progenitor cells of differentiation
cultures nor in primary PB-derived mature NK cells. Second, the transgenic NKp46 receptor we
used turned out to be functional defective or at least impaired in its signalling capacity, without the
ability to trigger cytotoxic responses. This failure in the induction of cell activation and NK cell
effector functions was observed in stably transduced Jurkat cells or NK cell lines, as well as in

transiently transduced primary NK cells.

Taken together, the stable lentivirus-mediated expression of exogenous NKp46 receptor is limited
to cell lines but for yet undefined reasons seems to be not feasible in primary cells. Moreover, the
lack of transgene-mediated activation in NK cell lines as well as in primary NK cells may be due to
different counteracting effects that most probably interfere with each other. Some of these

interfering effects can be directly attributed to the cDNA construct we used, like the N-terminal
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FLAG tag, the signal peptide that is not NKp46 specific or the IRES element and thus imply the re-
cloning of the vector using the original leader sequence in a backbone that is devoid of additional
elements. On the other hand, if the failure to transmit an activation signal may prove to be related to
a limited availability of the adaptor proteins, the co-transduction of NK cells with cDNA for the
corresponding CD3zeta and FceRIy subunits should be considered.

Alternatively, the generation of chimeric receptors represent a reasonable approach to induce an
NKp46 specific triggering. Chimeric receptors are well established in the re-direction of T cell
responses [155] and were also described as an approach to direct the cytolytic activity of transgenic
NK cells towards an HIV-derived epitope [169]. Such a chimera would consist of the extracellular
part of NKp46 that directs the specificity towards the tumor ligands fused to the signalling

components of the CD3zeta- or FceRIy chains.

2. Characterization and adoptive transfer of autologous AML-derived NK
cells for a cellular immunotherapy of leukemia

Acute myeloid leukemia is characterized by a poor long-term outcome following conventional
treatment with high-dose chemotherapy alone or in combination to HSCT. In the majority of AML
patients, even a complete remission is associated with a minimal residual disease that is prone to
high incidence of relapse with a rapid progression. Together with the fact that a substantial
proportion of patients, in particular elderly or in a bad overall condition, cannot undergo
chemotherapy or transplantation, new approaches in the management of acute leukemia are clearly
of need. Recent studies on the role of NK cells in the immunosurveillance of hematological
malignancies point towards the use of NK cells as an immunotherapeutic tool for the treatment of
AML. The anti-leukemic activity provided by alloreactive NK cells in the context of HSCT [187]
and the finding that a low or lacking anti-tumor reactivity of autologous NK cells can be correlated
to the probability of leukemia relapse in AML patients [89, 90] suggest an adoptive transfer of
allogeneic or autologous NK cells as a new strategy in leukemia immunotherapy.

In AML several mechanisms can be hypothesized to explain that malignant cells escape the immune
surveillance by cytotoxic effector cells. Leukemic blasts were found to preferentially down-regulate

the expression of HLA class I molecules that are associated with the recognition and lysis by
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cytotoxic T cells, but keep those that mediate NK cell inhibition [91] [157]. Malignant cells may
also escape NK cell attack by the in vivo selection of leukemia-initiating progenitor cells, which
lack ligands for NK cell triggering receptors [34] or display a certain resistance to NK cell lysis
such as an impairment in perforin binding [93]. Alternatively, the failure of NK cells to control
leukemia might be due to the loss or decreased expression of activating receptors involved in the
recognition of tumor targets [88].

To investigate the mechanisms of impaired recognition and lysis of leukemic blasts, we isolated NK
cells from AML patients (AML-NK) and activated and expanded them in vitro. For the phenotypic
and functional characterization of AML-NK cells, our studies focused on the expression of the
activating receptors NKG2D and the NCR NKp46 and determined the cytotoxic activity of NK cells

against the autologous blasts in vitro and in vivo in the NOD/SCID mouse transplantation model.

2.1 Isolation, expansion and phenotypic characterization of AML-derived NK cells

We isolated peripheral blood NK cells from 14 AML patients that were either newly diagnosed or
had a recurrent disease. The AML diagnosis at clinical presentation included the sub-types M1, M2,
M4 and M5 as well as not further categorized secondary AML. FACS based analysis revealed the
strongly diminished content of NK cells in AML patients compared to healthy controls. At
diagnosis NK cells accounted for less than 1% of PB MNCs, corresponding to an average 4-fold
reduction per leukocyte content that was even 10-fold below normal levels when calculated per total
MNCs. However, in absolute numbers NK cells in AML PB was in a normal range arguing that the
disease did not affect the NK cell development. As a consequence of this reduction and due to the
high blast content of 37-94% (per MNCs), the absolute amount of NK cells that could be recovered
from patient samples was poor. For all patients the total yield of CD3-CD56+ NK cells was in a
range of 0,2 — 3,0x10° cells. Thus, with regard to the low numbers that were far below the amount
required for functional assays, the NK cells were immediately subjected to in vitro restimulation
with PHA, IL-2 and irradiated allogeneic PB MNCs. This procedure led to the efficient expansion
of NK cells equal to that observed for control-NK cells with an 1000 to 2000-fold increase in total

cell numbers, a feature which was also observed with NK cells in remission [140]. Thus, unlike in
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chronic myeloid leukemia, in which the proliferative capacity of NK cells decreases with the
disease progression [80, 83] AML-NK cells can be expanded in vitro with high efficacy.

FACS analysis of the surface expression of different NK cell and lymphocyte marker revealed that
the phenotype of AML-NK cells in polyclonal expansion cultures closely resembled that of control-
NK cells. The restimulated NK cells acquired a uniform CD56"""/CD16™" phenotype and
displayed comparable distribution patterns of the subsets that expressed CD158a and -b, NK-B1 or
CDle6l.

The NKp46 expression on freshly isolated or restimulated polyclonal NK cell populations has been
described to be heterogeneous. Polyclonal NK cell populations either display a NKp46 phenotype
that is uniformly bright or dim or NKp46 expression is “bimodal”, representing a mixture of NK
cell clones of either phenotype [42]. Our results are in accordance to published data since we could
detect each phenotype in freshly isolated NK cell populations of healthy donors as well as in AML
patients. We demonstrated that the surface expression levels of NKp46 and NKG2D in expanded
AML-NK cell cultures did not differ from control-NK cells. In addition, we could show that the
average expression level of NKp46, defined by the mean fluorescence intensity ratio (MFIR),
remained at a constant level upon the in vitro expansion. The MFIR of NKp46 was 8,3 on freshly
isolated AML-NK cells and 6,9 after expansion, or 6,8 and 8,7 in donor-NK cells, respectively. In
contrast, the expression levels of NKG2D were clearly upregulated following the culture in AML-
NK cells (MFIR 6,4 to 27,0) as well as in donor NK cells (MFIR 10,0 to 27,1).

Interestingly, there has been a tendency of lower expression of NKG2D in fresh patients’ PB
(MFIR 6,4 vs. 10,0; P<0,05), which might be influenced by ligands shed from AML blasts in
analogy to the downregulation of NKG2D in T cells by MIC ligands released from solid tumors
(98],

The surface expression of NKp46 showed a certain dynamic during PHA-dependent restimulation,
with a transient down modulation of NKp46 and its recovery to initial levels. In some polyclonal
NK cell cultures the repeated restimulation was accompanied with the progressive loss of NKp46
surface expression to almost undetectable levels. This phenomenon was restricted to NKp46 since
the surface expression of NKG2D was always upregulated and sustained at high levels without any
major changes even upon several consecutive cycles of restimulation. It remains to be clarified if
this loss of NKp46 expression is due to the down-regulation of the receptor in the whole population
or whether this reflects a bias of the polyclonal population to the preferential expansion of NKp46*™

cells. In line with the latter is the observation that some polyclonal NK cell populations changed
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from a uniform bright phenotype to a bimodal distribution and finally consisted of cells with a dim
or almost negative NKp46 expression.

A negative or “dull” NCR expression in AML-NK cells upon the PHA-dependent in vitro
expansion was described previously [88]. The authors reported a defective NCR expression in 16
out of 18 AML patients, and could correlate this phenomenon to the observed failure in cytolysis of
autologous blasts. A similar loss or the tumor-mediated downmodulation of triggering NK cell
receptors was recently demonstrated as a mechanism of tumor escape in epithelial tumors [98].
However, since we observed the same NKp46 down-regulation in NK cells derived from healthy

donors, this phenomenon cannot be attributed to an AML-inherent defect in NK cell function.

With regard to the putative therapeutic application of expanded NK cells it would be of major
importance to define culture conditions that are not accompanied by the loss of activating receptors,
but, opposite, would allow to increase NK cell effector functions through the up-regulation of
adhesion molecules, co-receptors or triggering receptors. Therefore, we investigated the influence
of several cytokine combinations and their synergy to the IL-2- and PHA-dependent expansion with
the goal to enhance surface expression of NKp46 or NKG2D.

The effect of cytokines on the expression of NK cell receptors has not been studied extensively.
Earlier studies suggested that the expression density of most activating receptors is stable and not
influenced by IL-2, IL-12 or IL-15 [188]. On the other hand, it is known that activation with IL-2
induces the expression of the natural cytotoxicity receptor NKp44, which is absent on resting NK
cells [48]. Similarly, expression levels of human NKG2D are upregulated in response to IL-2 and
IL-15 in NK cells [189] as well as in intraepithelial CD8+0af3+ T lymphocytes [190].

We have extended these studies by using cytokines that are known to modulate homeostasis and the
function of NK cells, namely IL-12, IL-15 and IL-21, and used various combinations of these
cytokines along with IL-2. Our results demonstrated that these cytokines did not enhance the
proliferative capacity of AML- and control-NK cells in response to IL-2 and none of the cytokine
combinations could further increase the surface expression of NKp46. In contrast, the expression of
NKG2D was clearly suppressed in cultures that contained IL-12 and IL-21 either singly or in
combination. This in turn offered the possibility to perform functional assays to determine the
consequences of receptor down modulation in a system where the NKG2D receptor-ligands

interaction is well defined.
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Taken together, our results show that AML-NK cells do not differ from healthy control-NK cells;
even though reduced as a cell compartment, they retain a proliferative capacity that allows the in
vitro expansion to high cell numbers and they display the same expression pattern of the major

activating receptors.

2.2 Functional properties of expanded AML-NK cells

In addition to the phenotypic characterization of in vitro expanded AML-NK cells we determined
their functional properties. The functional activities of NK cells can be defined according to their
role as effector cells of the innate immunity. NK cells constitutively express several receptors for
monokines and chemokines and rapidly produce a variety of cytokines such as IFNy, IL-10, IL-13,
TNF-B, TNF-a or GM-CSF in response to stimulation. This immunoregulatory role is attributed to
the less abundant CD56"#"/CD16“™ subset of NK cells, whereas the majority of PB NK cells are
CD56"™, express high levels of CD16 and have a more important role in cytotoxicity [7]. We
showed that restimulated NK cells express uniform levels of CD56 and CD16 and therefore can no
longer be classified into functional subtypes. We examined the potential of expanded AML-NK
cells to produce IFN-y in response to IL-12 and IL-18 and analysed their cytolytic capacity against
the NK cell sensitive target cell line K562. Intracellular FACS analysis revealed that a high
proportion of AML-NK cells displayed the ability to produce IFN-y, analogous to that of control-
NK cells. Similarly, previous studies documented the ability of AML-NK cells in remission to
produce IFN-y and TNF-a after polyclonal activation [90, 140]. We also determined the cytolytic
activity against the K562 target cell line in *'chromium release assays at different effector to target
ratios and demonstrated that AML-NK cells were equally cytolytic as control-NK cells.

From these results we conclude that cultured AML-NK have a normal ability to produce
proinflammatory cytokines and have preserved their cytolytic activity throughout the process of in

vitro expansion.

In AML it was shown that the capacity to recognize and kill autologous malignant leukemic cells is
generally poor [88, 90, 191]. However, the cytolytic activity of patient-derived NK cells against
tumor cell lines could be correlated to the duration of remission [86], indicating the importance of

NK cells in the immunosurveillance of acute leukemia. A recent study could reveal an association
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of NK cell-mediated in vitro activity against autologous leukemic cells with the clinical outcome in
AML and ALL patients [89]. The loss of tumor-reactive NK cells in one patient was followed by
leukemia relapse, whereas in another patient treatment with IFN-a could revert the relapse to
complete remission, which was accompanied by the regain of NK cell activity against autologous
blasts. These results were confirmed on a larger group of 25 AML and ALL patients after
chemotherapy or autologous HSCT, where a low or absent activity was shown to be predictive of
leukemia relapse [90]. Thus, the data imply that the failure of NK cells to recognize and lyse
autologous leukemic blasts may contribute to the high incidence of relapse in AML. Earlier studies
on the NK cell activity at diagnosis found that leukemic blasts are resistant to autologous killing,
and concluded that patient-derived NK cells were functionally defective [87]. Likewise, in a recent
report the failure of AML-derived NK cells of lysing autologous leukemic cells was attributed to an
insufficient interaction between NK cell activating receptors and their ligands on the blasts [88].
This may either be due to the defective expression of triggering receptors on NK cells or to the low

density of the corresponding ligands on the tumors.

On the other hand, the fact that NK cells from AML patients in complete remission after
chemotherapy or after autologous HSCT exert a substantial anti-leukemic activity in vitro, justifies
the expansion of patient-derived NK cells for a putative application in cellular immunotherapy. A
recent study demonstrated that NK cells that were collected at remission, displayed a certain in vitro
activity against the autologous leukemic blasts after activation and in vitro expansion [140].
Accordingly, we isolated patient-derived NK cells at diagnosis or at disease relapse, and determined
the cytotoxic activity of in vitro expanded cells against autologous blasts. The main goal was to
define whether AML-NK cells are characterized by an inherent deficiency in target cell recognition

that may contribute to the escape of leukemic blasts from NK cell surveillance.

The analysis of the cytolytic activity of expanded NK cells from 5 patients revealed that the
spontaneous lysis of autologous blasts was very low. In 4 out of 5 patients the specific lysis at the
E:T ratio of 10 was below 10%. Importantly, the addition of anti-HLA class I monoclonal
antibodies, which interrupts the KIR-HLA interactions and thereby blocks inhibitory signalling,
induced a substantial level of cytolysis that ranged from 40 to 70% specific lysis.

Thus, our results demonstrate that in vitrro expanded AML-NK cells are capable to recognize and
efficiently lyse autologous leukemic blasts, through the interaction of activating receptors with their
ligands. These findings indicate that no intrinsic resistance in the leukemic blasts exists although

NK cell activation was dominated by the HLA class I mediated inhibition as demonstrated by the
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addition of HLA-masking mAbs. This strong NK cell inhibition represented by a low spontaneous
cytolysis of leukemic blasts was also observed when allogeneic control-NK or allogeneic AML-
derived NK cells were used as effectors, but rather unexpected since the high probability of KIR-
HLA class I mismatches in the allogeneic set-up should favour the opposite effect of an increased

susceptibility to cytolysis.

However, in one out of the five analysed patients, AML-NK cells had a fairly high spontaneous
cytolytic activity against the autologous blasts with a specific lysis of up to 30% at the E:T ratio 10.
Even though the HLA class I expression was within the range usually measured in AML, the
addition of HLA class I masking antibodies could only marginally increase the lysis by autologous
NK cells. Therefore, we suggest that the elevated expression of ligands for the activating receptor
NKG2D and the NCRs, NKp46 and NKp30, by the blasts may account for the observed
susceptibility to cytolysis. The blasts of this particular patient belong to the AML subtype M5,
which has been related to an increased level of NKG2D- and NCR-ligand expression. Indeed,
according to recent studies in our laboratory, acute leukemias of the subtypes M1 to M4 were found
to express low levels of triggering ligands, whereas the M5 and M7 subtypes of AML, which affect

more mature progenitors, displayed higher ligand levels [192].

In conclusion, our data implicate that a low density of NKG2D and NCR ligands, due to the
incomplete process of myeloid lineage maturation or ligand shedding [34], together with the

abundance of HLA class I molecules, are compromising the recognition of blasts by NK cells.

2.3 The NOD/SCID transplantation model and immunotherapeutic consequences

One of the important issues of the present study was to explore the potential of activated and in
vitro expanded NK cells from AML patients for an adoptive transfer in the cellular immunotherapy
of leukemia. In this context we used the NOD/SCID transplantation mouse model which have
previously been employed to demonstrate the cytolytic potential of human haploidentical NK cells
against CML blasts [106], to investigate the in vivo activity of activated and expanded AML-NK
cells. First we could demonstrate that adoptively transferred AML-NK cells were able to exert an
anti-tumor activity in K562 erythroleukemia engrafted NOD/SCID mice. Mice were inoculated
subcutaneously with K562 cells and injected one day later with AML-NK cells. Our results showed
that in mice that received the adoptively transferred AML-NK cells the tumor formation was
significantly suppressed over a time period of four weeks. This effect was most probably due to an

NK cell target interaction in an early phase after the adoptive transfer since we could not detect any
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infiltration of the tumors with human NK cells. This is in line with a recent report demonstrating
that human NK cells injected into the circulation of NOD/SCID mice accumulate in the BM and
spleen within the first 24 hours post transplantation but were not anymore detectable after 72 hours
[193]. Thus, in this case the suppressive effect of NK cells on tumor formation might be due to a

rapid purge of tumor initiating cells.

We further extended the NOD/SCID in vivo model to the transplantation of human primary AML
blasts. 10x10° AML blasts were injected, and the engraftment was determined on week 4 to 8 in the
peripheral blood or in aspirated bone marrow samples. In 5 out of 7 patient samples the
transplantation resulted in an engraftment with human leukemia, with an average of 27% of human
cells detected in the BM of recipient mice on week 8 post transplant. These values are in accordance
to previously reported results on the transplantation of AML into NOD/SCID mice with an average
engraftment of 13% for 70% of the more than 60 different samples [194]. In this particular report
the failure of engraftment in mice was also found to correlate to the FAB-type and the cytogenetic
status of AML blasts.

Transplanted NOD/SCID mice that showed a substantial engraftment with human leukemia
received 3 to 5x10° in vitro activated and expanded autologous AML-NK cells along with IL-2 and
IL-15 in order to support the viability and to maintain the activation status of the infused NK cells.
Since only a short-term retention of the transferred NK cells in the mice was to be expected, we
analysed the mice one week after the adoptive transfer of NK cells.

Our results demonstrate that all mice that received AML-NK cells showed a significant overall
reduction of tumor load in the BM. The content of human leukemic blasts of an average of about
30% before NK cell treatment was significantly reduced to about 10%, corresponding to an overall
reduction of tumor-load of roughly 70%. In contrast, the content of blasts in the control-group,
which did not receive NK cells, was on average 16% and increased to about 18%, irrespective of
the administration of IL-2 and IL-15.

In conclusion, we could demonstrate that AML-NK cells display an anti-leukemic effect against
autologous blasts in vivo in leukemia-repopulated NOD/SCID mice. This in vivo activity was
observed despite the inhibitory signalling mediated by the interaction of HLA class I and the KIRs.
One possible explanation for the reduction of tumor load is that NK cell target interactions induced
apoptosis, which act through an HLA class I independent mechanism. Another possibility is that the
murine BM microenvironment influenced the transplanted leukemic blasts in a way that rendered
them more susceptible to NK cell lysis. This would imply that AML blasts may undergo a change

in expression of HLA class I molecules or of ligands for activating NK cell receptors. Indeed, we
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found an up to 5-fold upregulation of ligands for NKG2D and NCR receptors on leukemic blast that
were recovered from the murine BM. In addition, recent results in our laboratory demonstrate that
the exposure of AML blasts to myeloid-specific growth factors upregulated expression of activating
ligands and increased the susceptibility to NK—mediated killing [192]. The importance of triggering
ligands for the susceptibility to NK-mediated killing has been further demonstrated by studies in a
mouse tumor model, in which ectopic expression of murine NKG2D ligands resulted in efficient
NK- and T cell-dependent rejection of the tumor [38].

Therefore, we hypothesize that growth factors produced in the murine BM may have an influence
on the ligand expression by the transplanted AML blasts, which is substantial to counteract the

inhibitory signalling through HLA class I expression.

The possibility of substantial ex vivo expansion of highly cytotoxic AML-NK cells implicates their
usefulness as cellular therapeutics for the clearance of autologous leukemia. Infusions of donor-
derived NK cells, including NK cells activated by 2 week-long treatment with IL-2 in vitro, have
been reported as safe effective in increasing the donor chimerism in the transplanted patients [195,
196]. Given the importance of activating ligand-receptor interactions for the tumor recognition
process, clinical use of low dose of IL-2 [197] and IL-15 [198] to upregulate the receptors and
support the maintenance of adoptively transfered NK cells along with administration of myeloid
growth factors to upregulate the respective ligands may be beneficial in enhancing the effectiveness
of leukemia therapy with ex vivo IL-2-activated autologous NK cells. Moreover, the possibility to
enhance the expression of activating NK cell receptors by lentiviral-mediated genetic modification
of ex vivo expanded AML-NK cells still represents an option to optimize such immunotherapeutic

interventions.

Even though the mechanism of blast susceptibility to autologous NK cell-mediated lysis requires
further clarification, the strong reduction of tumor load upon the adoptive transfer of the autologous
AML-NK cells to NOD/SCID mice is promising and may be important for the design and future
progress in clinical immunotherapeutic treatment strategies based on infusions of autologous NK

cells.
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