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ABSTRACT

Blockade of Cytotoxic T lymphocyte antigen-4 (CTLA-4) can enhance anti-tumour responses in
preclinical models. A monoclonal antibody targeting human CTLA-4 (aCTLA4 mAb), is FDA
approved for clinical use against metastatic melanoma. Paradigms suggest that aCTLA4 mAb
blocks CTLA-4 dually on CTLA-4" Tregs (restricting regulatory activity) and CTLA-4™" CD4 Teff
(enhanced expansion) resulting in intratumoural Teff dominance and a net gain in anti-tumour
activity. More recently, antibody-dependent cellular cytotoxicity (ADCC)-mediated depletion of
CTLA-4" Tregs in the tumour has been flagged as a critical factor driving anti-tumour immune

responses.

We explored the ADCC hypothesis in an adoptive cell transfer model of murine melanoma. We
compared intratumoural Treg numbers in groups receiving CTLA-4""* or CTLA-4” tumour-
specific T cells with/without exogenous aCTLA4 mAb. Exogenous aCTLA4 mAb resulted in

+/+

diminished intratumoural tumour-specific Treg numbers in groups receiving CTLA-4"" but not
CTLA-47 T-cells. Endogenous CTLA-4"* Tregs were depleted intratumourally with aCTLA4 mAb,
irrespective of the CTLA-4 status of the adoptive cells. This data supports the proposed ADCC

mechanism of aCTLA4 mAb and its dependence upon target cell CTLA-4 expression.

Furthermore, we engineered tumour-specific T-cells to secrete aCTLA-4 mAb on IgG2a isotype
(high ADCC activity) or IgG1 isotype (low ADCC activity) for adoptive transfer into melanoma-
bearing mice. We found that transduced primary murine T-cells could engraft, infiltrate
tumours and secrete biologically active aCTLA4 mAb. Secreted IgG2a aCTLA-4 mAb was
strongly associated with intratumoural depletion of CTLA-4" Tregs, but unexpectedly CTLA-4-
replete transduced Teff were also vulnerable to depletion, and this significantly compromised
the anti-tumour potential of this therapy. Intratumoural depletion of CTLA-4" T-cells was not

associated with (secreted) IgG1 aCTLA-4 mAb or (secreted) isotype control mAb.

We believe that depletion of intratumoural Tregs is an important area for cancer
immunotherapy, but our experience of aCTLA-4 mAb underlines the importance of careful

immunomodulatory target selection to avoid toxicitiy.



ACKNOWLEDGEMENTS

I am hugely grateful to Karl Peggs for his supervision of this PhD and for the thoughtful and
considered advice, support and motivation he imparted throughout this process. | also extend
my gratitude to Martin Pule and Sergio Quezada for their excellent and enthusiastic co-

supervision, guidance, technical know-how and encouragement during this project.

It has been a privilege to form part of the Peggs and Quezada lab and | would like to thank all
the past and present members of the group. | have learned an extraordinary amount, have

made some great friends, and have the collective team to thank for that.

It has been an honour to form part of UCL during these past years and even more to have
received financial support from the MRC to pursue this project. It has been a fantastic

opportunity.

| am eternally grateful to my husband and children for their support, encouragement and love

throughout.



TABLE OF CONTENTS

DECLARATION ....cuuiiiuiiiiiiiiiireeiriuiieeetsesisrasssrasssrssssresssssasssrsssssasssrsssssenssssassssassssassssssssssnssssnssssas
Y S I 2
ACKNOWLEDGEMENTS......cituiiiiuiiiniiieeiiiiairieeirasisrassiraessrssssressstssssssasssssssssssssssnssssnssssasssssssssanssss
TABLE OF CONTENTS.......coitttieniiineninnessensssnssnsissnsssssssasssssssssssssssssssssassssssssssssssssassssssssassssssssssssssssssssss 5
LIST OF FIGURES.......cocotiiiitiininitiinissnsssnsnssssisssnsssssssassssssssssssss sosssssns sosasssssssssssssssssssssasssssssssssssssssnssss 9
LIST OF TABLES.........cocciiitiininintinnnisesinnnissessssssssassssssssnssssssssnsssssssssssossssssssns enssssns senssssns sensssssssssasssnssns 11
ABBREVIATIONS...... .ottt s sstes s s ssssessessssesssassnesesssssss e sassnssesssssensns sassnssessssasesas sos 12
S |V 1120 T 0 Lo I 0 14
1.1 Context Of the ProjJECt ..ot a e 14
1.2 CTLA-4 structure and fUNCHioN .............ooiiiiiiiiiiee e 14
1.2.1 CTLA-4 as an antagonist tO CD28 ............coooviiiiiiiiieiiiiiiiteeee e e e e 14
1.2.2 CTLA-G @XPIreSSION ....cceeiiiiiieeeeeeeeiitteee e e e e eessairreeeeeesessaabtaeaeeessssssasseneeeeesssnnsanns 16
1.2.3 CTLA-4 mechanism of action...........cccccoiiiiiiiiiiiiieeeee e 17
1.24 CDA4 T-regulatory lymphocytes (Tregs) and CTLA-4...........ccccoeecveeeeciieeeecnnenn, 18
1.25 Immunotherapeutic potential of CTLA-4 blockade....................cccovrirnnnnnnnen. 20
1.2.6 a-CTLA-4 antibody engineering ...............cccooeeeiiiiii e 23
13 AImSs OF the ProjECE.........cocviiiiie e e 24
2.  MATERIALS AND METHODS.......ccuuuuiuunrnininnnieieniiniiieieieieieieieisssisisisssssssssssssssssssssssssssssssssses 27
2.1 Molecular biology techniques..................ooooiiiiiie e 27
2.11 Molecular buffers and bacterial media ............ccccooiiiiiiiiniiie, 27
2.1.2 Restriction digestions and ligations...............ccooccoiiiiei e, 27
2.13 Agarose gel electrophoresis............ccoccuviiiiiiiiii e 28
2.1.4 Transformation of competent bacteria.............cccocoeeiiiiiiiiiic e, 28
2.15 DNA purification and quantitation.................cccoccviii i, 29
2.1.6 Polymerase chain reaction (PCR) .............ccoociiiiiciii e 29
2.1.7 =0 TU L= 1] 1 - SRR 31
2.2 TSSUE CUITUIE. ...ttt ettt e st esar e sneeesareeeanes 31
221 HEK 293T CIIS ..ottt 31
2.2.2 R VT 3 i o= | £ 31
2.2.3 B16/BL6 MUINE MEIANOMA .....ccooeeeieiieeeee ettt ettt eere e s s sae e s s enes 31



224 GM-CSF secreting cellular vaccine (GVaX).........cccccveevieeecereriee e esiee e 32

2.25 Transfection of cell liNes ..........c.cooiiiiiiiiiie e 32
2.2.6 Antibody binding experiments ...............cocooiii i 32
2.3 REtrOVIral VECEOIS .........eeiieiiiieeee ettt e sbe e e 33
231 Vector and retrovirus production...........ccccccceviiiiiiiiiniiec e 33
2.3.2 Transfer CONSTIUCES............oiiiiiiiiiieee et 34
233 Retroviral transduction of suspension cell lines ................ccocoeiiiiiiniien e, 36
234 Retroviral transduction of adherent cell lines.............ccoooeiininiiiiiiiee, 36
24 In Vivo and ex VIVO @XPeriMmeENtS ..............coevvuiiiiiiiiiii et etree et e e e e 36
24.1 1Yol O SR PP PP PPPTPPPPO 36
24.2 Harvesting spleens and lymph nodes...............cccocciiiiiiiiiiccn e 38
243 Generation of bone marrow-derived macrophages ............ccccoccevvviciieeiicnnenn. 39
24.4 Purification of T cells from spleen and lymph node.............c..c.cocciiinnnne. 39
245 Retroviral transduction of murine lymphocytes...............cccoviieiiiiinciiencenee, 40
2.4.7 Exogenous therapeutic antibodies ...............cccccooeiiiinii e, 41
2.4.8 Staining for fluorescence activated cell sorting (FACS) analysis.........ccccvcueuune. 42
2.4.9 Antibody dependent cytotoxicity assays (ADCC) ........cccceeeevvveeeecrreeeenirveeeennne. 45
2.4.10 Carboxyfluorescein succinimidyl ester (CFSE) labelling................c...ccceeune.e. 45
2.4.11 Enzyme linked immunosorbent assays (ELISA) .............ccooeeiiiiieiiciiee e, 46

2.4.12 Isolation of lymph nodes (LNs) and tumour infiltrating lymphocytes (TILs).... 46

2.4.13 Irradiation of murine recipients..............ccccoooeciiei e 47
2.4.14  Statistical ANalySis ..........cooeiiiiiiiiiiieiie e e 47
CELL INTRINSIC SILENCING OF CTLA-4 ........ouuuriiiiniiiisssssssssssssssssssssssssssssssssssssssssses
3.1 INErOAUCTION ...t sne e sane e 49
3.1.1 CTLA-4 expression and function ..................ccccoiiieiiiiic e 49
3.1.2 Strategies to ‘knock down’ expression of CTLA-4 ............ccccoeeeciieeeciiee e, 50
3.13 Small interfering RNA (SIRNA)............oooiiiiiiicee et et eaee s 50
3.1.4 AIMS/NYPOLRESES.........cceveiieiieiceececeee ettt ere b b eree s 51
3.2 RESUIES ..o e 52
3.21 Generating CTLA-4 high cell lines as ‘targets’ to test constructs...................... 52
3.2.2 Generating SIRNAs to target CTLA-G ............oooiviiiiiiiiiieee e 53
3.23 Testing siRNAs in cell lines by transfection .............ccccccccevviiiiiniiiicec e, 54

3.2.4 Extracellular vs intracellular expression of CTLA-4 in primary lymphocytes ... 55

3.2.5 In vitro testing of murine CTLA-4 siRNA in C57BL/6 lymphocytes ................... 55



33 (DT ol LY (o] o TR TN 57

3.4 FUBUFE dIr@CHIONS .......ooviiiiiiiiiiiieeeee ettt 59
4. INVESTIGATION OF CTLA-4 IN VIVO USING A CTLA-4 KNOCKOUT MOUSE .........ccoooviiiiinrnnnn.
4.1 INErOAUCTION ...ttt be e st e e s be e e saneeeas 60

4.1.1 CDA T cells as an adoptive cell therapy (ACT) for cancer ..............cccceeecvvvennenns 60
4.1.2 The TRP1 CD4 T cell model in B16/BL6 melanoma- current paradigms........... 61
4.1.3 The TRP1 CTLA-4 knockout (TRP1 CTLA-47) MOUSE.............cooevvreeeereerrrirnane. 62
4.1.4 Mechanism of action of -CTLA-4 MADb ........c.cccoiiiiiiiieeeeeee e, 63
4.2 RESUILS.......cniiiiiii ettt ettt e bt e bt st st b e b e b e snees 63
42.1 Baseline characteristics of TRP1 CTLA-4” MOUSE ............cooovevverreeeerrsreeeeennn. 63
4.2.2, TRP1 CTLA-47"T cell transfer into immunocompetent hosts................ccceee.. 65
4.2.3 TRP1 CTLA-47"T cell transfer into lymphodepleted hosts.............ccceevvneennns 76

4.2.4. TRP1 CTLA-4” T-cells in the lymphodepleted host: protection experiment.... 84

4.3 (D 1Y ol DL o] o TR 86
4.4 FUBUFE AIF@CEIONS ... s 88

5. GENERATION AND INVESTIGATION OF HUMAN ANTI-CTLA-4 ANTIBODY ....ccceeterererererenenenenes
5.1 INEFOAUCTION ... nanan 90

5.1.1 9H10 as the paradigm for CTLA-4 blockade in murine models of melanoma.. 91

5.1.2 10D1 anti-human CTLA-A MAD........c.ooiiiiiieeee s 92
5.1.3 Single chain Fv versus full length antibody ................ccccooooiiiii e, 93
5.14 Human-CTLA-4 (Hul152Tg) BACS transgenicline .............cccceeeeeecviciieeccneeenen, 93
5.1.5 UC10-4F10 anti-murine CTLA-A MAD .........cccoiiiiiiiiieeeeee e, 93
5.2 RESUIES.....eiiiiiieeee ettt e s 94
5.2.1 Generating CTLA-4 high cell lines as ‘targets’ to test constructs...................... 94

5.2.2 Generation of 10D1 and UC10-4F10 aCTLA-4 scFv surface-linked constructs . 94

5.2.3 Secretory version of 10D1 scFv and in vitro testing................ccccceeeiciieecenneen.. 94
5.2.4 Full length (F/L) 10D1 and in Vitro testing .............ccccoeeeveenreenieneecre e, 96
5.2.5 Testing constructs in polyclonal primary lymphocytes in vitro......................... 97
5.2.6 Testing constructs in monoclonal TRP1 CD4 T lymphocytes in vitro................ 99
5.2.7 Biological functions of 10D1 IgG1 and IgG2a — ADCC assays...........ccceccvveeennns 100
5.2.8 Testing constructs in vivo: 10D1 in the Hul52Tg mouse ...........ccccceeecvveeeennnee. 104
5.3 DISCUSSION ...ttt ettt ettt e st e e st e st e s ne e e s be e e sae e e sareesneeesabeeenneeas 111
5.4 FURUPE PIANS ...ttt e e e e e e e tte e e e s ata e e e sateeeesnraeaeanns 111



6. GENERATION AND INVESTIGATION OF ANTI-MURINE CTLA-4 ANTIBODY. ........cccceeerennnnnnnnee
6.1 INErOUCHION ...t st 113
6.1.1 9D9 anti-murine CTLA-A MAD .........cociiiiiiiiiieeeeeeee e 113
6.1.2 Modulation of mAb Fc and its impact on biological function........................ 114
6.1.3 AIMS e s e s e e s e e e e s e e e e e nnes 115
6.2 RESUIES......eiie ettt et e st e e e e s e s nee e sbeeenneeas 115
6.2.1 Generation of full length IgG1 and IgG2a anti-murine CTLA-4 (9D9).............. 115
6.2.2 In vitro testing of 9D9 binding to murine CTLA-4...............cccooeeieiiieeeccieeees 116
6.2.3 In vitro testing of antibody dependent cell-mediated cytotoxicity (ADCC)... 116
6.2.4 Transduction into primary murine lymphocytes.............ccccocviivieiiincienecnen, 117
6.2.5 Testing constructs in vivo: 9D9 in the C57BL/6 mouse (Trp1 CTLA4”") ......... 118
6.2.6 Transduction of WT TRP1 CD4 T-cells.........ccoviiiiiiiiniiieniiceieeree e 125
6.2.7 Testing constructs in vivo: 9D9 in the C57BL/6 mouse (WT TRP1 transfer)... 128
6.3 CONCIUSIONS ...ttt ettt st ettt et b e b e e s be e s me e emee et e eeeenaeens 135
6.4 FULUPE dir@CHIONS ......couiiiiiiiie ettt 136

7. FINAL DISCUSSION AND FUTURE DIRECTIONS .....ccccttuiiiimiiiniiieniiteeietenineniienieneesneanenennens
7.1 SummMmary and CONCIUSIONS .........coccueriiriiiriieiieiieree et 138
7.2 Genetic ablation of CTLA-4 on tumour reactive T cells...........c.ccccoeoeninincinnnnnnee 139
7.3  a-CTLA-4 mAb directed blockade...............ccccoinriniiniininiecc e e 141
7.4 SUMIMAIY. ... et ceeees e st ee s e st ee e e steseeeaae e sre e st eesae s saeasseesseesaeesssesneesaeessenseesseensennees 144
7.5 Limitations of the model................occooiiiiiiiii e 144
7.6 FUture dir@Cions ...........coooeiiiiiiie e e 145

2] 12 0T 2N o] o



LIST OF FIGURES

CHAPTER 1
Figure 1.1
Figure 1.2

CHAPTER 2
Figure 2.1

CHAPTER 3
Figure 3.1a
Figure 3.1b
Figure 3.1c
Figure 3.2a
Figure 3.2b
Figure 3.3a
Figure 3.3b

CHAPTER 4
Figure 4.1
Figure 4.2
Figure 4.3
Figure 4.4a
Figure 4.4b
Figure 4.4c
Figure 4.4d
Figure 4.4e
Figure 4.4f
Figure 4.4g
Figure 4.4h
Figure 4.4i
Figure 4.4j
Figure 4.5
Figure 4.6a
Figure 4.6b
Figure 4.7a
Figure 4.7b
Figure 4.7c
Figure 4.7d
Figure 4.7e
Figure 4.7f
Figure 4.8
Figure 4.9
Figure 4.10

CTLA-4 is a vital negative regulator of T cell responses
Major mechanisms of Treg suppression

Gene assembly by oligonucleotide extension PCR

Plasmid maps for human and murine CTLA-4

293T cells stably express Human or Murine CTLA-4

SupT1 cells are stably transduced with human or murine CTLA-4
vector maps of siRNA hairpins targeting human and murine CTLA-4
human and murine CTLA-4 specific siRNA down-regulate CTLA-4
retroviral transduction of murine CTLA-4 siRNA

Transduction of primary C57BL/6 murine lymphocytes —time course

Comparison of Teff and Tregs between different murine strains
CTLA-47 TRP1 T cells into immunocompetent hosts

Purity of CD4 selected WT TRP1 and CTLA-47" TRP1 cells

Tumour weight at day 10

WT TRP1 Tregs are depleted by aCTLA-4 mAb

Absolute numbers of TRP1 CTLA4” Teff

TRP1 CTLA-47 Tregs and Teff are more proliferative

o CTLA4 mAb is associated with low CD4 Tregs

aCTLA4 mAb is associated with low CTLA-4 expression in tumour
CTLA-4 expression on endogenous and TRP1 Tregs in the lymph node
CD25 expression low on intratumoural TRP1 CTLA-47" Teff

IL-2 expression is increased on endogenous CD4 Teff in the tumour
Granzyme B is increased on intratumoural TRP1 CTLA-47 T-eff
Testing of TRP1 CTLA-4-/- T cells in LYMPHODEPLETED hosts

WT TRP1 Tregs are proportionally lower than CTLA-4” TRP1 Treg
CTLA-4 is not expressed on the B16/BL6 melanoma cell line
Tumour weight at day 18 in lymphodepleted recipient mice
oCTLA4 mAb is associated with lower absolute numbers of endCD4reg
CTLA-4 expression on endogenous CD4 Teff and Tregs

TRP1 CTLA-47" Teff are increased in the LN and tumour

TRP1 CTLA-47 Tregs are less proliferative than WT TRP1 Teff

TRP1 CTLA-47 Tregs express higher granzyme B and Eomes

All groups rejected B16/BL6 melanoma over a similar time

Lymph node preparation at 100 days post ACT

At 100 days post ACT there is persistence of transferred cells

14
20

30

52
52
53
54
55
56
57

64
65
66
67
67
68
69
70
71
71
72
73
73
76
77
77
78

79
80

81
84
85
86



CHAPTER 5
Figure 5.1a
Figure 5.1b
Figure 5.2

Figure 5.3

Figure 5.4a
Figure 5.4b
Figure 5.5a
Figure 5.5b
Figure 5.6a
Figure 5.6b
Figure 5.6¢
Figure 5.6d
Figure 5.7

Figure 5.8

Figure 5.9a

Figure 5.9b
Figure 5.9¢
Figure 5.9d
Figure 5.9e
Figure 5.9f

CHAPTER 6
Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4a
Figure 6.4b
Figure 6.5a
Figure 6.5b
Figure 6.5c
Figure 6.5d
Figure 6.5e
Figure 6.6

Figure 6.7a
Figure 6.7b
Figure 6.8a
Figure 6.8b
Figure 6.8c
Figure 6.9a
Figure 6.9b
Figure 6.9c
Figure 6.9d
Figure 6.9e
Figure 6.9f
Figure 6.9g
Figure 6.9h

general structure of full length 1gG, scFv and membrane-bound scFv
secreted 10D1 anti-human CTLA-4-scFv binds human CTLA-4

Full length (F/L)-10D1 anti-human CTLA-4 mAb

Plasmid maps for tricistronic IgG1 and IgG2a 10D1 anti-human CTLA-4
Retroviral transduction efficiency of full length 10D1

Tricistronic vector transduced C57BL/6 lymphocytes secrete F/L mAb
Expansion of TRP1 T cells — TRP1 peptide is superior to ConA+IL-7
TRP1 peptide is superior to ConA+IL-7 for expanding TRP1 CD4 T cells
BM-derived macrophages are CD11b", CD11c™

ADCC assay layout for testing full length 10D1

F/L 10D1 a-human CTLA-4 IgG2a shows higher target cell killing

F/L UC10-4F10 a-murine-CTLA-4 IgG2a shows higher target cell killing
Experimental model to test 10D1-a-Human CTLA-4-1gG2a

CD19 magnetic bead/column selection at 48 hours

10D1-1gG2a-DLI are associated with higher tumour weight

Transduced cells are present at high concentration in the tumour
Proliferative capacity and features of effector function
10D1-1gG2a-DLI reduces all endogenous T cell compartments
Hul52Tg CD4regs, CD4eff and CD8eff show high CTLA-4 expression
10D1-1gG2a-DLI shows a reduction in CTLA-4 on endog CD4

Plasmid maps for tricistronic IgG1 and I1gG2a 9D9 vectors

9D9 IgG1 and IgG2a in supernatant from transfected 293T

Full length 9D9 anti-murine CTLA-4 IgG2a

Experimental outline for in vivo testing of 9D9 IgG1 and I1gG2a
Supernatant from 9D9 transduced TRP1 CTLA-4-/- T cells binds target

B16/BL6 melanoma weight is not significantly different between groups

transduced TRP1 CTLA-4-/- CD4 T cells engraft

9D9-1gG2a-DLI is associated with a reduction in TRP1 numbers
9D9-1gG2a-DLl is associated with reduced CTLA-4 expression

9D9 IgG2a DLI: lower CTLA-4 expression

TRP1 CTLA-4-/- Tregs are significantly lower in tumour

Vaccination of WT TRP1 donor mice with GM-CSF

Gvax is strongly associated with differentiation into TEM cells
Experimental outline for in vivo testing of 9D9 IgG1 and I1gG2a

CD19 selection enriches transduced cells

Negligible contamination with CD8 T cells

Tumour weight is significantly higher in 9D9 IgG2a cohort
9D9-l1gG2a-DLI is associated with lower TRP1 Teff numbers

CTLA-4 expression is significantly higher in the mock DLI

CD19+ expression on TRP1 T cells

9D9 IgG2a is associated with a reduction in CD19+CTLA-4+ TRP1 Tregs
No significant differences in Ki67 or CD25 expression

No significant differences in absolute numbers of endogenous T cells
transferred TRP1 Teff are capable of effector functions

95
95
96
97
98
98
99
100
101
101
102
103
104
105
106

107
107
108
109
110

115
116
117
118
119
119
120
121
121
122
122
125
127
128
128
129
129
130
131
132
132
133
133
134

10



LIST OF TABLES

CHAPTER 2

Table 2.1 Buffers and media for molecular biology
Table 2.2 Polymerase chain reactions

Table 2.3 Thermocycler parameters for PCR

Table 2.4 Murine antibodies for FACS

Table 2.5 Human antibodies for FACS

27
30
30
43
44

11



ABBREVIATIONS

ACT
ADCC
ANA
o-CTLA-4 mAb
APCs
BM
BSA
CARs
CFSE
ConA
CTLA-4
CTLA-4-1g
DC

DLI
DMSO
DNA
dNTPs
dsDNA
eBFP
EDTA
eGFP
ELISA
ER
FACS
FCS
FcyR
GM-CSF
GMP
Gvax
HBSS
HEK 293 T cells
Hul52Tg
IRAE
IFNy
IL-

i.d.

i.v.
KDEL
LB

LN
M-CSF
LTR
MHC
MLV
MRNA
PB

PBS
PCR
RD114
rHullL-2
RNA
RPM

adoptive cellular therapy

antibody dependent cell mediated cytotoxicity
anti-nuclear antibody

anti-CTLA-4 monoclonal antibody

antigen presenting cells

bone marrow

bovine serum albumin

chimeric antigen receptors
carboxyfluorescein succinimidyl ester
concanavalin A

cytotoxic T lymphocyte antigen 4

cytotoxic T lymphocyte antigen 4 immunoglobulin
dendritic cell

donor lymphocyte infusion

dimethyl sulfoxide

deoxyribonucleic acid

deoxyribose nucleoside triphosphates
double stranded DNA

blue emission variant of eGFP
ethylenediaminetetraacetic acid

emerald green fluorescent protein
enzyme-linked immunosorbent assay
endoplasmic reticulum
fluorescence-activated cell sorting

foetal calf serum

Fc gamma receptor

granulocyte macrophage colony stimulating factor
good manufacturing practice

GM-CSF secreting tumour cell based vaccine
Hank’s buffered salt solution

human embryonic kidney cells

human CTLA-4 transgenic (murine strain)
immune related adverse event

interferon gamma

interleukin-

intradermal (injection)

intravenous (injection)

endoplasmic reticulum protein retention receptor 1
Luria Bertani

lymph node

macrophage colony stimulating factor

long terminal repeat

major histocompatibility complex

Moloney murine leukaemia virus
messenger ribonucleic acid

peripheral blood

phosphate buffered saline

polymerase chain reaction

amphotropic simian type D envelope plasmid
recombinant human interleukin 2
ribonucleic acid

revolutions per minute

12



RPMI Roswell Park Memorial Institute medium

RT radiotherapy (5 Gray of total body irradiation-murine dose)
shRNA short hairpin RNA

scFv single chain variable fragment

siRNA small interfering RNA

SNP single nucleotide polymorphisms

s.C. subcutaneous

SD standard deviation

TBI total body irradiation

Tem central memory T cells

TCR T cell receptor

Teff CD4 T effector cells

Tem effector memory T cells

Tsc stem cell memory T cells

TIL tumour infiltrating lymphocyte

TNF tumour necrosis factor

Tregs CD4 T regulatory cells

tRNA transfer RNA

TRP1 tyrosinase related protein 1

VSV-G vesicular stomatitis virus glycoprotein

WT wild type



CHAPTER 1

1. INTRODUCTION

1.1 Context of the project

Despite significant advances, existing adoptive immune cellular therapies (ACT) have limited
clinical effectiveness in patients with cancer. Genetic redirection of T cell specificity through
transduction with T cell receptors (TCRs) or major histocompatibility complex (MHC)
unrestricted chimeric antigen receptors (CARs) can overcome some of the limitations of
naturally occurring tumour infiltrating lymphocytes (TILs), namely low precursor frequency and
low TCR avidity for tumour associated self-targets (1-4). Despite this, mechanisms of immune
tolerance such as expression of the co-inhibitory T-cell transmembrane receptor Cytotoxic T-
Lymphocyte Associated Antigen-4 (CTLA-4) consistently blunt the induction, magnitude and
maintenance of anti-tumour immunity (5, 6). This project undertakes to investigate strategies
to dissociate the beneficial anti-tumour effects of CTLA-4 inhibition from the unwanted

autoimmune toxicities reported widely in the literature (7).

1.2 CTLA-4 structure and function

1.2.1 CTLA-4 as an antagonist to CD28

Regulation of T cell responses is modulated by opposing signals transmitted through two
related cell-surface receptors of the immunoglobulin superfamily, CD28 and CTLA-4 (figure
1.1).

CD28 is constitutively expressed on resting and activated T cells and provides costimulatory
signals upon T cell receptor engagement by antigen-bound-MHC. Its ligands are B7.1 (CD80)
and B7.2 (CD86), expressed predominantly on antigen presenting cells (APC), and binding leads
to TCR-mediated T cell proliferation through up-regulation of IL-2 and anti-apoptotic pathways
and improved survival (8). CD28 is thought to lower the TCR signalling threshold for activation
(reducing the required APC contact time for proliferation) and CD28 knockout mice have

significantly impaired T cell responses to antigenic encounter and defective B cell responses(9).

14



Figure 1.1: CTLA-4 is a vital negative regulator of T cell responses, promoting immune tolerance. It is
constitutively expressed on CD4 Tregs and is transiently expressed on CD4 T effector (Teff) and CD8 T
cells on activation.

activated CD4 and CD8 Teff cells CD4 T reg cells
CD28

CD28
Co-stimulation

4

Effector T cell

|

Regulatory T cell

Co-inhibition

CTLA-4

CTLA-4 is a vital negative regulator of T cell responses, preventing autoimmunity and
maintaining immune tolerance. It is co-localised to chromosome 2 with CD28, with which it
shares a homologous amino acid sequence. There is high conservation within the
transmembrane domain and MYPPPY sequence shared by CD28 and CTLA-4, where binding to
B7-1 and B7-2 is controlled (8, 10).

CTLA-4 is responsible for the regulation of CD28 signalling and the prevention of uncontrolled
polyclonal T cell activation. In dimerised form, CTLA-4 has a 10- to 20- fold higher affinity and
avidity for B7.1 and B7.2 than CD28, the strongest interaction being CTLA-4-CD80 and the
weakest being CD28-CD86. CTLA-4 can outcompete CD28 at the immunological synapse,
converting T cell activation into anergy. Blockade of CD28 is sufficient to induce T cell anergy,

and in the absence of interleukin-2 (IL-2), anergised T cells undergo apoptosis (11).

The degree of CTLA-4 localisation to the immunological synapse is directly proportional to the
TCR signal strength, such that high affinity TCR-peptide-MHC interactions are more strongly
regulated by CTLA-4 than weak interactions. Stronger TCR signalling is driven by high TCR

avidity (slow off rates) or higher TCR occupancy at elevated antigen concentration (12).
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1.2.2 CTLA-4 expression

CTLA-4 is constitutively, ubiquitously expressed on CD4 regulatory T cells but only transiently
expressed on activated CD8 and CD4 effector T cells. Molecular studies reveal CTLA-4 mRNA
transcripts in effector T cells at one hour post-TCR engagement with antigen in the presence of
appropriate CD28 co-stimulation. CTLA-4 protein is detected later, at 24 hours post-TCR
engagement, reaches a peak concentration at 48 hours, and expression is lost after 96 hours
(13, 14).

CTLA-4 is predominantly concentrated in intracellular vesicles within T cells. In the event of T
cell stimulation, CTLA-4 is transported from the golgi to the site of T cell-antigen-APC contact
on the cell membrane in phospholipase D*-containing vesicles. CTLA-4 is expressed only
transiently on the cell surface due to negative regulation by a process of rapid, continuous
CTLA-4 endocytosis (9, 15) into clathrin coated pits mediated via CTLA-4 interaction with the
clathrin adaptor protein complex AP2 (16). These dynamic and directionally regulated
continuous processes of export and internalisation are demonstrated in a series of
experiments showing endocytosis of labelled anti-CTLA-4 monoclonal antibody (mAb) by
activated T-cells. In these experiments the rate of uptake was slow and continuous and the
intracellular concentration of mAb increased over time suggesting intracellular CTLA-4
accumulation with no saturation of the mechanism (12). Endocytosed CTLA-4 can be recycled

to the cell surface or degraded in lysosomes (9, 17).

The preferential intracellular localisation of CTLA-4 reflects the physiological necessity to limit
cell surface expression of this potent, high avidity co-inhibitory receptor, and also as a

mechanism to direct the localisation of its expression on TCR engagement (12).

Mechanisms governing CTLA-4 gene expression are complex, but we know that CTLA-4 is
upregulated upon T cell activation in T effectors, and constitutively expressed in Tregs, a
subset of T cells that promote self-tolerance. The X-linked forkhead/winged helix transcription
factor Foxp3 is characteristically associated with Tregs, and is thought to promote the
expression of CTLA-4 and CD25, and to downregulate the expression of IL-2 and Interferon
Gamma (IFNy) (149). FoxP3 is known to bind to the upstream promoter of CTLA-4, enhancing
its transcription in Tregs. Other groups have shown that the proximal promoter of CTLA-4
contains a binding site for the transcription factor Nuclear Factor of Activated T cells (NFAT1)
and that unlike for IL-2, CTLA-4 transcription requires NFAT1 binding without AP-1(Fos/Jun).
Upon T cell activation, NFAT1 is dephosphorylated in the cytosol and translocates to the

nucleus of T cells for DNA binding. It is also reported using chromatin immunoprecipitation
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studies that histones in activated T cells are increasingly acetylated and undergo
conformational change around the CTLA-4 promoter and can facilitate NFAT1 access and

binding, leading to enhanced CTLA-4 gene expression (150).

1.2.3 CTLA-4 mechanism of action

CTLA-4 is thought to limit effector T-cell activation and proliferation via autonomous (cell-

intrinsic) and non-autonomous (cell-extrinsic) pathways.

CTLA-4 and CD28 are expressed in parallel on TCR-engaged activated effector T cells. CTLA-4
preferentially binds B7.1 and B7.2 on adjacent APCs which prevents CD28/B7 costimulation on
TCR-stimulated T cells with a consequent reduction in IL-2 and cyclin/cyclin dependent kinase
transcription, and inhibition of other TCR-driven pro-proliferative signal-transduction pathways
such as ERK and JNK (18, 19). CTLA-4 may direct negative signalling within the immune
synapse. It is known that T-cell-APC engagement induces clustering of TCR and MHC-peptide
complexes within the immunological synapse via TCRS phosphorylation and cytoskeletal
rearrangement. CTLA-4 is recognised to co-immunoprecipitate with TCR6 and SHP-2
phosphatase, and CTLA-4-B7 binding in this context can promote SHP-2 mediated de-
phosphorylation of TCR& and prevent TCR signalling (20).

The immunological synapse, the interface between T-cells and APCs, consists of a central
supramolecular activation cluster (cSMAC) containing TCR/CD3, peptide and MHC, and a
peripheral SMAC (pSMAC) containing adhesion molecules (leukocyte function-associated
antigen 1 (LFA-1) and intercellular adhesion molecule-1 (ICAM-1). CTLA-4, CD28 and other
costimulatory receptors also accumulate in the immune synapse to create an aggregate of
TCR-based signalosomes with the potential to generate T cell activation/anergy. Of note, there
is little current direct evidence to support the hypothesis that CTLA-4 delivers a cell intrinsic

negative signal into T cells.

There is a body of evidence to support the theory that CTLA-4 exerts its biological effect by
directly competing for ligand binding with CD28. Lipid-bilayer modelling demonstrates that
CTLA-4 recruitment to the cSMAC results in CD28 exclusion, particularly at low levels of B7
expression (21). Further evidence for a cell extrinsic role for CTLA-4 that is independent of
intracellular signalling derives from studies of transgenic mice that lack the cytoplasmic

domain of CTLA-4. These animals have been shown to upregulate surface expression of CTLA-4
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in response to T cell stimulation, to survive to adulthood and to reproduce normally. With age,
they accumulate activated T cells (levels 10 times higher than age-matched controls) with a
skew towards T-helper 2 (Th2) phenotype. Most animals ultimately succumb to

lymphoproliferation (22).

Many groups support the hypothesis of a non-cell autonomous ‘effector extrinsic’ CTLA-4
effect as being the dominant immunosuppressive mechanism governed by CTLA-4. It is
proposed that CTLA-4-replete T cells can regulate co-existing populations of CTLA-4-depleted T
cells, and evidence for this comes from bone marrow (BM) chimera and co-transfer studies
(23, 24). The effector-extrinsic effect is mediated mainly through CTLA-4" Tregs (25-27), but
some groups argue that activated CTLA-4" Teff cells can also effect extrinsic control of T cell
function. Corse and Allison show that in co-transfer experiments, CTLA-4-replete antigen
specific T cells can prevent accumulation of CTLA-4-deficient antigen specific T cells, and that
this is optimal at ratios of 1:1 or 1:2, (CTLA-47:CTLA-4""*) but is significantly diminished at
higher ratios (26, 27).

CTLA-4 has many additional proposed modes of coinhibitory activity. Some groups support a
pro-motility function for CTLA-4, where the TCR-mediated STOP signal is interrupted by CTLA-4
resulting in a short dwell time of T cell on APCs(24). Recent work also points towards a CTLA-4-

mediated modification of APC phenotype which is described in Chapter 1.2.4 (15).

1.2.4 CDA4 T-regulatory lymphocytes (Tregs) and CTLA-4

CD4+CD25+FoxP3+ CD4 Tregs can suppress inflammation and autoimmunity in mice and
humans (28). Sakaguchi redefined CD4 Tregs mechanistically through an observation that
depletion of a minor population of CD25+ CD4+ T cells from a CD4+T cell suspension induced a

spectrum of autoimmune disease upon transfer into immunocompromised hosts (29).

CD4 Tregs fall broadly into two categories. ‘Naturally occurring’ Tregs are produced in the
thymus and express CD4, CD25, GITR (glucocorticoid-induced TNFR-related protein), OX40 and
CTLA-4. They are developmentally dependent upon the X-linked forkhead/winged helix
transcription factor Foxp3. ‘Inducible’ Tregs arise from naive CD4 T cells as a result of
tolerogenic encounters in the periphery (30). Peripheral conversion of conventional non-
regulatory CD4 T cells to regulatory phenotype following antigen exposure under certain

conditions is recognised as being important to T cell homeostasis and control of inflammation.
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Conditions which drive peripheral conversion include suboptimal antigen stimulation,
transforming growth factor B (TGFB), indoleamine2,3 dioxygenase (IDO) and retinoic acid (31,
36). Tregs often predominate in the tumour microenvironment supporting tumour outgrowth

(4, 31), and in human cancers have been reported to correlate with poor outcome (32, 33).

The basic biology of Tregs indicates that they require TCR triggering to become
functional/suppressive, but thereafter do not proliferate upon TCR engagement with or
without co-stimulation and suppress other cells in a non-MHC restricted manner and mediate
bystander suppression. Unlike Teff, they do not produce effector cytokines such as IL-2, IL-4 or
IFNy, but express receptors for gamma chain cytokines and are dependent on an exogenous

supply to prevent cytokine-deprivation apoptosis in vitro (28, 34, 35).

Tregs are proposed to exert immunosuppressive effects through multiple mechanisms. They
can secrete lymphoid and myeloid cell suppressive cytokines such as IL-10 and TGFpB; they can
function directly as cytotoxic cells killing other immune cells in a similar manner to CD8 T cells;
they can express cell surface (and/or secreted) molecules that interact with receptors on
effector T cells leading to cell cycle arrest, and by virtue of their high level of CD25 expression,
they can outcompete other T cell populations for IL-2 leading to Bim-mediated apoptosis of

non Treg populations (35).

The second broad target for Treg-mediated immunosuppression is antigen presenting cells
(APC). CTLA-4" Tregs can downregulate expression of the costimulatory molecules B7.1 and
B7.2 on mouse and human dendritic cells (DCs) in vitro (36, 37). One proposed mechanism is
CTLA-4 mediated trogocytosis whereby CTLA-4™ T cells extract cell surface B7.1 and B7.2
through the immunological synapse from the APC to which they are conjugated (15, 38). Some
investigators suggest that Treg mediated suppression of DC proliferation in vitro can be

reversed by anti-CTLA-4 mAb (39), but this is not evident in all studies.

CTLA-4 expression is thought to be important to Treg function and is controlled by the
transcription factor FoxP3 (40). The consequences of organism-wide failure to express CTLA-4,
demonstrated in a transgenic murine model, are polyclonal T cell expansion, overwhelming
autoimmunity and premature death (41, 42). Milder phenotypes have been described in mice
lacking CTLA-4 exclusively on CD4 Tregs (26, 43). CTLA-4 deficient Tregs have been described as
anergic and less suppressive in vitro than their wild type (WT) counterparts. Adoptive transfer
of CTLA-4 deficient Tregs into murine recipients has been associated with systemic

autoimmunity and premature death, effects not completely reversed by preservation of CTLA-
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4 expression on Teff (43, 44). In murine models of cancer, adoptive transfer of purified CTLA-4

deficient Tregs is associated with enhanced antitumour immunity(45).

Figure 1.2: Major Mechanisms by Which Tregs Can Directly Suppress Responder Foxp3™ T Cells. (35)
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1.2.5 Immunotherapeutic potential of CTLA-4 blockade

There is broad consensus that CTLA-4 is a good target for immunotherapeutic manipulation, as
blockade of this receptor through mAb technology has been shown to ‘release the brakes’ on
immune responses in pre-clinical models of cancer and in human subjects with cancer in the
context of clinical trials (46, 47). In the murine melanoma setting, CTLA-4 blockade with mAb is
associated with a favourable shift in intratumoural lymphocyte predominance from regulator
to effector T cells and tumour rejection (46). Mechanistically, Quezada and Peggs showed that
maximal anti-tumour activity is achieved when aCTLA-4 mAb binds both Teff and Treg
compartments in vivo (48). Specifically targeting Tregs afforded no tumour protection and

specifically targeting Teff cells mediated partial protection in these experiments.

Ipilimumab, an IgG1lk anti-human CTLA-4 is now licensed for use in humans by the Food and
Drug Administration (FDA, USA) and the National Institute for Clinical Excellence (NICE) for
treatment of metastatic melanoma (49). The utility of this treatment is limited by the fact that
only a subset of patients will respond and that many will develop autoimmune complications,
sufficiently severe in up to 25% of patients (Grade 3-4 toxicity) as to preclude further
treatment with Ipilimumab (50). A recent review of Ipilimumab toxicity reported that 29 of

110 treated patients experienced grade 3/4 immune-related adverse events (IRAEs) and that
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these patients had higher than expected 1-, 2- and 3-year survival rates of 79, 59 and 46%
compared with 24, 17 and 15% in the group that did not experience significant toxicity
(P<0.0005) (51). Pooled analysis of long-term survival data from Phase Il and Phase Il trials of
Ipilimumab in unresectable metastatic melanoma defines overall survival as 20%-26% at 3
years, with a plateau in the survival curve at 3 years demonstrating durability of response with
this agent (52). Many groups are investigating biomarkers to generate a predictive tool to
identify patients likely to respond and/or likely to suffer IRAEs from CTLA-4-mAb-mediated
blockade.

There is lack of consensus on whether the specificity of CD4 T cells that proliferate in response
to CTLA-4 blockade is broadly reactive to self MHC/ubiquitous antigens and capable of
significant toxicity, or whether a tissue antigen specific skew in CD4 T cell expansion promotes
improved anti-tumour responses (53). TCR spectratyping of peripheral T cells from spleens of
CTLA-4” mice revealed conflicting results: in one study a diverse and unbiased TCR repertoire
was identified, suggesting a universal, antigen-independent mechanism of activation and
expansion (54), and in another study a restricted repertoire was observed (55). Ise et al show
that adoptive transfer of antigen-specific CTLA-4”" T cells results in TCR-dependent
accumulation in tissues expressing the tissue-specific antigen, supporting the hypothesis that
absence of CTLA-4 on antigen restricted T cells could generate a tissue-specific effective

immune response (53).

Snyder et al explored this further in a clinical study of patients treated with CTLA-4 blockade.
They performed whole-exome sequencing on tumours and matched blood samples and
revealed a neoantigenic profile in tumours, the presence of which correlated with strong
responses to CTLA-4 blockade. Neoantigens were shown to activate Ipilimumab-treated
patient T cells in vitro (56). This is encouraging data as it may in future allow tailoring of
treatment to likely responders based on a genetic signature. What we do not ascertain from
this study is whether the incidence of IRAEs was higher in responders, and/or whether this risk
can be defined on a genetic level. If there is a correlation, then it becomes even more critical

to develop tumour- specific targeting strategies.

It is widely reported that CTLA-4 polymorphisms are associated with autoimmunity in humans,
but there is limited published data on the impact of these polymorphisms on tumour
immunology. In one study, patients with metastatic melanoma treated with CTLA-4 blockade
were demonstrated to possess seven different common single nucleotide polymorphisms

(SNPs) of CTLA-4, three of which were associated with clinical responses to treatment but no
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clear correlation with (severe) autoimmune sequelae. It is possible that the variable clinical
response/toxicity profiles observed in clinical studies of aCTLA-4 could relate to common

genetic variations in the CTLA-4 gene (57, 58).

Given that a significant number of patients receiving therapeutic aCTLA-4 mAbs do not get an
anti-tumour response or develop autoimmune toxicity that necessitates cessation of
treatment, it is appropriate to endeavour to target CTLA-4 blockade to the tumour
microenvironment more specifically than is currently achieved with systemic administration of
antibody. In an attempt to uncouple the beneficial anti-tumour effect of aCTLA-4 mAb therapy
from IRAEs, Simmons et al generated a GM-CSF secreting tumour cell vaccine (Gvax) to secrete
aCTLA-4 mAb for use in vivo in murine models of B16F10 melanoma and CT26
adenocarcinoma. They showed that mice treated with aCTLA-4 mAb secreting tumour cell
vaccine had similar overall survival to those treated with unmodified tumour cell vaccine and
systemically administered aCTLA-4 mAb, but with lower serum aCTLA-4 levels and lower
serum concentrations of autoimmunity-associated antibodies. They conclude that durable,
local secretion of aCTLA-4 mAb from modified Gvax improves the anti-tumour efficacy of
tumour cell vaccination with lower systemic antibody exposure, and has the potential to

reduce the incidence of IRAEs (59).

We believe that one of the potential problems with tumour-cell vaccination strategies is a
reliance on the presence of functional, endogenous non-exhausted T cells of sufficient avidity
for target antigen to induce anti-tumour responses. Even if a vaccine can induce or enhance a
response to one or more tumour-associated antigens (TAAs), most studies have failed to
document a clinical benefit, including gp100 in melanoma (49, 60). Adoptive cellular therapy
using endogenous tumour-derived, tumour-reactive T cells expanded in vitro or genetically
modified T cells redirected through CAR or TCR towards tumour-associated antigen, hold
significant promise as immunotherapeutics and could conceivably be used as vehicles for
payload secretion of aCTLA-4 mAb to the tumour, minimising antibody exposure in the
periphery, or modified to lose intrinsic CTLA-4 expression to potentially render transferred T

cells resistant to tumour-mediated co-inhibition.

22



1.2.6 a-CTLA-4 antibody engineering

Antibody-mediated blockade of CTLA-4/B7 interactions in preclinical models of cancer is
thought to be efficacious through a dual effect on Tregs and activated Teff (48). CTLA-4
blockade in vivo has been shown to mediate expansion of Teff and Treg populations in
secondary lymphoid organs (LN) and peripheral blood (PB) of mice and humans (61-63). In the
tumour, aCTLA-4 mAb promotes an increase in the ratio of Teff to Treg cells, which is not seen
in the periphery and has previously been ascribed to preferential expansion of Teff over Treg
cells in this niche. It is unclear why this ratio reversal should be restricted to tumour and why
targeting a receptor on two diametrically functionally opposed populations promotes tumour

rejection rather than equilibrium or escape (61, 63-66).

Simpson et al showed that the mode of action of aCTLA-4 mAb is microenvironment-
dependent. In LN, aCTLA-4 mAb is associated with an expansion of absolute numbers of Teff
and Tregs, but in the tumour aCTLA-4 mAb results in Teff expansion, with a dramatic parallel
diminution of Tregs (67). Simpson demonstrates that aCTLA-4 mAb mediates depletion of
Tregs in the tumour by antibody dependent cellular cytotoxicity (ADCC), dependent upon
tumour-infiltrating FC y receptor IV (FcyRIV) expressing macrophages which act as effectors.
Depletion of intratumoural Treg rather than Teff is due to their higher surface expression of
CTLA-4. Interestingly, a small population of CTLA-4™ Teff was also eliminated, highlighting the
importance of receptor density for ADCC using mAbs (67, 68).

Given the ADCC hypothesis described above, attention has turned towards the potential
impact of mAb isotype on effector function. Selby et al showed complete rejection of murine
CT26 adenocarcinoma with murine 1gG2a aCTLA-4 mAb (isotype classically associated with
ADCC), but not with murine 1gG1 aCTLA-4 isotype (associated with blocking function) (69).
Recent evidence reports a critical role for activating FcyRs in the activity of antibodies targeting

CTLA-4, as different FcyRs can alter the biological impact of mAb therapy (67-69).

The final activity of a given immunomodulatory mAb may therefore vary in PB, LN and tumour
depending on the relative target molecule density on individual T cell subsets, the presence of
innate effector cells and FcyR expression. This raises the possibility of differential biological
responses to treatment between the primary tumour, the periphery and metastatic sites

within an individual patient and between patients (70) and informs the scope of our project.
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13 Aims of the project

CTLA-4 is recognised to compromise anti-tumour immune responses and its mechanism of
action is purported to be multifactorial. Blockade of endogenous CTLA-4 through systemic
mAb therapy promotes rejection of some human tumours, but is often complicated by severe
autoimmune toxicity. We aim to explore different methods for targeting CTLA-4 inhibition to
the tumour microenvironment with the objective of improving anti-tumour responses and

minimising the incidence of IRAEs.

Ablation of CTLA-4 from tumour-reactive T cells

One possible approach is genetic ablation of CTLA-4 from tumour-reactive T cells. This could in
theory generate a therapeutic agent with resistance to inhibitory signalling within the tumour
microenvironment to permit engraftment and persistence and an augmented anti-tumour
activity profile. Provided the cells are tumour-antigen specific, the risk of toxicity to non-
tumour tissues is minimal. The possible disadvantages of this approach mainly relate to new
paradigms in the field which support a predominantly cell extrinsic suppressive mode of action
for CTLA-4, largely mediated through B7 sequestration by Tregs (9, 15) and other CTLA-4"
populations (26). This could potentially compromise the efficacy of a CTLA-4 ablated adoptively
transferred tumour reactive population, through endogenous T cells providing a CTLA-4
reservoir to sequester B7.1 and 2 on APCs. Corse and Allison describe the effector extrinsic
effect of CTLA-4-replete T cells (WT) acting in trans to inhibit the accumulation of CTLA-4
depleted T cells (ko) and note that it is dependent upon the ko:WT ratio, such that beyond
ratios of 1:1 or 1:2, hyperaccumulation of CTLA-4”" T cells was no longer restored to WT T cell
frequencies at the peak of expansion (26). We believe that adoptive transfer of CTLA-4-
deficient T cells into the right (e.g. lymphodepleted) environment with a high ko:WT CTLA-4

ratio, would support the expansion and activation of CTLA-4-deficient cells.

Mab-mediated blockade of CTLA-4 on tumour-reactive T cells

An alternative strategy is the generation of tumour-reactive T cells to secrete CTLA-4 blocking

antibody/single chain Fv. Payload secretion of aCTLA-4 mAb in response to tumour-specific

TCR engagement with antigen could potentially restrict antibody exposure to the tumour
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microenvironment and minimise systemic autoimmune toxicity. This has the potential to

overcome the possible limitations of CTLA-4 ablation described above.

We accept that aCTLA-4 mAb secretion from tumour-cell-vaccines has been reported
previously to good effect in a preclinical model (59). At the current time we believe that
insufficient evidence supports the further investigation of tumour vaccines in melanoma and
would rather concentrate the potential gains of tumour-targeted blockade of co-inhibitory
receptors to adoptive cellular therapies, and in particular, to CAR T cell therapies. There is
currently a strong clinical research emphasis in our institution and others to exploit the
potential of CAR-based and other adoptive cell transfer models to treat cancer. Genetic
modification of CAR T cells to ablate CTLA-4 or to secrete aCTLA-4 mAb could offer a potential
advantage in terms of engraftment and persistence, two frequently observed limitations of

this new technology.

Summary

Assimilating these hypotheses, we plan to investigate the relative value of cell intrinsic CTLA-4
ablation versus cell extrinsic CTLA-4 blockade in a well-characterised murine melanoma model,
examining genetic ablation of CTLA-4 from tumour-reactive T cells for adoptive transfer with

localized secretion of aCTLA-4 mAb from tumour reactive T cells.

The murine melanoma model system in question centres upon the transgenic TRP1 mouse.
This mouse possesses an MHC Class Il restricted TCR targeting the endogenous melanocyte
differentiation antigen tyrosinase-related-protein (TRP1) found on melanoma tumours and
normal melanocytes (71, 72). The TRP1 model is well described and utilised in the literature in
models of adoptive transfer due to the potent, reproducible anti-melanoma activity of the
transgenic T cells. It is recognised that exposure to TRP1 expressing tumours such as B16/BL6
allows transgenic CD4+ TRP1 T cells to expand and differentiate into Interferon Gamma (IFNy)
secreting cytotoxic T cells (47). T-cell secretion of IFNy into the tumour microenvironment
leads to upregulation of MHC Class Il on the tumour promoting further T cell activation and

immune lysis of tumour (46,72).

Our aim is to genetically modify and adoptively transfer TRP1 CD4 T cells into melanoma-
bearing C57/BL6 mice to help answer our experimental hypotheses. Our primary outcome

measures are tumour growth and infiltration and our secondary outcomes are an assessment
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of lymphocyte activation and function and the effect of CTLA-4 manipulation on these
parameters. There are no robust models available to us to assess self-reactivity other than

serum antibodies as markers of autoimmunity.

We recognise from clinical studies that targeting CTLA-4 blockade to the tumour
microenvironment has the possible advantages of enhancing anti-tumour efficacy by
concentrating the antibody amongst TILs whilst minimising systemic autoimmune toxicity from

indiscriminate endogenous polyclonal CD4 T cell activation in the periphery.
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CHAPTER 2

2. MATERIALS AND METHODS

2.1 Molecular biology techniques

2.1.1 Molecular buffers and bacterial media

Plasmid DNA was stocked at 1pg/pL in nuclease free water (Gibco) and stored at -20°C. The

bacterial media and buffers are listed in Table 2.1.

Table 2.1 Buffers and media for molecular biology

Buffers/media

Composition

1 X phosphate-buffered saline

1 X tris-acetate EDTA buffer (TAE)
EDTA

Luria Bertani agar

Luria Bertani broth

6 X gel loading buffer

Hyperladder land Il

137mM NaCl, 2mM KCIl, 10mM sodium hydrogen
phosphate (dibasic), 2mM potassium hydrogen
phosphate (dibasic) (pH 7.4)

40mM Tris (pH 7.8), 20mM sodium acetate, 1ImM

LB broth plus bacto-agar 15g/L

1% bacto-tryptone, 0.5% bacto-yeast extract, 10%
NaCl (pH 7.0)

0.25% bromophenol blue, 0.25% xylene cyanol FF,
30% glycerol in water

2.1.2 Restriction digestions and ligations

New England Biolabs (NEB) (Ipswich, MA) supplied all restriction enzymes. Diagnostic plasmid

DNA digestions were incubated for 2-3 hours at 37°C according to manufacturers’ instructions

(0.5pL each enzyme, 3uL 10X buffer, 1ug DNA, made up to a final volume of 30uL in nuclease

free water (Gibco).
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Plasmid DNA digestions prior to ligation were incubated at 37°C for 3 hours (5ug plasmid DNA,
5uL each enzyme, 10uL 10X buffer, made up to a final volume of 100puL in nuclease free water),

and then run on and extracted from a 1.5% agarose gel.

DNA fragment ligations were performed using the NEB Quick Ligase kit (Ipswich, MA). Ligations
used 1.5uL quick ligase, 1-1.5ulL digested plasmid(s), 10uL buffer, made up to a final volume of
20u with nuclease free water, and were incubated at room temperature (RT) for 5 minutes,

transferred directly onto ice, and then used for bacterial transformation.

2.1.3 Agarose gel electrophoresis

Electrophoreses were run in 1% agarose gels, (Invitrogen, Carlsbad, CA) with 5pg/mL ethidium
bromide (Dutscher Scientific, Essex, UK). Hyperladder | and/or Il (Bioline, UK) were run

concurrently to accurately size DNA bands obtained.

DNA band sizes were assessed on the non-UV transilluminator ‘The Dark Reader/ DR-195M’
(MoBiTec Molecular Biotechnology). Relevant bands were cut out and DNA purification was
performed according to the QIlAquick Gel Extraction kit (Qiagen, Hilden, Germany)

manufacturers’ instructions.

2.1.4 Transformation of competent bacteria

Competent bacteria were purchased from NEB (lpswich, MA) and stored at -80°C in aliquots of
50uL. High efficiency NEB5a C2987H E-Coli were used for ligation reactions. Sub-cloning

efficiency NEB5a C2988)J E-Coli were used for sub-cloning and retransformation.

For transformation, competent bacteria were thawed on ice, transferred into 0.5uL heat-
shock-optimised eppendorf tubes, and inoculated with 1-2pg of plasmid DNA or 3-5uL of
ligation mix. Following incubation on ice for 30 minutes, bacteria were heat-shocked for 35
seconds at 42°C and then returned onto ice for 2 minutes. Transformed bacteria were then
incubated in 250uL of super optimal broth (NEB, Ipswich, MA) in a bacterial shaker at 37°C, at
200 revolutions per minute (rpm) for 40 minutes, prior to being spread on warmed, antibiotic-
laden LB agar plates. Plates were incubated overnight at 37°C and all clones were selected

based on appropriate display of antibiotic resistance, most commonly ampicillin (50ug/mL).
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2.1.5 DNA purification and quantitation

Single colonies were picked from LB agar plates and grown as minipreps overnight at 37°C in
3mL of LB broth with ampicillin (50ug/mL). Midipreps (150mL) were seeded from successful
minipreps. The QiaPrep Spin Miniprep kit and the Macherey-Nagel Nucleobond Xtra kits were
used to extract and purify plasmid DNA from mini- and midipreps respectively, according to

manufacturers’ instructions.

DNA concentration was defined by the Thermo Scientific NanoDrop 1000 spectrophotometer

using the formula: Concentration (ng/uL) = Absorbance,so.m X Dilution factor x 50.

2.1.6 Polymerase chain reaction (PCR) and Oligonucleotide Extension PCR

PCR reactions were performed with the very High-Fidelity Phusion Polymerase kit (NEB,
Ipswich, MA). It possesses a pyrococcus-like polymerase enzyme fused to a double strand DNA
binding domain which facilitates simultaneous fusions of many different fragments with
sequences not typically tolerated by polymerases and with almost no introduced PCR error.
Table 2.2 summarises the reagents required for one 50uL PCR reaction. The reactions were run

in a Bio-Rad (UK) thermal cycler, looped to 35 cycles (parameters listed in table 2.3).

Gene synthesis by oligonucleotide extension/overlap PCR is a technique used in the generation
of several constructs in this project and the High-Fidelity Phusion Polymerase kit is key to this
technique in our hands. It is possible to synthesise short pieces of DNA by assembling
overlapping oligonucleotides using PCR-mediated ligation. The initial sequence design
comprises a series of separate hybridisation units which constitute the complete sequence
required. Forward and reverse oligonucleotides are designed to overlap each hybridisation
unit such that when the oligonucleotides are mixed, PCR-ligated and undergo PCR
amplification, a full-length product is generated (see Figure 2.1). The next step is to sub-clone
the gene synthesised product into an expression vector. Due to the risk of single base
mutations using this technique, we mandate that multiple clones be screened by restriction

digest prior to sequencing and downstream testing.
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Figure 2.1: gene assembly by oligonucleotide extension PCR
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Table 2.2 Polymerase chain reactions (for one reaction - total volume 50puL)
Component Stock concentration Volume added Final concentration
HiFiD buffer 5x 10uL 1x

dNTPs 2.5mM 1.5uL 200uM each dNTP
Forward primer 1ug/uL lul 0.5uM
Reverse primer 1ug/uL lul 0.5uM
Phusion polymerase 0.5ulL

Template 1ug/uL 1ul 0.5uM
Nuclease free water to final volume 50uL

Table 2.3 Thermocycler parameters for PCR (35 cycles)

Phase Time Temperature
Denature and activate Phusion 2 minutes 98-C
Denature amplicons 40 seconds 98°C
Anneal oligos to template 40 seconds 65°C
Extension 1 minute/kb of amplification 72-°C
Recursion Loop to denaturation step x35 times

Clean up any unfinished amplifications 10 minutes 72°C
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2.1.7 Sequencing

Verification of DNA sequences was performed by the UCL WIBR Scientific Support service using

standard or customised primers.

2.2 Tissue culture

2.2.1 HEK 293T cells

HEK 293T cells are derived from human embryonic kidney cells and are characterised by their
ease of transfection and high transgene expression (73). 293T cells fulfilled two main functions
in this project: expression testing of constructs by transfection, and as a retrovirus producing
cell line. Optimal culture conditions involved 1:4 passage every 2-3 days in Isocove’s Modified
Dulbecco’s Medium (IMDM) (Sigma Aldrich), supplemented with 10% heat-inactivated fetal
calf serum (FCS) (Invitrogen/Gibco), 2mM L-glutamine (Gibco), 100U/mL penicillin and
100ug/mL streptomycin (Gibco).

2.2.2 SupT1cells

In this project, SupT1 cells underwent retroviral transduction to create human and murine
CTLA-4 expressing target cell lines. They are a human T-lymphoblast suspension cell line
expressing CD4, CD8, CD3,but not surface immunoglobulin (Ig), CD2 or CD25 (74). Optimal
culture conditions include 1:4 passage every 2-3 days in (complete) Roswell Park Memorial
Institution medium (RPMI-1640) supplemented with 10% heat-inactivated FCS
(Invitrogen/Gibco), 2mM L-glutamine (Gibco), 100U/mL penicillin and 100ug/mL streptomycin
(Gibco).

2.2.3 B16/BL6 murine melanoma

The highly tumorigenic and poorly immunogenic B16/BL6 melanoma cell line has been
described previously (75). A fresh aliquot was thawed for each new experiment, passaged 1:4

every 2-3 days for optimal cell health, and maintained in complete RPMI. In tumour challenge
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experiments, cells were injected intradermally to the right murine flank in 100uL of sterile

phosphate buffered saline.

2.2.4 GM-CSF secreting cellular vaccine (Gvax)

B16/BL6-expressing granulocyte-macrophage colony stimulating factor (GM-CSF) has been
described previously (75). Irradiated at 150Gray, each dose is 1 x10° cells which is injected in
sterile PBS intradermally into murine recipients on the contralateral flank to the B16/BL6

tumour site.

2.2.5 Transfection of cell lines

Transfection is the process by which DNA is introduced into a cell for short-term transcription,

translation and gene expression and is essential for checking new plasmid constructs.

The protocol stipulates a 72 hours timeframe: 293T cells are plated on day 1 at a density of
1.5x10°/100mm plate in 10mL of complete IMDM. After 24 hours, cells are 50-60% confluent
and ready for transfection with 470uL of plain RPMI, 30uL Genejuice (Merck Millipore) and a
maximum of 12.5ug of plasmid DNA. The mixture is incubated at room temperature for 15
minutes and then added drop-wise to the plated 293T cells before cells are returned to the
incubator at 37°C and 5% CO,. Transfection can be checked at 48-72 hours. Genejuice (Merck
Millipore) is a transfection reagent that comprises a nontoxic cellular protein and a small
amount of a novel polyamine that together form lipid miscelles which can hold small amounts

of DNA. Fusion of these miscelles with the cellular envelope injects DNA directly into the cell.

2.2.6 Antibody binding experiments

Secretory antibody constructs were checked by transiently transfecting 293T cells followed by
harvesting of the (antibody-rich) culture supernatant at 72 hours through a 0.22um filter.
Incubation of supernatant with CTLA-4 expressing cell targets for 30 minutes followed by

secondary anti-murine Fc antibody staining identified successful transfectants.
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2.3 Retroviral vectors

2.3.1 Vector and retrovirus production

Modified wild type (WT) retroviruses are vehicles for the delivery, stable integration and
expression of cloned genes into (dividing) cells. The vector must behave as a retroviral genome
to allow it to pass as a virus from the producer cell line, and so contains regions of wild type
retroviral genome ‘in cis’ for incorporation into a retroviral particle. This includes the
packaging sequence (to ensure capsidation of vector RNA into virions), the tRNA binding site
(to allow reverse transcription of vector RNA into DNA in the target cell), long terminal repeat
(LTR) sequences that permit ‘jumping’ of reverse transcriptase between RNA strands during
DNA synthesis, and other sequences necessary for integration of vector DNA into the host cell
chromosome. Vector genomes do not require that the viral structural proteins gag, pol and env
be retained, with the result that non-viral genes can be cloned into the remaining space. The
overall length of the construct cannot exceed 10 kilobase-pairs (kbp), since packaging

efficiency declines with increasing length of RNA (76).

All retroviral vectors used in this project are based on the Moloney murine leukemia virus
plasmid, and virus was produced by transient triple transfection of HEK 293T cells with

envelope, gag-pol and vector plasmid DNA (77).

Selection of viral envelope is dependent upon the target cell. The amphotropic RD114 simian
type D envelope plasmid can deliver genes to dividing cells of most mammalian species,
including human cell lines and primary lymphocytes (78). For primary murine lymphocytes,
typing of retroviral particles with ecotropic receptor results in high transduction efficiency.
These and Pegpam-env gag-pol plasmid were kindly supplied by Martin Pule from GMP grade

stock.

To generate virus, 293T cells are plated at a density of 1.5x10°/100mm plate in 10mL of
cIMDM on day 1. On day 2, cells that are 50-60% confluent can undergo triple transfection
with 470uL of plain RPMI, 30uL of Genejuice (discussed in Chapter 2.2.6), 3.125ug/plate of
envelope plasmid, 4.6875ug/plate gag-pol and 4.6875ug/plate of vector (12.5ug represents
the maximum DNA load for 30ulL of this reagent). Following incubation at room temperature
for 15 minutes, the mixture is added dropwise to plated 293T cells. Virus is harvested at 48 and

72 hours post-transfection and is mixed, aliquotted and frozen directly at -80-C.
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2.3.2 Transfer constructs

All retroviral vectors used in this project were based on the Moloney murine leukemia virus
plasmid (77), and the SFG.IRES2.eBFP and SFG.IRES2.eGFP backbones for subcloning were
kindly provided by Martin Pule. Use of the internal ribosome entry site (IRES) element has
been previously described (79). The retroviral LTR promoter has been shown to be associated
with long term expression of inserted genes (77). Emerald green fluorescent protein (eGFP)
(accession no. U55761) and blue fluorescent protein (eBFP) (accession no. AX_766758) were
two of the marker proteins expressed in the original constructs. All recombinant DNA

manipulations were verified by DNA sequencing (see section 2.1.7).

Plasmids encoding human and murine CTLA-4 for cell surface expression

The sequences for human and murine CTLA-4 were located on www.ensembl.org. DNA was

generated by Phusion PCR using High-Fidelity Phusion Polymerase (NEB, Ipswich, MA) and
human (blood-derived) and murine (splenocyte) genome as template. Fragments were cloned
into SFG.I2.eBFP2 to create SFG.huCTLA4.l.dCD34ngg and SFG.muCTLA4.l.dCD34ngg.
Truncated human CD34 (dCD34) was used as a marker gene as eBFP is limited by dim
fluorescence and fast photo-bleaching. CD34 expression enables selection of transduced cells
with a commercially available kit (Miltenyi Biotech, Auburn, CA)(see figure 3.1 for plasmid

maps).

Plasmids encoding 10D1 anti-human CTLA-4 mAb

The sequence for 10D1 therapeutic anti-human CTLA-4 antibody was extracted from a patent
filed by Medarax (US2010047244 (A1) and was originally derived by vaccinating a human
Immunoglobulin transgenic mouse (80). It has been adapted by Martin Pule into a single chain

Fv and constructed by oligonucleotide assembly (see Chapter 2.1.6).

Plasmids permitting 10D1 cell surface expression, KDEL-restriction (i.e. retention within the
endoplasmic reticulum) and secretion of scFv were generated in the first instance. This was
followed by a second phase of recloning 10D1 scFv as a full length antibody in different
isotypic forms for secretion by cells, with a novel, truncated, non-immunogenic, non-signalling
cell-surface marker (dmuCD19). Tricistronic vectors comprised 10D1 heavy and light chains

linked by TAV-2A (ref) with dmuCD19 located behind IRES (see Chapter 5, figure 5.3 for
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plasmid maps: SFG.mAb_10D1_mlgG1-LC-2A-HC.I12.d_muCD19 and SFG.mAb_10D1 mlgG2a-
LC-2A-HC.12.d_muCD19). The murine IgG1 backbone, pFUSEss-CH1g-mG1, was sourced from

Invivogen, and was grown in low salt Zeocin broth.

Plasmids encoding UC10-4F10 anti-murine CTLA-4 mAb

The sequence for the UC10-4F10 anti-murine CTLA-4 antibody was kindly shared by Jeffrey
Bluestone (81). As with 10D1, UC10-4F10 scFv was initially generated by oligonucleotide
assembly. Testing of secreted scFv revealed that it did not effectively bind murine CTLA-4
despite correct sequence. It was recloned as a full length antibody in 1gG2a and IgG1 isotypic
forms in tricistronic format with a dmuCD19 marker (SFG.mAb_4F10bluestone_mligG1-LC-2A-
HC.12.d_muCD19 and SFG.mAb_4F10bluestone _mlgG2a-LC-2A-HC.I12.d_muCD19).

Plasmids encoding 9D9 anti-murine CTLA-4 mAb

9D9 anti-murine CTLA-4 in IgG1 and IgG2a isotype were generated through processes outlined
above. Once species-specific binding was established, full length sequences were subcloned
into tricistronic vectors to generate SFG.mAb_9D9anti-CTLA4_migG1-LC-2A-HC.I12.d_muCD19
and SFG.mAb_9D9anti-CTLA4 _mlgG2a-LC-2A-HC.I12.d_muCD19 (see figure 6.1 for plasmid

maps).

Plasmids encoding human and murine CTLA-4 targeting siRNA

pSuper.retro.puro is a mammalian expression vector that directs intracellular synthesis of
siRNA transcripts. We modified it to replace the puromycin resistance sequence with truncated
murine CD19 as a marker gene (82). We ligated a single pair of annealed oligonucleotides
(performed at 95°C) into modified pSuperRetro.d_muCD19 between two unique restriction
sites to create pSuperRetro.d_muCD19.siRNA_huCTLA4 and

pSuperRetro.d_muCD19.siRNA_muCTLA4 (see figure 3.2a for plasmid maps).
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2.3.3 Retroviral transduction of suspension cell lines

Retroviral transduction requires target cells to be in exponential phase to effectively
incorporate transgene, and suspension cell lines were split (1:10) 24 hours prior to retrovirus
exposure. Retronectin is a chimeric peptide of human fibronectin produced in E-Coli and has
been shown to improve retrovirus-mediated gene transfer into mammalian cells due to co-
localisation of virus and target cells. A retronectin-coated, non-tissue culture (TC) treated 6-

well plate should be prepared and refrigerated in advance.

At 24 hours, retronectin is aspirated from wells prior to a 30 minute incubation of 250uL/well
of correctly pseudotyped viral supernatant at room temperature. Cells are plated at a
concentration of 3x10°/well with an extra 1.5mL of retroviral supernatant per well. Spin
transduction occurs at 1000g for 40 minutes at room temperature (83) and transduction

efficiency is assessed 48-72 hours later.

2.3.4 Retroviral transduction of adherent cell lines

Adherent cells will tolerate multiple transductions over successive days and it is possible to
achieve high expression of a single transgene and/or to express multiple transgenes. On day 1,
cells are trypsinised, washed and plated at 3x10°cells/well of a 6-well plate in complete
medium. The first transduction step is at 24 hours when complete medium is replaced by
(2mL) viral supernatant plus 1pL of 10mg/mL Polybrene. Second and subsequent
transductions are performed daily from day 3 onwards provided cells are not over-confluent.
Polybrene (hexadimethrine bromide) is a cationic polymer used to increase the efficiency of
retroviral infection of cells in culture by neutralizing the charge repulsion between virions and

sialic acid expressed on the cell surface (84).

24 In vivo and ex vivo experiments

2.4.1 Mice

One of the goals of the project is to generate a method for selectively expanding and
transducing tumour reactive lymphocytes with a view to blocking or knocking down CTLA-4.
We elected to test our constructs in the well described B16/BL6 transplantable murine
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melanoma model using transgenic T cells for adoptive transfer into C57BL/6 recipients. All

animals were handled in accordance with institutional guidelines and home office regulation.

2.4.1.1 C57BL/6 mice

Males were supplied by the Charles Rivers Facility (Margate, Kent) at 6-8 weeks of age to act as

B16/BL6 recipients.

2.4.1.2 Human CTLA-4 transgenic mice (Hu152Tg)

Transgenic animals were bred and colonies maintained at the Charles Rivers Facility (Margate,

Kent).

Human and mouse CTLA-4 genes are composed of four exons, with overall protein sequence
homology of 76%. Human CTLA-4 is capable of interacting with mouse B7-1 and B7-2 to
biological effect. At Memorial Sloan Kettering Cancer Centre, a 17-kb DNA construct coding for
a chimeric CTLA-4 molecule comprising human extracellular and mouse transmembrane and
intra-cytoplasmic domains was used to create a human CTLA-4 transgenic mouse (Hu152Tg).
The complex chimeric CTLA-4 DNA construct was generated using bacterial artificial
chromosome cloning vector (BAC) technology to include upstream regulatory sequences that
govern gene expression. BACs accommodate large inserts (150-250 kb or more) and do not
pose a strong risk of genetic rearrangement. They can be introduced into chromosomal DNA
by electroporation or transfection or by microinjection into the oocyte pronucleus where they

integrate at random in the genome.

Backcrossing of the Hu152Tg mouse into murine CTLA-4 7 animals produced human CTLA-4
homozygous progeny which were remarkable in their normal lifespans, normal lymphoid and
myeloid development, and lack of features to suggest autoimmunity. Cross species CTLA-4-B7
ligation protects Hu152Tg from the lymphoproliferative disease seen in CTLA-47 mice (41, 42,
48). The CTLA-4 transgenic strain is further discussed in Chapter 5.1.5.
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2.4.1.3 TRP1 transgenic mice

This Class Il restricted TRP1 transgenic CD4+ T cell mouse strain recognises a peptide derived
from the melanoma differentiation antigen, tyrosinase-related-protein 1 (TRP1) presented on

I-Ab.

The TRP1 TCR was generated from white-based brown B" (cappuccino) mutant mice. The B
mutation is an irradiation-related inversion of exon 1 of the tyrpl gene resulting in total

absence of TRP1 protein in melanocytes and other tissues.

B" mice were backcrossed for 8 generations onto the C57BL/6 background using a speed
congenic-based technique and immunised once with 10’ plaque forming units (pfu) of
recombinant TRP1 vaccinia virus (TRP-1 rVV) followed by 100ug of murine TRP1 protein three
weeks later. Ultimately, hybridomas were generated and screened for reactivity against TRP1
protein/truncated TRP1 peptides. The most reactive clone was defined as having Va3.2 and
VB14 TCR chains which were cloned, validated by sequencing, subcloned into TCR cassette
vectors, and co-injected into fertilized C57BL/6 embryos that yielded 13 founders. Founder
number 9, in which the transgene insertion site was found on the Y chromosome, was
successfully bred and crossed into RAG1”" (black) mice and subsequently into RAG1” BY
(cappuccino) mice to create TRP1 transgenic mice(72). The monoclonal TCR directed against

TRP1 is avid, as it has not undergone central or peripheral deletion (85).

2.4.1.4 TRP1 CTLA4™ transgenic mice

TRP1 mice were crossed with CTLA-4” mice to create congenically marked CD45.1"* BY RAG”

TRP1CTLA-4” transgenic animals (67). These CTLA-4 deficient mice will act as a comparator

against which to assess the impact of proposed strategies for CTLA-4 silencing.

2.4.2 Harvesting spleens and lymph nodes

Organs were collected in cRPMI and dispersed through a 70um nylon mesh (BD Falcon). Cells
were washed in Phosphate Buffered Saline (PBS) prior to incubation in red cell lysis buffer
(Sigma-Aldrich) for 5 minutes at room temperature, followed by a double wash step in sterile

PBS prior to downstream processing/applications.
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2.4.3 Generation of bone marrow-derived macrophages

Bone marrow (BM)-derived macrophages were produced according to the protocol referenced
here, with some minor modifications (86). Bone marrow of C57BL/6 mice was flushed
aseptically from femora tibiae and fibulae in cRPMI using a syringe and needle technique. The
resulting cellular effluent was washed in cRPMI and resuspended at a concentration of 4x10°
cells per 100mm non-TC-treated plate in conditioned medium (RPMI + 20% FCS + 30% L929
supernatant. L929 is a fibroblast cell line that secretes M-CSF (87). L929 cells are cultured in
cIMDM (with 10% FCS) and after 72 hours in vitro, their supernatant is collected, centrifuged
at 3000rpm for 5 minutes and filtered with a bottle top filter prior to making aliquots for

downstream applications.

BM-derived macrophages are differentiated in vitro over 5-7 days in conditioned medium.
Lipopolysaccharide (LPS) is added at a concentration of 10ng/mL (Sigma Aldrich) to cultures on
day 4 to promote an inflammatory M1 phenotype. Harvesting requires the use of 0.25%
trypsin (Invitrogen), and each 10cm dish yields approximately 7x10° macrophages.
Quantitation and flow cytometric assessment of macrophage purity and differentiation status
precedes downstream applications. A typical antibody panel would comprise MHC class Il
(la/b), murine FC gamma receptor 4 (FcyRIV), CD11b and iNOS/NOS2 (nitric oxide synthase 2).
Plating for ADCC assays is described in Section 2.4.11.

2.4.4 Purification of T cells from spleen and lymph node
Magnetic microbead purification of T cells was achieved by negative selection for CD3 or by

positive or negative selection for CD4. The kits and columns were used according to

manufacturers’ instructions (Miltenyi Biotech, CliniMACS® cell sorting, Auburn, CA).
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2.4.5 Retroviral transduction of murine lymphocytes

2.4.5.1 Polyclonal lymphocyte transduction

Retrovirus was prepared and frozen at -80°C in advance as described in Chapter 2.3.1.
Harvesting of spleen and lymph node was performed according to Chapter 2.4.2, and

purification of T cells as described in Chapter 2.4.4.

The resulting lymphocyte pellet was analysed by flow cytometry and counted using the MUSE
cell analyser (Merck Millipore) to enable T cell quantitation (see Chapter 2.4.7). T cells were
then stimulated in vitro at 37-C for 24 hours at a concentration of 1x10° T cells/well of a TC-
treated 24-well plate in 2ug/mL Concanavalin A (ConA) and 1ng/mL of Interleukin 7 (IL-7)(88).
Anti-CD3 (1pg/mL) and anti-CD28 (1ug/mL) coated non-TC-treated plates were also used as an

alternative to ConA/IL-7 for T cell stimulation (135).

After 24 hours at 37°C in 5% CO, T cells were harvested, counted and 1x10°/well added to
retronectin-coated (12-24pg/mL) non-TC-treated 24-well plates for transduction. T cells were
resuspended in 700yl retroviral supernatant and 700uL cRPMI supplemented with 1001U/mL
of recombinant human interleukin 2 (rHulL-2). Spin transduction settings were as follows: 90
minutes at 2000 revolutions per minute (rpm) at 32°C with no brake, followed by an overnight
incubation at 37°C. At 16 hours post transduction, 1mL of fresh cRPMI + 20IU/mL rHulL-2
replaced viral supernatant. Purity, viability and transduction efficiency were assessed by flow
cytometry 48-72 hours later and transduced cells were selected using murine CD19
microbeads (Miltenyi Biotech, Auburn, CA). Cell count was ascertained on the MUSE cell

analyser (Merck Millipore) using the Count and Viability reagent provided.

2.4.5.2 WT TRP1 transduction

Total CD4 T cell numbers obtained post spleen/extended lymph node harvest from WT TRP1
transgenic donors were low compared with C57BL/6 donors, comprising approximately 7-10%
of total live cells, with absolute CD4 T cell numbers of 400-500 x10° CD4 T cells per mouse.

Multiple permutations of cell culture, stimulation and spin transduction protocols were tested.

CD4 positive magnetic bead/column selection at the point of organ harvest was not routinely

used as we observed a low yield of CD4 T cells and an adverse effect on cell viability with
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excessive cell handling (data not shown). Our approach was to disperse LN and spleen through
a 70um nylon mesh followed by a red cell lysis step (Sigma-Aldrich) and a wash step in cRPMI.
Cells were counted on the MUSE cell analyser (Merck Millipore) and stained for FACS analysis
to elucidate total CD4 T cell numbers obtained. TRP1 T cells were then activated at a
concentration of 1x10° TRP1 T cells/well of a 24-well plate with 2uM TRP1 peptide (10mM
stock) and rHulL-2 (101U/mL) in 1.5mL of cRPMI at 37°C in 5% CO,. The culture was unselected
and we showed the presence of TRP1-derived (non-CD4+) CD11b+, CD11c+, MHC Class I+

expressing cells which we believe fulfilled a role in antigen presentation in these cultures.

Retroviral transduction was performed after 24 hours of in vitro stimulation. TRP1 T cells were
harvested, counted and added to retronectin-coated plates at 1x10° CD4 T cells per well in
750uL of retroviral supernatant and 750ulL of cRPMI supplemented with 1001U/mL of rHulL-2.
Spin-transduction settings were as follows: 90 minutes at 32°C and 2000rpm with no brake. As
in the polyclonal setting, cells were incubated at 37°C with fresh cRPMI+ 20IU rHulL-2 added at
16 hours post-transduction. Transduction efficiency was measured 48-72 hours later. These

techniques were also used in the retroviral transduction of TRP1 CTLA-47 CD4 T cells.

For in-vivo experiments, cells underwent positive selection for murine CD19 using a
commercially available kit according to manufacturers’ instructions (Miltenyi Biotech, Auburn,
CA). Cells were then injected intravenously in sterile PBS into recipient mice in volumes of

200puL/mouse.

We discovered that vaccination of WT TRP1 donors with two standard doses of Gvax resulted
in a 3-4-fold increase in CD4 T cell numbers obtained, and an improved viability in vitro over
cells derived from non-vaccinated animals (figure 6.8a) (75). The higher CD4 yields with donor
vaccination hold promise regarding the generation of sufficient numbers of transduced cells

for in vivo experiments, but vaccination may alter the biology of the model (see Chapter 6.2.6).

2.4.7 Exogenous therapeutic antibodies
9H10 a-murine-CTLA-4 (sourced from BioXCell, USA) and 10D1 oa-human-CTLA-4 (kindly

provided by Alan Korman)(80) were administered intraperitoneally (i.p.) at doses of 100-

200pg/mouse in a final volume of 200uL/mouse of sterile PBS.
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2.4.8 Staining for fluorescence activated cell sorting (FACS) analysis

Fluorescence Activated Flow Cytometry (FACS) was performed on the BD LSR Fortessa (BD, San
Jose, CA) and analysis was done with FloJo 10 software (Tree Star Inc., Ashland OR). Electronic

cell sorting was performed on the MoFlo™ XDP (Beckman Coulter).

Cell surface staining was performed for 30 minutes in the dark on ice using cold buffers and
reagents, followed by a double wash in staining buffer. Each sample comprised 1-3 x
10°cells/well of a 96-well round-bottomed plate, stained in 40uL of staining buffer (PBS, 2%
FCS, 0.1% sodium azide) supplemented with 10% superblock (500uL rat serum; 500uL mouse
serum; 500pL anti-FcR (rat-anti-mouse CD16/32); 0.1% sodium azide; 200uL FCS; 8.10mL PBS).

Diagnostic a-murine mAbs used and their dilutions in staining buffer/superblock are listed in

Table 2.4. Diagnostic a-human mAbs are listed in Table 2.5.

Fixable dead cell dyes (eBioscience) were routinely used in staining. They cannot enter live
cells, but covalently label amines throughout the cytoplasm of dead cells, giving dead cells a
50-fold greater fluorescence than live cells. Covalent labelling means that cells can be

aldehyde-fixed and permeabilised without losing viability discrimination.

For intracytoplasmic staining, cells were fixed with Cytoperm/Cytofix solution (BD Biosciences)
according to manufacturer’s instructions, and stained for a further 30 minutes at 4°C in the
dark with antibodies diluted in 40uL of cytoperm solution enriched with 10% superblock. The
murine Foxp3 Buffer Set (BD Pharminogen) was used for intranuclear staining and cells were
incubated for 30 minutes at 4°C in the dark in 40uL of antibody/ Fox-Perm solution/10%

superblock.

Intracellular anti-murine-Fc staining was crucial to confirm the presence of intracellular
antibody-Fc within transduced T cells (see Chapters 5 and 6). T cells were restimulated with
TRP1 peptide and exogenous DCs in vitro over 4 hours. Brefeldin A was added one hour into
the culture to permit accumulation of antibody intracellularly. Brefeldin A is a lactone
antibiotic which inhibits protein transport from the endoplasmic reticulum to the Golgi
apparatus indirectly by preventing formation of transport vesicles (145). Following
restimulation, diagnostic antibody labelling proceeded as described above apart from the need
in this case for an antibody panel exclusively comprising rat-derived mAbs, and the use of rat

serum instead of superblock to minimise the risk of non-specific anti-murine Fc staining.
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Table 2.4

Murine antibodies for FACS

Antibody Clone Supplier Dilution
FoxP3-AF700 FIK-16s eBioscience 1:100
FoxP3-PE FIK-16s eBioscience 1:100
CTLA-4-APC UC10-4B9 eBioscience 1:100
CTLA-4-PE UC10-4B9 eBioscience 1:100
Ki67-FITC SolA15 eBioscience 1:400
Ki67-PERCP SolA15 eBioscience 1:300
Granzyme-APC GB11 Invitrogen 1:100
Granzyme-PE GB12 Invitrogen 1:100
Eomes-PE Danllimag eBioscience 1:100
CD44-APC IM7 eBioscience 1:200
CD62L-v450 MEL-14 eBioscience 1:200
PD-1-v450 RPM1-30 eBioscience 1:200
CD19-AF700 eBiolD3 eBioscience 1:100
CD19-PE 1D3 eBioscience 1:200-1:300
Anti-murine 1gG2a-APC N/A Jackson Immuno 1:50-1:100
Anti-murine 1gG1- APC N/A Jackson Immuno 1:50-1:100
IFNg-FITC XMG1.2 eBioscience 1:100
TNFa-APC MP6-XT22 eBioscience 1:100
IL-2-PE Cy7 JES6-5H4 eBioscience 1:100
NK1.1-NC655 PK136 BioLegend 1:200
Vb14-FITC 14-2 BD Pharmingen 1:200
FcyRIV-FITC Unknown labelled in house 1:100
Viability-APC EFluor780 N/A eBioscience 1:1000
la/b-v450 AF6-210.1 eBioscience 1:200
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Table 2.4 Murine antibodies for FACS (continued)

Antibody Clone Supplier Dilution
Viability-v450 N/A eBioscience 1:1000
CD3-PerCP-Cy5.5 17A2 BioLegend 1:200
CD4-v500 RM4-5 BD Pharmingen 1:300
CD4-PE RM4-5 BD Pharmingen 1:300
CD8-BV650 53-6.7 BiolLegend 1:300
CD8-v450 53-6.7 eBioscience 1:300
CD45.1- APC Efluor780 A20 eBioscience 1:200
CDA45.1-PE Cy7 A20 eBioscience 1:200
CD25-PE PC61.5 eBioscience 1:200
CD25-FITC PC61.5 eBioscience 1:200
CD11b-APC M1/70 eBioscience 1:200
NOS2-PE SXNFT eBioscience 1:100
Table 2.5 Human antibodies for FACS

Antibody Clone Supplier Dilution
CD34-PE Cy7 581 BD Pharmingen Sul/test
Anti-human (pan) Fc-APC N/A Jackson Immuno 1:50-1:100
CTLA-4-APC BNI3 BD Pharmingen Sul/test
CTLA-4-APC L3D10 Biolegend Sul/test
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2.4.9 Antibody dependent cytotoxicity assays (ADCC)

Experimental design to demonstrate ADCC in vitro is well published (89). In this project, the
aim was to demonstrate that exogenous a-CTLA-4 mAb added to cultures of CFSE-labelled
CTLA-4" target cells and activated effector macrophages would result in target cell lysis in

vitro.

SupT1 cells expressing human or murine CTLA-4 were washed in PBS and resuspended at
1x10°/mL prior to staining with 5 pmol/L CFSE (Invitrogen, Carlsbad, CA) for 10 minutes at 37°C
(described in Chapter 2.4.9). Cells were resuspended at 1x10°/mL and added to round
bottomed 96-well plates at 1x10* cells per well. Stimulated effector cells (BM-derived
macrophages described in Chapter 2.4.3) were then applied at different concentrations to
generate 10:1, 5:1 and 0.5:1 effector to target (e:t) ratios. Antibodies for testing were added at
50ug/mL, comparing isotype control and experimental antibody in triplicate wells. It was
expected that the therapeutic impact of ADCC-capable mAb would be quenched at lower e:t

ratios.

Plates were incubated for 16 hours at 37°C and 5% CO, prior to cell harvesting. 5 x 10° Pacific
Blue microbeads (Life Technologies) were added to each sample and data acquisition was
stopped after 2.5 x 10° events. The fraction of antibody-mediated cell kill was calculated as

follows:

%0aCTLA-4 antibody survival= [WITH aCTLA-4 absolute number viable CFSE labelled/WITHOUT
oCTLA-4 absolute number viable CFSE labelled] x100.

2.4.10 Carboxyfluorescein succinimidyl ester (CFSE) labelling

CFSE can be used to monitor lymphocyte proliferation, both in vitro and in vivo, due to the
progressive halving of CFSE fluorescence within daughter cells following each cell division. This
permits observation of 7-8 cell divisions before CFSE fluorescence is too low to be
distinguished above background autofluorescence. In order to quantify cytotoxicity displayed

in the ADCC assay described in Chapter 2.4.8, target SupT1 cells were CFSE-labelled.

Cells were resuspended at 5 x10°/mL in PBS/0.1% bovine serum albumin (BSA) and labelled
with 5uM CFSE (Invitrogen, Carlsbad, CA). To obtain a 5uM solution of CFSE (one vial should be
diluted in 20uL DMSO from the kit and left at RT), 2uL CFSE is resuspended in 1mL of warm

PBS/BSA 0.1%. It is imperative to then move quickly to add 1mL of diluted CFSE to 1mL of cells,
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to mix thoroughly to obtain homogeneous staining, prior to incubation at 37°C for 10 minutes.
After this, the reaction must be promptly quenched (add 5x volumes of cold RPMI medium and
incubate for 5 minutes on ice), and in order to minimise cell toxicity and to obtain clean
labelling, 4 wash steps must be performed. To accommodate this it is important to start with
approximately double the number of cells needed for the experiment, as many will be lost in

the washing steps.

2.4.11 Enzyme linked immunosorbent assays (ELISA)

Mouse lgG2a and IgG1 Ready-SET-Go ELISA kits were used (affymetrix, eBioscience) according
to manufacturer’s instructions to quantitate the antibody production capacity of transduced

cell lines and primary lymphocytes in this project.

Corning Costar 9018 ELISA plates were coated with 100ulL/well of capture antibody and
incubated overnight at 4-C. The following day, wells were washed twice in wash buffer (1x PBS,
0.05% Tween-20) and blocked for 2 hours at RT in blocking buffer followed by two further

washes in wash buffer.

Generation of the standard curve required 2-fold serial dilutions of the reconstituted standard
with assay buffer A. Blank wells contained only buffer A. The sample wells were loaded with
100uL/well of Assay Buffer A followed by the addition of 100uL/well of the samples to be
tested, followed by 2-fold serial dilutions as per the standard wells. 50uL of detection antibody
was added to all wells (except one row of the blank wells), and the plate was sealed and
incubated at RT for 3 hours. Following this, the plate was washed 4 times in wash buffer and
then 100pL of substrate solution (teramethylbenzidine (TMB) was added to each well followed
by further incubation at RT for 15 minutes. 100uL of stop solution (1M H,SO,) was then added
to each well. Plates were read on the Varioskan Flash multimode reader (Thermo Scientific) at

450nm, and concentrations read from the standard curve multiplied by the dilution factor.

2.4.12 Isolation of lymph nodes (LNs) and tumour infiltrating lymphocytes (TILs)

Mice were humanely sacrificed with CO,. Lymph nodes (inguinal/axillary/brachial) and
tumours were dissected into cRPMI. Lymph nodes were dispersed through a 70-um filter,
washed in cRPMI and counted on the MUSE cell analyser (Merck Millipore) prior to staining for

FACS analysis. Tumours were mechanically disrupted using scalpels and digested in 0.33mg/mL
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DNase (Sigma-Aldrich) plus 0.27mg/mL Liberase TL (Roche) in serum-free RPMI for 30 minutes
at 37<C, followed by dispersal through 70um filters. Samples were washed in cRPMI and

subsequently stained for FACS analysis.

Pacific Blue microbeads (Life Technologies) were added to tumour samples to enable
quantitation of absolute cell numbers per tumour sample (microbeads normalised to known
sample volume, which is then normalised to tumour wet weight). The following formula is
used for this calculation: absolute cell number =number of cells acquired/(tumour wet

weight/[number of beads acquired/number of beads added to sample]).

Experimental outcome measures included tumour weight, and analysis of T cell numbers,
surface phenotype and function within lymph nodes and tumours, with specific evaluation of
transferred and endogenous populations. Attempts are being made within the lab to assess
serum levels of murine antinuclear antibody (ANA) and double-stranded DNA antibody
(dsDNA) (Signosis, USA) by ELISA, as surrogate markers of systemic toxicity associated with
CTLA-4 blockade.

Restimulation assays were set up to detect intracellular cytokines. TIL and LN homogenates
were incubated at 37°C for 4 hours with 50 x 10> murine dendritic cells (DCs) pulsed with B16
tumour cell lysate and 2uM TRP1 peptide in cRPMI. 1:1000 Brefeldin A (BD Pharmingen) was
added after 1 hour in vitro. Cells were then washed and stained for flow cytometry as

described in section 2.4.7.

2.4.13 Irradiation of murine recipients

Mice were batched into groups of 5 into transfer boxes to receive a dose of 5Gy of total body
irradiation. They then had a 4-6 hour recovery period prior to any further
procedure/intervention. A registered current dosimeter was worn at all times. The irradiator

used was an AGO HS320/250 X-ray cabinet.

2.4.14 Statistical analysis

Statistical analysis was performed using GraphPad Prism 5.0. (GraphPad Softward. Inc.)
Experiments were repeated two or three times as indicated. Statistical significance was elicited

by a Student’s t test (between two groups or conditions) or analysis of variance with a post-
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hoc test (three or more groups or conditions). P-values <0.05 were considered statistically

significant.
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CHAPTER 3

3. CELL INTRINSIC SILENCING OF CTLA-4

3.1 Introduction

3.1.1 CTLA-4 expression and function

CTLA-4 is a vital negative regulator of T cell responses. Its physiological function is in the
maintenance of immune tolerance which prevents self-reactivity and autoimmunity, but is
thought to compromise the generation of anti-tumour immune responses. Blockade of this
receptor through mAb technology has been shown to ‘release the brakes’ on immune
responses in pre-clinical models of cancer (46, 47). One of the limitations of tumour
immunotherapy is the lack of persistence and anergy of tumour reactive immune cells in
immunologically hostile tumour microenvironments. We hypothesise that absence of CTLA-4
on tumour-specific effector T cells may enhance their immune function within the tumour and
reduce the incidence of immune toxicity compared with systemic administration of aCTLA-4

mAb.

One concern about a strategy to ablate CTLA-4 on cells for adoptive transfer is that the
predicted CTLA-47" benefits of proliferation and activation may be compromised by the non-
cell autonomous ‘effector extrinsic’ CTLA-4 effect (90). Co-transfer experiments have
suggested that CTLA-4-replete T cells can regulate co-existing populations of CTLA-4-depleted
T cells. At CTLA-47":CTLA-4""* ratios of 1:1 or 1:2, CTLA-4-replete antigen specific T cells can
prevent accumulation of CTLA-4-deficient antigen specific T cells. This effect is diminished at

higher ratios (26, 27).

An additional concern regarding the validity CTLA-4 ablation on T cells in this context is that
the vast majority of published data on the anti-tumour properties of CTLA-4 blockade is
generated using mAb-mediated receptor blockade rather than genetic ablation of the
receptor. We know that certain CTLA-4 polymorphisms are associated with better response
rates to aCTLA-4 mAb therapy for cancer so it is possible that ablation of the receptor holds

promise as a therapeutic strategy (58).
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3.1.2 Strategies to ‘knock down’ expression of CTLA-4

There are several methods by which silencing of CTLA-4 in tumour-specific effector T cells can
be achieved. Proteins can be eradicated from cells by several methods: at the genomic level by
zinc finger nucleases (ZFNs) (91, 92) or by TALENSs (93) and the CRISPR/Cas system (94); at the
messenger ribonucleic acid (mRNA) level by small interfering RNA (siRNA) or microRNA
(miRNA) (95-97); and at the protein level by blocking/depleting antibodies or by endoplasmic

reticulum (ER) retention sequences (98, 99).

TALENs are nucleases derived from the bacterium Xanthomonas that cleave specific genomic
sequences in vivo when linked to the catalytic domain of the restriction enzyme Fok1, and can
be used for gene editing and mutagenesis. They do this by means of 2 major eukaryotic DNA
repair pathways: the error-prone break repair method NHEJ (non-homologous end joining) and

the precise gene method HDR (homology directed repair) (93).

Munro and Pelham originally described the KDEL amino acid sequence in the endoplasmic
reticulum (ER) and its function in intracellular protein retention in 1987 (98, 99) . In this
project, the KDEL strategy offers a method for reduction of CTLA-4 cell surface expression
through ER- anchored aCTLA-4 scFv binding of freshly transduced CTLA-4 protein. This
theoretically enables testing of intrinsic (‘in cis’) CTLA-4 knockdown. Potential problems with
this technique include cellular toxicity from ER stress generated by high volume protein

retention which can lead to apoptosis (100).

3.1.3 Small interfering RNA (siRNA)

RNA interference (RNAi) was first described in 1998 (101). The presence of intracellular
double-stranded RNA (dsRNA) in eukaryotes can silence gene expression and scientific
exploitation of this observation has generated an important research tool. Mechanistically,
RNAi machinery is triggered by intracellular strands of dsRNA which the endogenous enzyme
(Dicer) cleaves into siRNA fragments. These fragments are used to generate an RNA-induced
silencing complex (RISC) which unwinds to seek out and degrade complementary mRNA,
leading to gene silencing. The effect can last for 3-7 days in rapidly dividing cells, and for
several weeks in non-dividing cells. (95). Synthetic siRNA has been shown to induce sequence-

specific knockdown in mammalian cell lines (102).
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Circumventing the transient nature of the siRNA effect is the retroviral vector system pSUPER
which directs the synthesis of siRNAs in eukaryotes and leads to stable expression of siRNA and
stable suppression of gene expression with no requirement for repeated dosing. The
polymerase-lll H1I-RNA gene promoter produces a small RNA transcript lacking a poly-
adenosine tail, but with a termination signal consisting of 5 thymidines. The gene specific
insert must be a 19-nucleotide (nt) sequence derived from the target transcript, separated by a
9-nt spacer, from the reverse complement of the same 19-nt sequence. The transcript folds

back on itself to form a 19-base pair stem-loop structure (82).

An advantage of siRNA is that it can target specific sequences of mMRNA due to its small size.
Disadvantages include off-target interactions and toxicity, immunogenicity, eradication by the
host immune system and a limitation of its capacity to achieve knockdown due to saturation of
the mechanism (95-97). RNAi can provoke a strong cytotoxic response in mammalian cells

(103).

Silencing of CTLA-4 by siRNA has been investigated in vitro in the context of chronic Hepatitis
B. Transient transfection by electroporation of human CTLA-4 siRNA into T lymphocytes from
patients with chronic Hepatitis B mediated a reduction in CTLA-4 mRNA transcripts detectable
by real time polymerase chain reaction (RT-PCR) compared with siRNA control, and was
associated with increased Interleukin -2 (IL-2) and Interferon Gamma (IFNy) secretion following
stimulation with phytohaemagluttinin (PHA) (104). To my knowledge there is no published
work to date in tumour biology using CTLA-4 siRNA. Of note, a group in Japan have shown that
siRNA mediated silencing of another T cell co-inhibitory receptor (programmed cell death 1
(PD-1) in vitro enhances tumour-specific human T cell effector functions (IFNy production and

antigen-specific cytotoxicity) (105).

3.1.4 Aims/hypotheses

We elected to generate human and murine CTLA-4 specific siRNA constructs using the pSuper

system, aiming to downregulate the expression of CTLA-4 in tumour-reactive T cells for

adoptive transfer into murine models of melanoma.
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3.2 Results

3.2.1 Generating CTLA-4 high cell lines as ‘targets’ to test constructs

Figure 3.1a shows SFG plasmids coding for human and murine CTLA-4 with an IRES-linked
truncated human CD34 (dCD34) marker gene. CTLA-4 was generated by Phusion PCR
(described Chapter 2.1.6) and subcloned into SFG.I2.eBFP2 to permit surface expression of the
receptor. Transient transfection of 293T cells with these constructs and flow cytometric
analysis at 72 hours confirmed dCD34/CTLA-4 dual positivity for both constructs, with no cross-
species effect. Capillary sequencing confirmed correct sequences.

Figure 3.1a: plasmid maps for human and murine CTLA-4. This shows human and murine CTLA-4 linked
by an IRES to a truncated human CD34 marker gene. Key: LTR=long terminal repeats; HUCTLA4=human

CTLA4; MuCTLA4=murine CTLA4; IRES=internal ribosomal entry site; dHuCD34=truncated human
CD34;SD=splice donor;SA=splice acceptor. CTLA-4 sequences flanked by Bglll and Mlul restriction sites.

D sa HUCTLA4 dHuCD34
LTR ) |RES LTR
Bglll Miul
o sa MuCTLA4 dHuCD34
M_ IRES —lE
Bglil Miul

Figure 3.1b: 293T cells are transduced to stably express Human or Murine CTLA-4. Transduction with
RD114 retroviral supernatant and positive selection for the human CD34 marker protein yielded a purity
of 78% human CTLA-4/huCD34 and a purity of 97% murine CTLA-4/huCD34 co-expressing cells. Key:
HuCD34=human CD34.
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Figure 3.1c: SupT1 cells are stably transduced with human or murine CTLA-4. The human CTLA-4 cell
purity is 92% and the murine CTLA-4 purity is 97%. Key: NT=non-transduced; CTLA4= cytotoxic T
lymphocyte antigen 4; aCTLA4 mAb=anti-CTLA-4 monoclonal antibody; FSC=forward scatter.
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In order to generate stable, surface-restricted CTLA-4 expressing cell lines, RD114 retroviral
supernatant was produced by triple transfection of 293T cells according to the method
outlined in Chapter 2.3.1. Single transduction of 293T cells (Figure 3.1b) and double
transduction of SupT1 cells (Figure 3.1c) was followed by positive selection for human CD34 to
enrich CTLA-4" populations using magnetic columns/beads (Miltenyi Biotech, CliniMACS® cell

sorting, Auburn, CA).

3.2.2 Generating siRNAs to target CTLA-4

Twelve separate siRNAs to target human or murine CTLA-4 were generated from
oligonucleotide pairs, designed by Martin Pule, annealed for ligation into
pSuperRetro.d_muCD19, a mammalian expression vector that directs intracellular synthesis of
siRNA transcripts, and uses a truncated version of murine CD19 as a marker/selection protein
(25). Further details can be found in Materials and Methods section 2.3.2. Correct sequences
were verified prior to testing in cell lines. Diagrammatic representation of these constructs is

seen in Figure 3.2a.
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Figure 3.2a: vector maps of siRNA hairpins targeting human and murine CTLA-4. 19-nt sequences
(complementary) are linked by 9-nt spacer. Key: 5 PCMV=specially designed long terminal repeat (LTR)
from the murine stem cell PCMV virus that permits work with hard-to-transduce cell lines; Hi-RNA
promoter= H1 RNA polymerase —lll gene promoter (produces small RNA transcript); PGK promoter=
mouse phosphoglycerate kinase 1 promoter; siRNA=small interfering RNA; Hu CTLA-4= human CTLA-4;
Mu CTLA-4= murine CTLA-4; dmuCD19= truncated murine CD19.
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Hu CTLA-2 dmuCD19

5 Hi RNA PGK =
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oo — " — 3 TROEL |
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Hairpin 5.
GATCCCCAGTGGTACCTTTAATGAAATHEEEEEEEN TCATTAAAGGTACCACTTTTTTAAGCT

3.2.3 Testing siRNAs in cell lines by transfection

Transient co- transfection of CTLA-4 and siRNA plasmids into 293T cells demonstrated that two
of six human CTLA-4 siRNA constructs and two of six murine CTLA-4 siRNA constructs showed
species-specific CTLA-4 knockdown capability in transfected 293T cells, and the best human

and murine clones were selected for downstream applications.

Figure3.2b shows transfection of CTLA-4 siRNA into 293T cells transduced to express high
levels of human or murine CTLA-4. Analysis of CD19+/transduced cells reveals an almost 50%
reduction in human CTLA-4 (by flow cytometry) in human CTLA-4 siRNA transfected cells, and
an almost 85% reduction in murine CTLA-4 expression in cells transfected with murine CTLA-4

siRNA, with no obvious cross-species effect.

CD19 positive cell viability was assessed by flow cytometry (see Chapter 2.4.7 for method and
details) and human and murine CTLA-4 siRNA transfected 293T cells with low CTLA-4
expression had equivalent viability to control siRNA at 72 hours post-transfection, suggesting

no additional toxicity from CTLA-4 siRNA in excess of that of control siRNA (data not shown).
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Figure 3.2b: human and murine CTLA-4 specific siRNA down-regulate CTLA-4 in a species specific
manner compared with control siRNA in a 293T cell in vitro model. Human CTLA-4/murine CD19
double positivity drops from 20.4% to 11% with human CTLA-4 siRNA, and murine CTLA-4/murine CD19
double positivity drops from 27.9% to 3.66% with murine CTLA-4 siRNA compared with control siRNA.
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3.2.4 Extracellular versus intracellular expression of CTLA-4 in primary lymphocytes

Moving away from cell lines into primary lymphocytes introduces a new challenge in flow
cytometric assessment of CTLA-4. Surface staining for primary lymphocytes reveals very low
expression levels, even in the context of optimal stimulation (13). In contrast, intracellular
CTLA-4 staining in primary T cells reveals high concentrations of the receptor, reflecting its high
concentration in intracellular vesicles. For this reason, we decided to use intracellular staining
for CTLA-4 to determine a clear CTLA-4 positive population to use as a reference point for any

down-regulation achieved with siRNA or other gene/mRNA/protein silencing strategies.

3.2.5 Invitro testing of murine CTLA-4 siRNA in C57BL/6 lymphocytes by transduction
Using methods detailed in section 2.4.5.1, C57BL/6 T cell retroviral transduction efficiencies of

40-50% were obtained for siRNA constructs (see figure 3.3a), but with no clear reduction in

CTLA-4 protein at 72h post-stimulation (data not shown).
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Figure 3.3a: retroviral transduction of murine CTLA-4 siRNA versus control siRNA in C57BL/6
lymphocytes. Transduction efficiency is measured by dmuCD19 expression at 72 hours post stimulation
with ConA+IL-7. Murine CTLA-4 siRNA is not associated with a reduction in intracellular CTLA-4 at 72
hours post stimulation. Key: t/d=transduced; dMuCD19=truncated murine CD19.
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Given that CTLA-4 recirculates from cell surface to intracytoplasmic stores and accumulates
intracellularly with no obvious saturation of the mechanism (12), we concluded that an in vitro
time course experiment over 10 days may permit the emergence of a siRNA effect once

existing intracellular CTLA-4 stores could be diminished/depleted, or fail to be replenished.

Figure 3.3b shows that there was a modest reduction in intracellular CTLA-4 protein in murine
CTLA-4 siRNA transduced CD4 effector and CD4 regulatory populations at day 8 and day 10
post-transduction compared with control siRNA. Restimulation with rHulL-2 at day 7 of in vitro
culture suggests attenuated CTLA-4 upregulation in the murine CTLA-4 siRNA transduced
CD4eff population (and to a lesser extent in the CD4reg compartment) compared with the
control condition. At day 10, CD4 Teff transduced with control siRNA responded with a rise in
CTLA-4 expression from 19% to 32%, compared with a corresponding 9% to 10% rise in the
murine CTLA-4 siRNA transduced cells.
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Figure 3.3b: transduction of C57BL/6 lymphocytes with murine CTLA-4 siRNA is associated with a
modest reduction in intracellular CTLA-4 expression at days 8 and 10 of in vitro culture in the CD19+
population compared with control siRNA. Re-stimulation with rHulL-2 at day 7 shows an attenuated
CTLA-4 response in the murine CTLA-4 siRNA condition in both CD4eff and CD4reg. Gated on live, CD3+,
dMuCD19+ singlets. Key: MurineCTLA-4=a-murine-CTLA-4 mAb; CD4reg=CD4 regulatory T-cell;
CD4effector=CD4 effector T-cell.
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3.3 Discussion

The objective of Chapter 3 was to acquire a construct that could ablate CTLA-4 expression on
the T cell surface, permit unchecked CD28 interaction with B7.1 and B7.2, and had the

potential to enhance effector function, particularly with respect to tumour rejection.

We have generated human and murine CTLA-4 targeted siRNA constructs that can diminish cell
surface expression of CTLA-4 in cell lines modified to overexpress CTLA-4 (figure 3.2b). We
have shown that primary murine lymphocytes can be transduced with murine CTLA-4 siRNA at
efficiencies approaching 50%. It is apparent that cell surface expression of CTLA-4 on primary
murine lymphocytes is low so we elected to use intracellular CTLA-4 expression as a read-out
for the potential efficacy of the siRNA constructs. Moving forward, there was no obvious
reduction in CTLA-4 expression at 72 hours post-transduction in primary murine lymphocytes

transduced with murine CTLA-4 siRNA (see figure 3.3a). We concluded that this may be due to
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persistence of pre-existing intracytoplasmic CTLA-4 stores rather than a failure of the

construct, and to address this we designed a time course experiment to run over 10 days.

Observation of murine siRNA transduced C57BL/6 lymphocytes over 10 days in vitro with
rHulL-2 restimulation at day 7 revealed a modest reduction in CTLA-4 expression at days 8 and
10 of culture (figure 3.3b). The potential physiological or therapeutic impact of partial
knockdown is unclear. What we do know from the seminal paper describing the pSuperRetro
vector system is that it is possible to achieve a 90% reduction in target protein with siRNA
technology, with no appreciable detrimental effect on cell survival (82). The fact that murine
CTLA-4 siRNA does not achieve this efficacy may reflect a limitation of the construct, and/or of
the target. An additional consideration is that intracellular CTLA-4 expression may not reflect
surface expression, and that modest reductions in intracellular CTLA-4 may translate into more

meaningful cell surface reductions that have the potential to alter cell biology.

In vivo testing may be necessary to optimally test the CTLA-4 siRNA constructs. Passing CTLA-4
siRNA transduced tumour reactive T cells into irradiated tumour-bearing murine recipients
might permit a protracted period of observation for a drop in CTLA-4, thus avoiding the
timeframe issues and other limitations imposed by longer-term in vitro culture. Alternatively,
as a short-term read-out of siRNA efficacy, RT-PCR for CTLA-4 mRNA could be informative of
mRNA downregulation secondary to siRNA, and may be less complicated than the
interpretation of (recirculating) intra/extracellular CTLA-4 protein levels (104). Whether this is
meaningful in the presence of preserved protein levels observed by flow cytometry is

pertinent.

In summary, it is possible that additional CTLA-4 siRNA experiments could define a construct
worthy of downstream applications, but based on the in vitro lymphocyte data, we
hypothesise that incomplete CTLA-4 knockdown is the likely outcome. It is possible that titres
of CTLA-4 mRNA generated in the process of lymphocyte activation are too high to be

susceptible to siRNA mediated silencing and essentially overwhelm the mechanism.
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3.4 Future directions

The murine CTLA-4 siRNA constructs induce modest reductions in intracellular CTLA-4 in our
hands. To date we have not defined a workable in vivo method for cell intrinsic CTLA-4

ablation.

We accept that the majority of published information on the anti-tumour effect of CTLA-4
blockade has been derived from studies of mAb-mediated receptor blockade rather than
genetic absence of the receptor and as such there is not a huge precedent to support the

potential efficacy of this approach in cancer immunotherapy.

We also acknowledge that a strong body of work is emerging to support a dominant extrinsic
effector role for CTLA-4 whereby CTLA-4-replete T cells can abrogate CTLA-47" Teff expansion

in a dose dependent fashion (26).

Given the lack of clear published data to compare the effect of T cell intrinsic CTLA-4 absence
with mAb-mediated CTLA-4 blockade in a cancer model, we elected to test this in the well
characterised B16/BL6 murine melanoma model in Chapter 4. The aim was to compare anti-
tumour and immunological differences between adoptively transferred CTLA-4-replete and
CTLA-4-depleted tumour reactive CD4 T cells with and without exogenous aCTLA-4 mAb
therapy. This will clarify the relative value of genetic ablation of CTLA-4 versus mAb-mediated
CTLA-4 blockade in tumour-reactive T cells in vivo, and help to delineate the risk posed by
endogenous CTLA-4-replete populations acting in trans to abrogate the (potential) expansion

of CTLA-4-depleted tumour reactive T cells.

The outcomes of these experiments will inform the decision to explore other avenues towards

cell intrinsic CTLA-4 inhibition.
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CHAPTER 4

4. INVESTIGATION OF CTLA-4 IN VIVO USING A CTLA-4 KNOCKOUT MOUSE

4.1 Introduction

4.1.1 CDAT cells as an adoptive cell therapy (ACT) for cancer

Most research into ACT for cancer has focussed on autologous, tumour-derived, in vitro
expanded CD8 T cells. These have been shown in clinical trials of metastatic melanoma and
several EBV-driven tumours to confer a survival advantage in some patients, enhanced by prior
lymphodepletion (25, 106, 107). One of the limitations of CD8 T cells in tumour
immunotherapy is that responses can be incomplete and of limited duration. One biological
weakness of CD8 T cells in this role is their dependence on functional tumour-cell-surface MHC
Class 1 molecules. Genetic instability within tumour cells often renders MHC unable to
present antigen, and lack of T cell co-stimulation and a high concentration of
immunosuppressive cytokines results in suboptimal stimulation of CD8 T cells, anergy and

failure to persist (108).

By convention, CD4 T helper (Ty) cells have been ascribed a supporting role in immunotherapy,
augmenting priming, persistence and trafficking of CD8 T cells (72, 108). Some groups feel that
they have several potential advantages over CD8 T cells as primary effectors of tumour
rejection. Stimulated CD4 Ty cells can be directly cytotoxic, and recognise peptide presented
on MHC Class Il molecules. MHC Class Il is upregulated in response to IFNy (108, 109) and
autophagy promotes MHC Class |l restricted tumour-associated peptide display on the surface
of tumour cells. CD4 Ty cells can augment anti-tumour immunity through licensing
intratumoural APCs to provide costimulation to CD8 T cells, and through processing and
presentation of exogenous and extracellular tumour antigens on MHC Class Il. Innate and
adaptive immune responses including NK cells and tumouricidal macrophages can also be

recruited to target MHC-negative populations (108).

Tul7 cells are a subtype of CD4 Teff with immunotherapeutic potential. They are generated in
response to TGFf and IL-6, expanded in IL-23 and are involved in inflammation, recruitment of
the innate immune system and tissue damage in autoimmunity. Using an in vivo B16/BL6
murine melanoma model, one group showed that T,,17 polarised tumour-specific CD4 T cells

secrete IFNy, acquire Tyl characteristics post-adoptive transfer and are more effective in
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rejecting tumour than Tyl or T,,0 skewed cells in irradiated recipients. They suggest that T,17
polarised TRP1 CD4 T cells persist beyond T,1 cells, but with lesser proliferation, but this may

be as a result of proliferation to exhaustion in the Ty1 subgroup (72).

Clinical experience using CD4 Ty cells as ACT is limited. The most compelling evidence for their
utility in tumour rejection in humans derives from allogeneic stem cell transplantation data.
CD4 T, donor lymphocytes recognise MHC Class Il expressed on BM derived cells, and are
thought to help prevent outgrowth of MHC Class Il expressing malignant haematopoietic

clones (108).

Potential problems with CD4 T, cells as adoptive tumour immunotherapy include a lack of
well-established MHC Class Il tumour-associated targets, and significant technical difficulty in

obtaining sufficient CD4 Ty cell numbers for adoptive transfer (108, 110, 111).

4.1.2 The TRP1CDA4 T cell model in B16/BL6 melanoma- current paradigms

Recognising the potential of CD4 Ty cells as immunotherapeutic tools and the need for an
appropriate model system in which to test them, Muranski et al generated the TRP1 mouse: a
transgenic animal with an MHC Class Il restricted T cell receptor (TCR) targeting the
endogenous melanocyte differentiation antigen TRP1 (gp75) expressed on melanoma tumours

and normal melanocytes (71, 72).

Initial attempts to generate CD4 T cells reactive to TRP1 using immunised wild-type (WT) mice
were unsuccessful, most likely due to tolerising mechanisms present in animals expressing
endogenous TRP1 protein (71). The TRP1 TCR was ultimately derived from white-based-brown
mutant cappuccino mice (B"), in which an irradiation-induced-mutation results in complete
absence of TRP1. Following backcrossing onto a C57BL/6 background, immunisation (and
booster doses) with TRP1 vaccinia virus was performed prior to organ harvesting and
hybridoma generation. The TCR most reactive for TRP1 protein/truncated peptides was
identified by flow cytometry as VB16Va3.2, which was sequenced and sub-cloned into a TCR
cassette vector and co-injected into fertilised C57BL/6 embryos. The transgene inserted into
the Y chromosome, and these male mice were successfully crossed into RAG” (black) mice to
eliminate rearrangement of TRP1 TCR with endogenous TCR, and ultimately into the RAG” B"
(cappuccino) background to prevent autoimmune sequelae and to preserve the transgenic
cells. It is thought that highly avid TRP1 reactive TCRs are deleted from the T cell repertoire in

immune competent C57BL/6 mice (72).
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TRP1 T cells mediate profound vitiligo and uveitis when infused into RAG™ recipients, but
animals survive to 12 months. Sublethally irradiated C57BL/6 mice receiving the same cells
develop vitiligo and a less severe uveitis, with preserved longevity. Of note, TRP1 CD4 T cell
replete RAG” mice were not protected from B16/BL6 tumour challenge, thought to be due to

a lack of costimulation (72).

Adoptive transfer of TRP1 CD4 T cells into B16/BL6 murine melanoma bearing immune-
competent C57BL/6 hosts results in tumour rejection and in some cases protection on tumour
rechallenge. This is dependent upon IFNy through myriad effects on T cell cytotoxic function,
pro-apoptotic and anti-angiogenic effects, recruitment of the innate immune system, and

upregulation of MHC expression on tumour cells mediating immune lysis (46, 72).

Quezada and Peggs demonstrated that tumour eradication and long-term tumour protection
was achieved in lymphodepleted B16/BL6-bearing animals treated with TRP1 T cells and a-
CTLA-4 mAb (46). 60% of tumours recrudesced in the cellular monotherapy group. At the
cellular level, a-CTLA-4 mAb was associated with an intratumoural reduction in TRP1 and
endogenous CD4 Tregs and an increase in TRP1 CD4eff and serum inflammatory cytokines such
as IFNy. In the lymphopenic environment, priming of tumour-reactive TRP1 T cells occurs in
vivo to generate Tyl-like cells capable of granzyme B production (46), and blockade of
granzyme B and perforin in vitro prevented lysis of tumour cell targets. Granzyme B is likely to

be critical to the tumour cytolytic ability of TRP1 CD4 T cells.

4.1.3 The TRP1 CTLA-4 knockout (TRP1 CTLA-47") mouse

The CD45.1%* BY RAG”™ TRP1 CTLA-47"CD4 T cell transgenic mouse was generated at UCL by
crossing BY RAG™™ TRP1 transgenic mice (72) to CD45.1 expressing B6.SJL mice (Jackson labs)
and then to CTLA-4”7" mice (42). Using these in tandem with CTLA-4 replete CD45.1"* BV
RAG™ TRP1 mice which we will refer to from now on as ‘wild type’ (WT), we conducted a
series of experiments to explore the biological impact of complete absence of CTLA-4 on
tumour-reactive T cells compared with a CTLA-4-replete T cell product, and additionally to
discern whether ablating CTLA-4 ‘in cis’ is fundamentally different to blocking CTLA-4 ‘in trans’
using a blocking antibody/fragment. This question becomes increasingly relevant in light of
work showing that CTLA-4 can sequester B7.1 and B7.2 from APC membranes in a cell extrinsic
manner and that this mechanism is not restricted to Tregs (9, 26). This has implications for T
cell intrinsic CTLA-4 ablation strategies for use in adoptive transfer models, as CTLA-4-replete

host T cells could technically dampen the immune response evoked by CTLA-4”" transferred
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cells by providing a reservoir of endogenous CTLA-4 to act ‘in trans’ around the CTLA-4
negative cell product. This has the potential to switch off stromal costimulatory signals,
augment production of intra-tumoural immuosuppressive cytokines (9, 26) and adversely

impact upon the adoptively transferred cell product.

4.1.4 Mechanism of action of a-CTLA-4 mAb

Traditionally, blockade of the inhibitory activity of CTLA-4 on Teff and Treg was thought to
underlie the anti-tumour effect of a-CTLA-4 mAb, but a recent publication has elucidated a
novel mechanism. Simpson and Quezada show that there is a selective depletion ‘in trans’ of
(CTLA-4™) Tregs within the tumour microenviroment and that it is dependent upon the
presence of Fcy-receptor expressing macrophages to effect ADCC (67). We will explore this in

more detail in the TRP1 CTLA-47" setting.

4.2 Results

4.2.1 Baseline characteristics of TRP1 CTLA-47" mouse

The absence of CTLA-4 on transgenic effector T cells does not confer a survival advantage in
cognate antigen poor, naive mice, but neither does it disadvantage them, and baseline
markers of murine wellbeing and longevity indicate that their weight, lifespan, breeding
patterns and feeding habits are broadly comparable to wild type (WT TRP1) transgenic
animals. To define the baseline characteristics of the TRP1 CTLA-4" transgenic mouse, we
compared lymph nodes from naive C57BL/6, WT TRP1 and TRP1 CTLA-4”" mice (see Chapter

2.4.1 for detail on murine strains).

Figure 4.1 shows that naive TRP1 CTLA-4” mice have the highest proportion of Tregs of the
three strains comprising 33.7% of total T cells compared with 12.3% in the C57BL/6 mouse and
7.06% in the WT TRP1 mouse. This is explained by a higher Ki67 proliferative index on TRP1
Tregs than the other strains (34.8% compared with 25.01% on the C57BL/6 mouse and 5.09%
on the WT TRP1 mouse). Low WT TRP1 CD4+ FoxP3+ T cell numbers have been observed in

other experiments but increase promptly with TRP1 peptide and IL-2 (data not shown).

WT TRP1 mice have the highest proportion of TRP1 Teff (92.6% of total T cells), followed by the
C57BL/6 mouse at 86.9% and the TRP1 CTLA-4” mouse at 66.1%. Again, this is reflected in a
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higher Ki67 proliferative index, with 30.9% on WT TRP1 Teff compared with 20.78% on TRP1
CTLA-47 Teff and 7.05% on C57BL/6 CD4 Teff.

Figure 4.1: comparison of Teff and Tregs between different murine strains at the point of cell isolation
with assessment of proliferative (Ki67) and activation status (CD25 expression) on lymph node
preparations. CTLA-4” TRP1 Treg are more proliferative than WT TRP1 Treg, but CTLA-4” TRP1 Teff are
less proliferative than WT TRP1eff. Key: CD4 eff=CD4 Teffector cells; CD4 Treg=CD4 Tregulatory cells;
FSC=forward scatter; WT=wild type. Experiment repeated in duplicate.
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CD25 is found on activated T and B cells, and associates with CD122 to form a heterodimer
that acts as a high-affinity receptor for IL-2. It has been used as a marker of CD4+FoxP3+
regulatory T cells in mice (34). CD25 and IL-2 are upregulated in an autocrine loop in response
to activation through TCR signalling and are important to Treg development, function and
homeostasis. Loss of CD25 on Tregs adversely affects their survival and expansion in the
peripheral circulation, but their suppressive function remains intact (34). In excess, Tregs can

act as cytokine sinks, preferentially binding and sequestering cytokines such as IL-2 (35).

In this experiment, CD25 expression is higher on CD4 Teff in WT TRP1 and TRP1 CTLA-47 mice
(10.38% and 8.41% respectively) than on C57BL/6 (3.12%) mice, but on CD4 Treg, there is
lower expression of CD25 on the TRP1 CTLA-4"" mouse (50.6% CD25+ compared with 72.88%
on the WT TRP1 and 88.7% on the C57BL/6 mouse).
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4.2.2. TRP1 CTLA-47"T cell transfer into immunocompetent hosts

WT TRP1 CD4+ T cells can prevent outgrowth of B16/BL6 murine melanoma in
immunocompetent recipients when co-administered with Gvax and systemic aCTLA-4 mAb
(9H10 clone). This is associated with an intratumoural reduction in TRP1 Tregs and increased

IFNy secretion from TRP1 Teff (67).

Informed by the above and work described by Simpson et al (68) of adoptively transferred WT
TRP1 T cells, we elected to recapitulate their experimental format with 2 additional groups
receiving TRP1 CTLA-47" T cells with and without systemically administered aCTLA-4 mAb (see
figure 4.2 for experimental layout). The experimental aims/endpoints were to determine
whether the absence of CTLA-4 on TRP1 CD4 T cells impacts upon TRP1 Treg numbers
intratumourally between groups within the 10 day experimental time frame (68), and whether
the absence of CTLA-4 on TRP1 Teff in this model parallels the previously described anti-

tumour effects of CTLA-4 blockade using exogenous aCTLA-4 mAb.

Figure 4.2: adoptive transfer of CTLA-47 TRP1 T cells is compared with transfer of WT TRP1 T cells into
immunocompetent B16/BL6 murine melanoma bearing C57BL/6 recipients. Adjuvant Gvax therapy is
required to promote TRP1 T cell numbers and infiltration into tumour. Key: Trpl= tyrosinase related
protein 1; WT=wild type; 250k=250 thousand; i.d=intradermal; Gvax=GM-CSF secreting cellular vaccine;
aCTLA-4=anti-murine CTLA-4 mAb (9H10 clone); LN=lymph node; TiL=tumour/tumour infiltrating
lymphocytes; data represents 3 separate experiments.
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We elected to use conservative mouse numbers in the first instance (3 mice per group), as
published data using the model had demonstrated a definitive treatment effect in the WT
TRP1 setting with a reproducible, complete absence of TRP1 Tregs intratumourally by Day 10
(67).

On day 3, WT TRP1 and CTLA-47 TRP1 donor LN and spleen harvests underwent CD4 positive
selection (Miltenyi Biotech, CliniMACS® cell sorting, Auburn, CA), yielding CD4+VB14+ purities
of 58.4% and 63.5% respectively (figure 4.3). 50% of the mice received WT TRP1 T cells, and
50% received CTLA4” TRP1 T cells. All animals received adjuvant GM-CSF secreting cellular
vaccine (Gvax) to promote TRP1 T cell expansion and tumour infiltration. Subgroups of each
cohort received aCTLA-4 mAb (9H10 clone) at days 3, 6 and 9 (see Chapters 2.2.4 and 2.4.7 for

experimental details).

Figure 4.3: purity of CD4 selected WT TRP1 and CTLA-4”" TRP1 cells for adoptive transfer into B16/BL6-
bearing C57BL/6 recipients. There was limited loss of cells to the column. Gated on live singlets. Key:
WT=wild type; Vb14=f chain of the monoclonal TCR expressed in TRP1 mice.
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Figure 4.4a: tumour weight at day 10 in immunocompetent B16/BL6 tumour-bearing C57BL/6
recipients shows no significant difference between groups. Key: TRP1= tyrosinase related protein 1;
Gvax=GM-CSF secreting cellular vaccine; aCTLA4=anti-murine CTLA-4 monoclonal antibody (9H10
clone); mg=milligrams; ns=non-significant. Horizontal bars represent mean values and vertical bars
represent the standard error of the mean (SEM). Statistical tests: one-way analysis of variance and
multiple comparisons test.
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Figure 4.4b: WT TRP1 Tregs (but not TRP1 cTLAg” Treg) are depleted intratumourally by the addition
of aCTLA-4 mAb. aCTLA-4 mAb associated reduction in TRP1 Tregs is not apparent in LN. All groups
received Gvax at days 3, 6 and 9. Key: Trpl= tyrosinase related protein 1; Gvax=GM-CSF secreting
cellular vaccine; aCTLA4=anti-murine CTLA-4 mAb (9H10 clone); CD45.1=congenic marker of TRP1 T
cells; LN=lymph node; TIL=tumour/tumour-infiltrating lymphocytes.
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Figure 4.4c: absolute numbers of TRP1 CTLAG”" Teff are significantly higher in LN when co-
administered with aCTLA4 mAb (clone 9H10) than in other groups. Intratumoural WT TRP1 Tregs, but
not CTLA4” TRP1 Tregs, are (non-significantly) lower with oaCTLA4 mAb. Key: WT=wild type;
Gvax=GMCSF secreting cellular vaccine; aCTLA4=anti-murine CTLA-4 mAb (9H10 clone) ;mg=milligrams.
Horizontal bars represent mean values and vertical bars represent SEM. Statistical tests: one-way
analysis of variance and multiple comparisons test.
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Figure 4.4a shows that tumour size is statistically equivalent between groups by Day 10 with
no definitive early indicators of improved anti-tumour efficacy with TRP1 CTLA-47 cells. There
is a trend towards lower tumour weights in the groups receiving concurrent exogenous aCTLA-
4 mAb, but this does not reach statistical significance. Consistent with what is published (46),
figures 4.4b shows a reduction in intratumoural WT TRP1 Tregs in the group treated with
aCTLA-4 mAb (46, 67), but resistance to this effect is observed amongst intratumoural TRP1
CTLA-47 Tregs. TRP1 Tregs in the LN are also protected from this effect.

Quantitation of absolute cell numbers in figure 4.4c confirms an intratumoural drop in WT
TRP1 Tregs (but not TRP1 CTLA-47 Tregs) with aCTLA-4 mAb that is not explained by a
reduction in Ki67 expression (figure 4.4d). This supports the hypothesis of aCTLA-4 mAb
directed CTLA-4" target cell depletion (67), as cells lacking the antibody target (TRP1 CTLA-47

Tregs) are unaffected. CTLA-4-replete TRP1 Tregs in the LN are also unaffected.
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There is a trend in LN and tumour towards higher absolute numbers of CTLA-47 TRP1 Teff
compared with WT TRP1 Teff, but this only reaches significance in the lymph node with co-
administered aCTLA-4 mAb. CTLA-47 TRP1 Teff are more proliferative than WT TRP1 Teff alone
(without aCTLA-4 mAb) in LN and tumour, but the significant increase in CTLA-47 TRP1 Teff cell

numbers with aCTLA-4 mAb is not fully explained by the Ki67 expression observed.

It is possible that aCTLA-4 mAb-mediated diminution of endogenous CD4 Treg numbers may
contribute to the effector expansion in the tumour (figure 4.4e), whereas in the LN where the
density of effectors for ADCC is lower, aCTLA-4 mAb may fulfil a receptor blocking role

resulting in activation and expansion(46).

Figure 4.4d: TRP1 CTLA-4" Tregs and Teff are more proliferative (high Ki67) in the LN compared with
WT TRP1 T cells (p<0.05). This effect is lost in the TIL. Key: TIL=tumour/tumour infiltrating lymphocytes;
LN=lymph node; mg=milligrams; WT=wild type; Gvax=GMCSF secreting cellular vaccine; aCTLA4=anti-
murine CTLA-4 mAb (9H10 clone); ns=non-significant. Vertical bars represent SEM. Statistical tests: one-
way analysis of variance and multiple comparisons test.
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Figure 4.4e: aCTLA4 mAb is associated with a significant reduction in endogenous CD4 Tregs
intratumourally, but not in the LN (p<0.05). Key: TiL=tumour/tumour infiltrating lymphocytes;
LN=lymph node; mg=milligrams; WT=wild type; Gvax=GMCSF secreting cellular vaccine; aCTLA4=anti-
murine CTLA-4 mAb (9H10 clone). Horizontal bars represent mean values and vertical bars represent
SEM. Statistical tests: one-way analysis of variance and multiple comparisons test.
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TRP1 Tregs and endogenous CD4 Tregs are heavily depleted by aCTLA-4 mAb in the tumour
but not the LN (figures 4.4c and 4.4e). TRP1 CTLA-47 Tregs are resistant to the effects of
0oCTLA-4 mAb. Figures 4.4f and 4.4g show that CTLA-4 expression on endogenous and TRP1
CDA4 T cells is substantially higher in the tumour compared to the LN. In the tumour, aCTLA-4

mAb ablates CTLA-4 expression on Tregs.

This reproducible dataset supports previously published work (46, 67) of a direct toxic effect of
aCTLA-4 mAb to CTLA-4" cells. The underlying mechanism is proposed to be antibody-directed
deletion via ADCC of CTLA-4" targets (67), and our data provides further evidence for this
mechanism showing that absence of CTLA-4 from Tregs seems to protect them from depletion.
Mean fluorescence intensity (MFI) of CTLA-4 on endogenous and TRP1 Tregs is brighter in the

tumour than in the LN, and may explain why depletion is more apparent in the tumour.
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Figure 4.4f: aCTLA4 mAb therapy is associated with a reduction in CTLA-4 expression in endogenous
and WT TRP1 Tregs in the tumour. TRP1 CTLA-4" Tregs are relatively unaffected. Key: WT=wild type;
aCTLA4=anti-murine CTLA-4 mAb (9H10 clone); Gvax=GMCSF secreting cellular vaccine.
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Figure 4.4g: CTLA-4 expression on endogenous and TRP1 Tregs in the lymph node is lower than in the
tumour and aCTLA4 mAb therapy is associated with a minor reduction in CTLA-4 expression on WT
TRP1 Tregs. Key: WT=wild type; aCTLA4=anti-murine CTLA-4 mAb (9H10 clone); Gvax=GMCSF
secreting cellular vaccine.
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Figure 4.4h: CD25 expression is significantly reduced on intratumoural TRP1 CTLA-47" Teff compared
with WT TRP1 Teff. Key: Teff=CD4 T-effector cells; TIL=tumour/tumour infiltrating lymphocytes;
WT=wild type; Gvax=GMCSF secreting cellular vaccine; aCTLA4=anti-murine CTLA-4 mAb (9H10 clone).
Vertical bars represent SEM. Statistical tests: one-way analysis of variance and multiple comparisons
test.
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Naive (unmanipulated, pre-adoptive transfer) TRP1 CTLA-4”" Tregs and to a lesser extent Teff

express less CD25 than naive WT TRP1 Tregs (figure 4.2), but following adoptive transfer into

immunocompetent tumour bearing hosts, CD25 expression on Tregs (WT and CTLA-47)

increases such that it is high across all groups (between 75-85%)( figure 4.4h).

Intratumoural TRP1 CTLA-47" Teff express lower CD25 compared with WT TRP1 Teff (which is
not observed in the LN) without an obvious associated drop in Ki67 (figure 4.4d) . It is
recognised that Tregs are associated with significant downregulation of IL-2 mRNA in Teff in
vitro and that competition for IL-2 drives Tregs to upregulate CD25 (a process that is
dependent on IL-2) where Teff cannot as they are (relatively) IL-2 deprived from cytokine
sequestration by Tregs (112). In fact, Tregs are dependent on an exogenous supply of gamma

chain cytokines (35).

IL-2 was not observed on TRP1 Teff at in vitro restimulation but figure 4.4i shows that IL-2
expression is increased on endogenous CD4 Teff in the tumour (but not the LN) with aCTLA-4
mAb and would support the hypothesis that absence of Tregs permits upregulation of IL-2
transcription in Teff. Lower expression of CD25 and a lack of staining for IL-2 on CTLA-4”" TRP1
Teff in the tumour (or a lack of appropriate CD25 upregulation in the context of inflammation)

should confer a survival disadvantage. However, given the increase in absolute CTLA-4 7 TRP1
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Teff numbers, it may be this drop in CD25 simply represents a homeostatic adaptation to

control T cell populations.

Figure 4.4i: IL-2 expression is increased on endogenous CD4 Teff in the tumour (but not the LN) with
aCTLA-4 mAb and would support the hypothesis that absence of Tregs permits upregulation of IL-2
transcription in Teff. Gated on live, CD4+, CD45.1-, FoxP3- singlets. Key: WT=wild type; Gvax=GMCSF
secreting cellular vaccine; aCTLA4=anti-murine CTLA-4 mAb (9H10 clone).
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Figure 4.4j: Granzyme B expression is increased on intratumoural TRP1 CTLA-47 T-eff compared with
WT TRP1 T-eff. aCTLA-4 mAb appears to increase granzyme B expression in WT and CTLA-47 transgenic
Teff. All animals received Gvax. Minimal granzyme B is observed in the LN. Key: TIL=tumour/tumour
infiltrating lymphocytes; LN= lymph node; WT=wild type; aCTLA4=anti-murine CTLA-4 mAb (9H10
clone).
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Assessment of of TRP1 CTLA-47 Teff function shows enhanced granzyme B expression
compared with WT TRP1 Teff (figure 4.4j) but there is no significant difference in IFNy

expression on a restimulation assay (see Chapter 2.4.8 for assay details) (data not shown).

Summary

A fundamental question underlining these experiments is whether CTLA-4 ablation on tumour
reactive T cells is functionally and therapeutically equivalent to the administration of

exogenous aCTLA-4 mAb in an immunocompetent murine model of cancer.

What is apparent from recently published work and supported by this data is that exogenous
oCTLA-4 mAb has a powerful biological effect in the tumour, targeting CTLA-4" cells for
depletion by ADCC (67). Figures 4.4b and 4.4c show aCTLA-4 mAb mediated depletion of WT
TRP1 Tregs in the tumour (but not the LN) with sparing of TRP1 CTLA-4"7 Tregs which lack the
target receptor. Figure 4.4e shows that intratumoural endogenous CD4 Tregs are similarly

vulnerable to depletion.

Expression profiles of CTLA-4 across endogenous and transferred CD4 compartments in LN and
tumour are shown in figures 4.4f and 4.4g. CTLA-4 expression is substantially higher in
endogenous and TRP1 Tregs in the tumour compared with the LN and expression drops
markedly in CTLA-4-replete cells treated with aCTLA-4 mAb. This suggests that one of the
reasons for the more extensive Treg depletion seen with aCTLA-4 mAb in the tumour
compared with LN is the high expression of target antigen defined by mean fluorescence
intensity (MFI). It is possible that other factors such as availability of ADCC-competent effector

cells also influence this.

TRP1 CTLA-47"T cells do not offer a clear anti-tumour advantage compared with aCTLA-4 mAb
by experimental day 10, as tumour weights are broadly equivalent between groups. Rather

there is a trend towards lower tumour weight in groups receiving exogenous aCTLA-4 mAb.

The failure of TRP1 CTLA-4” T-cells to demonstrate a significant anti-tumour advantage here is
probably multifactorial. It is possible that assessment at day 10 of tumour growth is too early
to demonstrate a clear difference in effect between TRP1 WT and TRP1 CTLA-47 T-cells.
However, it may also be that the treatment effect is diluted by small experimental groups.
Power analysis indicates the sample size required to ensure that statistical judgments are

precise and reliable and incorporates several factors: the type of statistical test being
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performed, the sample size (bigger sample usually means greater power), the effect size, and
the degree of experimental measurement error. For future experiments we plan to
incorporate power analysis based on our own preliminary data on effect size. From this we can
determine the minimum sample size required to demonstrate a statistically significant anti-
tumour effect. We also propose a tumour time course experiment to establish the optimal

point at which to terminate the experiment with this endpoint of tumour growth in mind.

Biologically with respect to anti-tumour effect, it is probable that CTLA-4 on endogenous Tregs
acts ‘in trans’ to prevent full TRP1 CTLA-47 Teff expansion, evidenced by the increase in
absolute numbers obtained with concurrent aCTLA-4 mAb treatment. In an attempt to
minimise the impact of the endogenous compartment, we plan to repeat the experiment in

lymphodepleted tumour-bearing recipients.

That said, there are several features that make TRP1 CTLA-4” T cells a potentially attractive
ACT option. They are more proliferative than WT TRP1 T cells (figure 4.4d) and there is a clear
trend towards higher Teff numbers, reaching significance in the LN with concurrent
administration of aCTLA-4 mAb (figure 4.4c). They are also potentially more cytotoxic than WT

TRP1 Teff, producing higher levels of granzyme B in the tumour.

These perceived advantages may be partly due to functionally compromised co-transferred
TRP1 CTLA-4’/’Tregs. It is widely accepted that Tregs lacking CTLA-4 cannot negatively regulate
Teff expansion in the same way as CTLA-4-replete Tregs, and over the longer term this can lead
to lymphoproliferation in mice(43). In some ways, the CTLA-4-ablated TRP1 cell product is akin
to a WT TRP1 cell product that has been purged of functional antigen-specific Tregs. Either
way, if the net result of CTLA-4 ablation on tumour specific T cells is to promote a dominant
effector phenotype that is maintained in the tumour, then it has potential value as a

therapeutic tool.
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4.2.3 TRP1CTLA-4" T cell transfer into lymphodepleted hosts

Published data confirms that WT TRP1 T cell adoptive transfer in combination with
lymphodepletion + aCTLA-4 mAb into the B16/BL6 murine melanoma model results in lower
tumour weight, higher intratumoural TRP1 Teff/Treg ratios and higher granzyme B expression
in tumour reactive T effectors when compared with transfer of WT TRP1 T cells and
lymphodepletion alone (46). We repeated the experiment detailed in Chapter 4.2.2 in a cohort
of irradiated C57BL/6 recipients (figure 4.5). Sub-lethal irradiation is described in Chapter
2.4.12. T cell isolation and purification was performed using a murine CD4 positive
bead/column selection kit (Miltenyi Biotech, CliniMACS® cell sorting, Auburn, CA) and 50 x 10*

CD4+VB14+ cells/mouse were infused.

Figure 4.5: experimental set-up for testing of TRP1 CTLA-4”" T cells in LYMPHODEPLETED B16/BL6
murine melanoma bearing C57BL/6 recipients. Adjuvant Gvax is not required. Key: Trpl= tyrosinase
related protein 1; WT=wild type; 250k=250 thousand; i.d.=intradermal; aCTLA-4=anti-murine CTLA-4
mAb (9H10 clone); LN=lymph node; TIL=tumour/tumour infiltrating lymphocytes. Experiment repeated
in duplicate.

Day 0
Day 18
Day 8 Day 11 Day 14

250k B16/BL6 melanoma i.d. l l l l

End of
experiment
WT TRP1 ‘helper’ 5Gy TBI + 50k WT TRP1
WT TRP1'killer’ 5Gy TBI + 50k WT TRP1 +oCTLA4 +aCTLA4
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CTLA4-/- TRP1 5Gy 1B/
+ 50k CTLA4-/- TRP1
CTLA4-/- TRP1 5@y TBI + 50k CTLA4-/- + aCTLA4 + aCTLA4
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Figure 4.6a: WT TRP1 Tregs are proportionally lower than CTLA-47 TRP1 Tregs post CD4 selection and
pre-adoptive transfer. Key: WT=wild type; VB14=B chain of the monoclonal TCR expressed in TRP1

mice.
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In the naive state, WT TRP1 Tregs are proportionally low compared with CTLA-4” TRP1 Tregs

(figure 4.1). Figure 4.6a confirms this finding in post-CD4 selection, pre-adoptive transfer FACS

analysis.

Other groups have identified human CTLA-4 on melanoma cell lines in vitro (113) which could

theoretically act ‘in trans’ to compromise the effect of CTLA-4 ablation on tumour reactive T

cells. In tumour samples harvested during our TRP1 T cell transfer experiments, B16/BL6

murine melanoma does not appear to express CTLA-4 (live, non CD3+ singlets are negative for

CTLA-4) (figure 4.6b).

Figure 4.6b: CTLA-4 is not expressed on B16/BL6 melanoma.. Key: WT=wild type; SSC=side scatter;

FSC=forward scatter; SSW=side scatter width.
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Figure 4.7a: tumour weight at day 18 in lymphodepleted B16/BL6 tumour-bearing C57BL/6 mice
shows a non-significant trend towards lower tumour weight in TRP1 CTLA-4" T cell recipients
compared with WT TRP1 recipients, irrespective of aCTLA4 mAb therapy. Key: TRP1= tyrosinase
related protein 1; aCTLA4=anti-murine CTLA-4 monoclonal antibody (9H10 clone); mg=milligrams;
ns=non-significant. Horizontal bars represent mean values and vertical bars represent SEM.
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Figure 4.7b: aCTLA4 mAb is associated with a significant reduction in absolute numbers of
endogenous CD4reg in the tumour, not apparent in the LN. Key: LN=lymph node; TIL=tumour/tumour
infiltrating lymphocytes; mg=milligrams; WT=wild type; aCTLA4=anti-murine CTLA-4 mAb (9H10 clone).
Horizontal bars represent mean values and vertical bars represent SEM. Statistical tests: one-way
analysis of variance and multiple comparisons test.
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Figure 4.7c: CTLA-4 expression on endogenous CD4 Teff and Tregs is higher in the tumour than the LN
and expression is lost in the tumour on exposure to aCTLA4 mAb. This supports the hypothesis of
CTLA-4 targeted depletion of CTLA-4" targets by aCTLA4 mAb and would explain the reduction in
absolute numbers of intratumoural CD4regs observed in figure 4.7b. Key: aCTLA4=anti-murine CTLA-4
mAb (9H10 clone); WT=wild type TRP1.
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Figure 4.7a demonstrates a non-significant trend towards lower tumour weight in TRP1 CTLA-
47 T cell recipients. In the tumour, there is a significant reduction in absolute numbers of
endogenous CD4 Treg, and a trend towards lower CD4eff numbers and lower WT TRP1 Treg
numbers with aCTLA-4 mAb therapy (figures 4.7b and 4.7d). One potential mechanism could
be depletion of CTLA-4" targets by ADCC-competent aCTLA-4 mAb (see figure 4.7¢c for

endogenous LN and tumour CTLA-4 profiles)(67).

Absolute TRP1 CTLA-4” Teff numbers are increased compared with WT TRP1 Teff numbers in
the LN and the tumour, reaching significance when co-administered with aCTLA-4 mAb (figure
4.7d). TRP1 CTLA-47 Treg numbers are surprisingly low in tumour and LN, comparable to WT
TRP1 Treg numbers following depletion by a-CTLA4 mAb. This was not apparent in
experiments conducted in immunocompetent recipients (figure 4.4c). These changes result in
an increased TRP1 CTLA-4" Teff/Treg ratio which we know to be associated with lower tumour

weight (46).
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Figure 4.7d: absolute numbers of TRP1 CTLA-47 Teff are increased in the LN and tumour compared
with WT TRP1 Teff. This is further enhanced by aCTLA4 mAb (clone 9H10). TRP1 CTLA-47 Tregs are low
in the tumour and LN, comparable to WT TRP1 Treg levels in tumour following depletion by aCTLA4
mADb (clone 9H10). Key: mg=milligrams; WT=wild type; aCTLA4=anti-murine CTLA-4 mAb (9H10 clone).
Horizontal bars represent mean values and vertical bars represent SEM. Statistical tests: one-way
analysis of variance and multiple comparisons test.
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Figure 4.7e: TRP1 CTLA-47 Tregs are significantly less proliferative than WT TRP1 Teff in the LN and
tumour and may explain the low absolute TRP1 cTLA-a” Tregs numbers observed in figure 4.7d. There
is a trend towards lower Ki67 expression on TRP1 CTLA-4” Teff in the LN which reaches significance with
aCTLA4 mAb. Key: LN=lymph node; WT=wild type; aCTLA4=anti-murine CTLA-4 mAb (9H10 clone).
Vertical bars represent SEM. Statistical tests: one-way analysis of variance and multiple comparisons

test.
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The reduction in TRP1 CTLA-47 Treg numbers may be explained by significantly lower Ki67
expression in these populations in LN and TIL compared with WT TRP1 (figure 4.7e). There is
no clear correlation with CD25 expression on Tregs in this experiment, and the proportion of
FoxP3+ cells infused was comparable between groups at the point of cell transfer (figure 4.6a).
Genetic ablation of CTLA-4 on Tregs transferred into irradiated hosts appears to confer a
proliferative disadvantage compared with WT TRP1 Tregs that is not obviously explained by
altered CD25 expression. It is recognised that in lymphopenic mice, Tregs prevent CD25
upregulation on co-transferred naive T cells while increasing their own CD25 expression and
sequestering IL-2 to enable their differentiation to IL-10 production (112). It is conceivable that
the naive TRP1 CTLA-47 T cells at the point of transfer were disadvantaged by endogenous
CD4regs in the context of homeostatic peripheral expansion (HPE). HPE is the early period of
immune reconstitution post lymphodepletion which is cytokine dependent and sees a
proportional increase in Tregs (114). It is not clear why the same effect was not observed in

the WT TRP1 group.

Despite high absolute numbers of Trp1 CTLA-4” Teffs in LN (and tumour), CD25 expression on
this subset is lower than on WT TRP1 in the LN (data not shown) and is consistent with lower
Ki67 expression (figure 4.7e). It is possible that a drop in Ki67/CD25 on these cells reflects a
competitive environment in the LN where Treg-mediated sequestration of IL-2 predominates.
Equally, there may be an alternative mechanism to explain the high cell numbers and lower
Ki67/CD25, such as improved cell persistence/reduced apoptosis in this subset that requires

further investigation.

Figure 4.7f: TRP1 CTLA-4™ Tregs express higher granzyme B and Eomes than WT TRP1 T cells in the LN,
but any significant differences in expression are lost in the tumour. Key: LN=lymph node; WT=wild
type; aCTLA4=anti-murine CTLA-4 mAb (9H10 clone). Vertical bars represent SEM. Statistical tests: one-
way analysis of variance and multiple comparisons test.
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Eomes is a transcription factor of the T-box family, involved in programming cytotoxic CD8 T
cell functions via the perforin/granzyme and Fas-FasL pathways (115). Figure 4.7f shows that in
the LN, CTLA-47" TRP1 Teff express higher granzyme B and Eomes than WT TRP1 T cells, but
any significant differences are lost in the tumour with the assumption that cytotoxic activity
within the tumour is equivalent between groups. It is conceivable that higher granzyme B
expression in the LN is undesirable and may be associated with symptoms of immune toxicity.
CTLA-4 ablation on TRP1 Teff appears to potentiate their baseline (LN) cytotoxic phenotype
which may be related to the non-functional TRP1 CTLA-47 Tregs promoting a dominant

effector phenotype.

IFNy and TNFa production by CTLA-4"" TRP1 T cells was equivalent to that of WT TRP1 T cells

(data not shown).

Summary

Our aim was to explore the anti-tumour and functional properties of TRP1 Teff ablated for

CTLA-4 in a lymphodepleted model to minimise endogenous T cell expression of CTLA-4.

Host lymphodepletion does not clearly ‘release the brakes’ on adoptively transferred TRP1
CTLA-47" T cells in terms of tumour eradication, with only a non-significant downward trend in
tumour weight noted at day 18 when the experiment ended (figure 4.7a). In terms of
functionality, there is some evidence that absence of CTLA-4 promotes a more cytotoxic
phenotype, evidenced by higher granzyme B and eomes expression in the LN, but this
significance is lost in the tumour (figure 4.8). TRP1 CTLA-47" Teff do not significantly upregulate
IFNy or TNFa secretion beyond that of WT TRP1 Teff.

TRP1 CTLA-47 Teff cells are increased in absolute number in LN and tumour, potentiated by
the addition of aCTLA-4 mAb. We believe that this represents the effect of comprehensive
CTLA-4 blockade on the endogenous compartment (with no dilution of the effect on TRP1 T
cell). Irradiation alone permits a small (non-significant) expansion of TRP1 CTLA-47 Teff
compared with WT TRP1 Teff in the absence of exogenous mAb and despite equivalent/lower
Ki67 and CD25 expression than WT TRP1 Teff. It is likely that this is partly explained by TRP1
CTLA-47 Treg which in the context of the current experiment are low in absolute number and
Ki67 expression, but are also generally accepted to be functionally compromised by the lack of
CTLA-4 (note that specific deletion of CTLA-4 on Tregs resulted in systemic

lymphoproliferation in mice)(43).
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TRP1 CTLA-47" Teff cells have some potential advantages as ACT. We have shown that they are
inherently more proliferative than WT CTLA-4-replete TRP1 Teffs and have a more cytotoxic
phenotype in the LN. The reason for the Teff advantage may be the poor engraftment/survival
of CTLA-47 TRP1 Tregs promoting a dominant effector phenotype, but this may still offer an
advantage in the setting of ACT for cancer, albeit the possible autoimmune toxicity of this

approach may be concept-limiting.

These experiments demonstrate that TRP1 CTLA-4” T cells can evoke an anti-B16/BL6
melanoma effect in lymphodepleted recipients at day 18 post tumour induction. We would like
to establish that TRP1 CTLA-4” T cells can fully reject and prevent recrudescence of tumour
over a protracted in vivo time-course to the same extent as WT TRP1 T cells, and to investigate

whether this is independent of exogenous aCTLA-4 mAb.
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4.2.4. TRP1CTLA-4" T-cells in the lymphodepleted host: protection experiment

In the TRP1 ACT model of murine melanoma, it is accepted that the ‘killer’ condition (TRP1 T
cells + lymphodepletion + aCTLA-4 mAb) is associated with tumour eradication and protection
from recurrence, and that the ‘helper’ condition (TRP1 T cells + lymphodepletion alone) is
capable of eradication, but not long-term protection (46). We used the experimental set-up
illustrated in figure 4.5 to compare the end-points listed above in CTLA-47 TRP1 and WT TRP1

T cells.

Between days 17-25 post induction of tumour, all murine recipients showed signs of uveitis,
reduced activity and dishevelled fur. There was significant mortality observed in all treatment
groups which was not related to tumour progression. Beyond day 25, mice in all groups started
to lose pigment, particularly around the tumour site, which was progressive throughout the

period of observation.

Figure 4.8 shows how all groups completely reject B16/BL6 tumour at similar rates between
days 20-30 post tumour inoculation. Surviving mice were observed over a period of 100 days

and tumour recrudescence did not occur in any of the treatment groups (data not shown).

The experiment was completed after 100 days and TRP1 T cells were detectable in all groups
from blood, lymph node and spleen. Figure 4.11 shows persistence of congenically marked
Trpl T cells in LN specimens. Surprisingly, CTLA-4”" TRP1 Tregs are absent in the group that
received aCTLA-4 mAb at days 8, 11 and 14 post-tumour induction. This is not seen in the WT
TRP1 group that received aCTLA-4 mAb. It is possible that the irradiated environment together
with aCTLA-4 mAb skewed the expansion of CTLA-47 TRP1 T cells to become dominated by
TRP1 Teff with low TRP1 Treg engraftment.

Figure 4.8: in the context of a protection experiment, all groups rejected B16/BL6 melanoma over a

similar time frame. Key: WT=wild type; aCTLA4=anti-murine CTLA-4 mAb (9H10 clone); ACT=adoptive
cellular therapy. Data represents a single experiment.
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Figure 4.9: Lymph Node (LN) preparation at 100 days post ACT demonstrates persistence of
transferred congenically marked cells. Repopulation with TRP1 Tregs is strongest in the WT TRP1+RT
setting, and absent in CTLA-4” TRP1 treated with aCTLA-4 mAb. Functionally, CTLA-47 T cells produce
granzyme B and Eomes. Key: WT=wild type; aCTLA4=anti-murine CTLA-4 mAb (9H10 clone);
ACT=adoptive cellular therapy.
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On a functional level, CTLA-4” TRP1 T cells produced more granzyme B and eomes than WT
TRP1 T cells, even with prior aCTLA-4 mAb treatment (figure 4.9). IFNy expression was noted
to be lower in the group treated with irradiation plus TRP1 T cells alone, compared with the
other groups that lacked CTLA-4 or were subject to blockade (figure 4.10).

CD25 expression was lower on CTLA-4” TRP1 Teff as seen in previous experiments, and there
was an inverse correlation with IL-2 which supports the hypothesis of an autocrine feedback

loop (figure 4.10).
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% CD25+ Trpleff

Figure 4.10: Analysis of TRP1 Teff from LN at 100 days post tumour initiation. CD25 expression is non
significantly lower on CTLA-4” TRP1 Teff and there is an inverse correlation with IL-2, suggestive of an
autocrine feedback loop. IFNy expression is significantly higher in CTLA-4” TRP1 T cells previously
treated with aCTLA-4 mAb. All groups received 5Gy of irradiation at day 8. Key: WT=wild type;
oCTLA4=anti-murine CTLA-4 mAb (9H10 clone); ACT=adoptive cellular therapy. Horizontal bars
represent mean values. Statistical tests: one-way analysis of variance and multiple comparisons test.
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4.3 Discussion

The TRP1 T cell ACT model in B16/BL6 murine melanoma has given huge insights into the
potential of immune modulatory therapies in cancer immunotherapeutics. It has been
previously demonstrated that the ‘killer’ condition (TRP1 T cells + lymphodepletion + aCTLA-4
mADb) is associated with B16/BL6 tumour eradication and protection from recurrence, and that
the ‘helper’ condition (TRP1 T cells + lymphodepletion alone) is capable of tumour eradication,
but not long-term protection (46). This work underlines the importance of CTLA-4 blockade in

establishing complete, durable immune-mediated anti-tumour responses to ACT.

One of our aims has been to determine whether genetic absence of CTLA-4 on tumour-reactive
T cells is a surrogate for the systemic administration of aCTLA-4 mAb in terms of outcome
measures such as tumour eradication, promotion of high intratumoural Teff/Treg ratios and

enhanced cytotoxic potential, but with lesser incidence of autoimmune toxicity.

There is no significant reduction in tumour weight compared with WT TRP1 T cells, but a
downward trend is observed with TRP1 CTLA-47" T cell ACT in the lymphodepleted setting. In

the protection experiment, all animals rejected tumour over a similar time-frame and there
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was no evidence of recrudescence or of susceptibility to tumour rechallenge in any of the

groups. The data from the protection experiment requires validation with a larger scale repeat.

We can conclude from these experiments that TRP1 CTLA-4"" Teff are more proliferative than
WT TRP1 Teff and have a more cytotoxic phenotype in the LN which is less obvious in the
tumour (figure 4.8). Part of the explanation for this may be that TRP1 CTLA-4”" Treg are (likely
to be) functionally impaired compared to WT TRP1 Tregs, despite appearing normal in number

on quantitative analysis, allowing unopposed proliferation of TRP1 Teff (43).

The low numbers of TRP1 CTLA-47" Tregs obtained at the end of the experiment in LN and TIL
was unexpected. A similar phenomenon was observed in the protection experiment, where
mice receiving TRP1 CTLA-47 T cells + aCTLA-4 mAb had complete absence of (transgenic)
Tregs in the LN at 100 days post tumour inoculation, which was not observed on the other
groups (figure 4.9). Possible explanations include cytokine deprivation and Treg

reprogramming into Teffs (53). This area requires further investigaton.

There are potential advantages of using these cells for ACT: TRP1 CTLA-47 Teff are more
proliferative, have a more cytotoxic phenotype in the LN (see figure 4.8) and TRP1 CTLA-47
Tregs are at a proliferative/survival disadvantage in the lymphodepleted host. The possible

autoimmune toxicity of this approach should also be explored.

Based on this set of experiments, genetic ablation of CTLA-4 on tumour-reactive cells may
offer an equivalent, valid alternative to aCTLA-4 mAb in terms of therapeutic effect and
biological impact in vivo. It is conceivable that concurrent administration of aCTLA-4 mAb
could potentiate these features to good effect. This observation supports the theory of CTLA-4
acting ‘in trans’ to create an immune-suppressive environment, presumably by sequestering
B7.1 and B7.2 amongst other APC inhibitory effects. B16/BL6 data confirms that it is not a
tumour-based CTLA-4 reservoir contributing to this. A major concern would be if the tumour
antigen target were not restricted, then CTLA-4-ablated T cells administered with aCTLA-4

mAb would pose a significant toxicity risk.
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4.4 Future directions

It is clear that repetition of the protection experiment is needed not only to investigate the
anti-tumour biology of TRP1 CTLA-4”" T cells compared with WT TRP1 T cells, but also to
explore potential toxicities in more detail using cytokine bead arrays, transcription factor
analysis and autoantibody levels. There has also been discussion of running a microarray on
the TRP1 CTLA-47 T cells to establish whether they share any clear trancriptomic features with
WT TRP1 T cells.

Overall, Chapter 4 allows us to compare the engraftment, expansion and trafficking of TRP1
CTLA-4" T cells with WT TRP1 T cells, and illustrates the impact of concurrent aCTLA-4 mAb.
However, there remain several unanswered questions. Definitive characterisation of
functionality (cytotoxicity and cytokine secretion) of TRP1 CTLA-47" T cells is required to fully
determine their potential for therapeutic efficacy upon adoptive transfer. Preliminary work
can be performed in vitro. We propose to use a FACS-based cytotoxicity assay to compare the
inherent cytotoxic potential of TRP1 CTLA-4”" T cells with WT TRP1 T cells directed against GFP-
expressing B16/BL6 murine melanoma targets. Supernatant from these cultures will be used to

run ELISAs testing for IL-2 and IFNy.

Conventional T cell killing assay and cytokine data will be supplemented with a TRP1 CTLA-4" T
cell degranulation assay. Staining for CD107a and CD107b following incubation of transgenic T
cells with B16/BL6 murine melanoma TRP1-expressing targets will give further information

regarding cytotoxic potential (and specificity) of the transgenic cells.

We plan to conduct a formal assessment of proliferative potential of the transgenic cells over a
7 day co-culture with irradiated TRP1 antigen positive and negative targets. This will give
numerical data on T cell expansion as well as additional cytokine data. To date, we have used
Ki67 expression as a barometer of proliferation, but we appreciate the need to supplement
this with more robust numeric data. It is our intention to conduct an extended cytokine bead

array (CBA) once we have generated primary data by ELISA.

We additionally plan to assess the transgenic cells for expression of T cell exhaustion markers
(e.g. programmed cell death 1 (PD-1), TIM-3 and LAG-3) which can render T cells sensitive to
potent immunosuppressive ligands in vivo and potentially compromise biological function
(147). We also hope to determine the relative proportions of memory and effector T cell
populations across the different TRP1 genotypes with and without aCTLA-4 mAb. Broadly, T

cell maturation status is proposed to impact upon expansion and persistence of adoptive cells
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in vivo and a stem-cell-like phenotype may be an advantage in this setting (135, 146). We will

compare these features between the TRP1 genotypes.
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CHAPTER 5

5. GENERATION AND INVESTIGATION OF HUMAN ANTI-CTLA-4 ANTIBODY

5.1 Introduction

There is a large body of evidence to support the anti-tumour efficacy of CTLA-4 blockade in
models of cancer (46, 72) and in clinical trials (49). Ipilimumab is a fully humanised aCTLA-4
mAb which has been licensed to treat metastatic melanoma in humans, but systemic
administration and interaction with polyclonal T cells engenders it with immune-mediated
toxicity. One of the aims of this project is to devise a strategy to target CTLA-4 inhibition
specifically to the tumour to concentrate the therapeutic anti-tumour effect in the tumour
whilst reducing the risk of widespread polyclonal T cell activation. We proposed to approach
this in two ways: by ablating CTLA-4 from tumour reactive T cells prior to adoptive transfer,
and by genetically modifying tumour reactive T cells to secrete functional aCTLA-4 mAb or scFv

enabling a ‘payload’ delivery of aCTLA-4 mAb intratumourally.

In order to define the method that will best achieve the aim of tumour-specificity of effect, we
directly compared the absence of CTLA-4 on tumour reactive T cells with the effect of
systemically administered exogenous aCTLA-4 mAb on (co-transferred) tumour-reactive T cells
using a transgenic mouse model developed at UCL and described in Chapter 4, sections 4.1.3

and 4.2.1.

Chapter 4 concludes that there are biological differences between TRP1 CTLA-4” T cells and
WT TRP1 T cells beyond differential expression of CTLA-4. In order to realise the potential
advantages of these, host lymphodepletion or concurrent administration of exogenous aCTLA-
4 mAb may be required to reduce the reservoir of endogenous T cell CTLA-4 which can act in
trans to inhibit effector function (9, 26). In cohorts of irradiated recipients, transferred TRP1
CTLA-47" Teffs comprised significantly higher total numbers in the tumour, were associated
with (non-significantly) lower tumour mass at day 18 and higher expression of granzyme B and
eomes in the LN (significant) and tumour (non-significant) than WT TRP1 T cells. TRP1 CTLA-47
T cells permitted complete eradication of tumour, displayed a more cytotoxic phenotype in the
LN and offered protection from tumour recrudescence at 100 days post tumour challenge. All
of these effects were potentiated further by the addition of aCTLA-4 mAb and its impact on

the endogenous compartment.
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An important mechanism of aCTLA-4 mAb anti-tumour activity has been recently described by
Simpson and Quezada(67). In essence aCTLA-4 mAb can label CTLA-4"™ targets for ADCC-
mediated depletion by the innate immune system, and this effect is dependent on the mAb
isotype, the presence of effector (macrophages) and the density of expression of the antigenic
target. This partly explains the results obtained in Chapter 4, namely that CTLA-4" Treg would
appear to be depleted by aCTLA-4 mAb in the tumour (less so in the LN) by virtue of their
dense expression of CTLA-4 and the presence of activated effectors. The net result is
potentiation of effector numbers, permitting an anti-tumour response. Taking this forward,
any approach which can effect an increase in the Teff/Treg ratio could offer the same outcome

as systemic aCTLA-4 mAb.

The aim of Chapter 5 is to manipulate tumour-reactive T cells to secrete anti-human CTLA-4
mAb in a payload manner on engaging cognate antigen, such that CTLA-4 is targeted in the

tumour, but only minimally engaged in the periphery (49).

5.1.1 9H10 as the paradigm for CTLA-4 blockade in murine models of melanoma

9H10 anti-murine CTLA-4 antibody was first described in 1995 (116). Syrian hamsters were
immunised with heat-killed Staphylococcus A bacteria coated with 100ug of CTLA-4
immunoglobulin (lIg) (117). Lymphocytes underwent polyethylene glycol fusion with a
myeloma cell line, and hybridomas obtained were cloned by limiting dilution in the presence of
irradiated mouse thymocyte feeders and tested for reactivity against CTLA-4 Ig. Antibody 9H10
was selected on the strength of its binding to CTLA-4, its ability to block B7 binding by CTLA-4-

immunoglobulin (CTLA-4 Ig), and its ability to stain activated, but not freshly isolated T cells (1).

Originally, 9H10 was used in experiments to determine the biological role of CTLA-4, but more
recently it has been extensively used in pre-clinical evaluation of CTLA-4 blockade in tumour
immunotherapy. Unpublished work by Quezada et al demonstrates an enhancement of anti-
tumour CD4 T cell activity when 9H10 and Gvax are co-administered into a non-irradiated
B16/BL6 melanoma model. It is apparent that 9H10 has no anti-tumour effect as a
monotherapy, but potentiates the impact of tumour-reactive CD4 T cells when used as part of

a combinatorial strategy.

In adoptive transfer models where tumour-reactive TRP1 CD4 T cells are transferred into

irradiated B16/BL6 melanoma bearing C57BL/6 recipients, the addition of 9H10 has been
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shown to prevent tumour recrudescence compared with transfer of cells alone, suggesting an

important role for CTLA-4 blockade in tumour protection and longer term immunity(46).

5.1.2 10D1 anti-human CTLA-4 mAb

10D1 is an anti-human CTLA-4 antibody designed by Alan Korman (patent US2010047244 (A1).
It was first described in 2003 to help elucidate the full potential of CTLA-4 blockade in humans.
Extensive prior murine work had confirmed anti-tumour immune responses with antibody-
mediated CTLA-4 blockade, but evidence of a similar anti-tumour effect in humans was lacking.
To that point, epidemiological data on CTLA-4 polymorphisms in autoimmunity was suggestive

of an immune modulatory role for anti-CTLA-4 antibody (58, 118).

Anti-human CTLA-4 mAbs were generated in transgenic HC2/KCo7 mice. These mice possess
introduced human Heavy (H) and Light (L) chain transgenes that undergo class switching and
somatic mutation to produce human IgGlk and IgG3k antibodies (119). The mice were
immunised with B“CTLA-4/CD38, and single cell suspensions of splenic lymphocytes were then
hybridised with a murine myeloma cell line and screened for human IgGlk production by
ELISA. Specificity was then confirmed by flow cytometry for CTLA-4 binding, and resulted in the
generation of 10D1(80).

10D1 is a high affinity anti-human CTLA-4 mAb that blocks binding of human CTLA-4 to human
B7-1 and B7-2 with no cross species reactivity. In vivo testing of 10D1-induced CTLA-4 blockade
in macaques was associated with a potentiated antibody response to hepatitis B surface

antigen and human melanoma cell vaccines(80).

Chronic administration of 10D1 alone into macaques did not induce polyclonal T cell activation
or significantly alter the repertoire of lymphocyte subsets, and was not associated with
measurable autoimmunity. Anti-self-responses were only detectable by ELISA if vaccine and
10D1 were co-administered (80). Anti-self-responses have also been identified in murine

models of cancer, as measured by the production of autoimmunity-associated antibodies (59).

We obtained the patent for 10D1 to generate an anti-human CTLA-4 antibody as an isotype
control for anti-murine CTLA-4, and for direct testing in human CTLA-4 transgenic mice,

described in more detail in Chapter 2.4.1.2.
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5.1.3 Single chain Fv versus full length antibody

The generation of scFv is a standard molecular immunological technique, and a cornerstone in
the emerging field of chimeric antigen receptor redirected T cells to treat cancer (120, 121).
Blockade of CTLA-4 with soluble intact anti-CTLA-4 mAb and its F'ab fragments can enhance T
cell proliferation (8). We initiated this project with 10D1 scFv with the expectation that this

would promote T cell proliferation.

5.1.4 Human-CTLA-4 (Hul52Tg) BACS transgenic line

Pre-clinical testing of 10D1 anti-human CTLA-4 mAb requires an appropriate model system in
which to demonstrate anti-cancer immunity. In-vitro work on human T cell lines is limited by
the fact that a single aCTLA-4 mAb can have opposite effects on different cell lines (122). We
are fortunate to have access to a human CTLA-4 transgenic murine model (Hul152Tg) (48).
These mice express a chimeric 17 —kb DNA construct comprising the human extracellular
domain (exon 2) and the mouse transmembrane and cytoplasmic domains of CTLA-4. Due to
inter-species conservation, human CTLA-4 interacts normally with murine B7.1 and B7.2 (see

Chapter 2.4.1.2 for more details).

5.1.5 UC10-4F10 anti-murine CTLA-4 mAb

We required a control, isotype-matched, non-target binding antibody to test against 10D1
anti-human CTLA-4 mAb in the Hul52Tg model. Jeffrey Bluestone created UC10-4F10 anti-
murine CTLA-4 mAb and kindly supplied the scFv sequence (10, 81, 123). Originally, the
antibody was generated by immunising Armenian hamsters with an extracellular portion of
murine CTLA-4 fused to murine IgG2a. Subclones were obtained by limiting dilution, and tested

for reactivity to murine CTLA-4-Ig by ELISA.

UC10-4F10 aCTLA-4 mAb has been shown to reduce intra-tumoural CD4 Tregs in vivo in a

similar manner to that observed with 9H10 mAb (46, 67).
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5.2 Results

5.2.1 Generating CTLA-4 high cell lines as ‘targets’ to test constructs

This is described in detail in Chapter 3.2.1. In brief, we generated SFG plasmids coding for
human and murine CTLA-4 (Chapter 3, figure 3.1a: plasmid maps) then stably transduced and
positively selected (using the human CD34 marker protein) 293T cells and SupT1 cells (Chapter
3, figures 3.1b and 3.1c).

5.2.2 Generation of 10D1 and UC10-4F10 aCTLA-4 scFv surface-linked constructs

The 10D1 anti-human CTLA-4 mAb sequence was obtained from a patent filed by Medarex
(patent US2010047244 (A1) and was adapted by Martin Pule into a scFv which was
constructed by oligonucleotide assembly (see Chapter 2.1.6 for details). Expression testing as a
cell surface-linked construct (in chimeric antigen receptor (CAR) format (see Figure 5.1a) was
by transfection into 293T cells followed by staining for anti-Human-Fc at 72 hours and flow
cytometric analysis. Sequences were verified prior to downstream applications (data not

shown).

The UC10-4F10 anti-murine CTLA-4 scFv sequence was kindly supplied by Jeffrey Bluestone
(10, 81) and was generated and validated as for 10D1. See Figure 5.1a for the general structure
of full length IgG, single-chain Fv (scFv) and membrane-bound scFv in chimeric antigen

receptor (CAR) format.

5.2.3 Secretory version of 10D1 scFv and in vitro testing

To establish that 10D1 aCTLA-4-scFv could bind human CTLA-4 we subcloned 10D1-scFv into a

construct capable of scFv secretion (see Chapter 2.3.2 for details).

Testing the secretory 10D1 construct was by transient transfection of 293T cells with (sec)-
10D1-scFv and (sec)-UC10-4F10-scFv as a control using the protocol outlined in Chapter 2.2.6.
At 72 hours post-transfection, antibody-rich 293T cell culture supernatants were incubated

with CTLA-4" SupT1 cells for 30 minutes at 4-C in the dark, followed by a secondary a-human-
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Fc stain (30 min/ 4°C/dark). Figure 5.1b demonstrates that (sec)-10D1-scFv (ahuman-CTLA-4)

binds human CTLA-4 in a species-specific manner.

Figure 5.1a: general structure of full length I1gG, scFv and membrane-bound scFv to illustrate the range
of constructs generated for use in Chapter 5. Key: IgG= Immunoglobulin G; scFV=single chain variable
fragment; Vh=variable heavy chain; Vl=variable light chain; CH=constant heavy chain; Cl= constant light
chain; CD3Z=CD3 zeta chain.
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Figure 5.1b: secreted 10D1 anti-human CTLA-4-scFv binds human CTLA-4 in a species-specific manner.
Control UC10-4F10 anti-murine CTLA-4-scFv does not bind murine CTLA-4. Key: 10D1 anti-CTLA-4= anti-
human-CTLA-4; 4F10 anti-CTLA-4=UC10-4F10 anti-murine-CTLA-4; human CD34=transduction marker
gene/protein indicating CTLA-4 transduced cells; anti-Human Fc= secondary antibody stain.
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Control UC10-4F10-scFv-secretory a-murine-CTLA-4 did not bind murine CTLA-4. Transfected
293T cells expressed eBFP as a marker of transfection, and intracellular staining for anti-
Human-Fc following Brefeldin A treatment revealed the presence of intracytoplasmic Fc (data
not shown). Target SupT1 cells were strongly positive for murine CTLA-4 (see figure 3.1c).
There were concerns that this could represent aberrant folding of scFv and we decided to
adapt UC10-4F10 scFv into a full-length (F/L) construct with the expectation that this could
overcome any issues of scFv misfolding. In addition, novel mechanistic insights into the mode
of activity of aCTLA-4 mAb (Fc-mediated ADCC of CTLA-4" targets intratumourally (67) and
developments in antibody engineering, gives a clear rationale for using F/L constructs to
exploit the effector functions afforded by Fc expression. We thus generated F/L antibody

constructs for 10D1 and UC10-4F10 in IgG1 and IgG2a isotype.

5.2.4 Full length (F/L) 10D1 and in vitro testing

To test binding of F/L aCTLA-4 mAbs destined for secretion by cells is to dual-transfect 293T
cells with separate constructs coding for corresponding heavy and light chains, to collect and
0.22um filter transfectant supernatant at 72 hours, and then apply this to target cells.
Secondary anti-Fc staining as described in Chapter 2.2.6 demonstrates that F/L- 10D1 binds
CTLA-4 in a species-specific manner with no cross-reactivity (figure 5.2).

Figure 5.2: Full length (F/L)-10D1 anti-human CTLA-4 mAb and (F/L)-UC10-4F10 anti-murine CTLA-4
mAb bind CTLA-4 in a species-specific manner with no cross-reactivity. Key: 10D1 anti-CTLA-4= anti-

human-CTLA-4; 4F10 anti-CTLA-4=anti-murine-CTLA-4; human CD34=transduction marker gene/protein
of CTLA-4 expressing SupT1 target cells.
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The aim is to translate this cell line work into primary murine lymphocytes. To generate a
single construct for transduction purposes, Martin Pule designed tricistronic vectors to
incorporate light chain linked by TaV-2A to heavy chain, linked by IRES to marker protein

(figure 5.3: plasmid maps).

It had become apparent during attempts to saponify transduced cells that fluorescent marker
proteins were unable to robustly survive the cell fixation process. For this reason we generated
a truncated version of murine CD19 as a marker of transduction to use in place of eBFP.
Truncated murine CD19 is surface fixed, non-immunogenic, unable to transmit an intracellular
signal, and enables cell selection using a commercially available column/magnetic bead kit

(Miltenyi Biotech, CliniMACS® cell sorting, Auburn, CA).

There were concerns that the complexity of tricistronic constructs would limit cell transfection
or transduction efficiency. Initial testing in 293T cells showed this not to be the case, and

filtered transfectant supernatant bound target SupT1 cells (data not shown).

Figure 5.3: plasmid maps for tricistronic IgG1 and 1gG2a 10D1 anti-human CTLA-4 vectors. Key:
LTR=long terminal repeats; 10D1-LC-mKappa= 10D1 light chain (kappa); 10D1-HC-mlgG1= 10D1 murine
IgG1 heavy chain; 10D1-HC-migG2a= 10D1 murine IgG2a heavy chain; 2A= FMD 2A sequence;
IRES=internal ribosomal entry site; dMuCD19=truncated murine CD19;SD=splice donor;SA=splice
acceptor.
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5.2.5 Testing constructs in polyclonal primary lymphocytes in vitro

Retroviral transduction of C57BL/6 lymphocytes was conducted as per Chapter 2.4.5.1 with
ConA + IL-7 stimulation. Mean T cell transduction efficiency (CD19 expression at 72 hours post
activation) was 40-50% and transduced CD8 T cells were capable of granzyme B and IFNy

secretion at 72 hours in vitro (figure 5.4a) to the same degree as mock transduced cells.
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Figure 5.4a: retroviral transduction efficiency of F/L 10D1 anti-human CTLA-4 IgG2a and F/L UC10-4F10
anti-murine CTLA-4 IgG2a constructs in C57BL/6 CD8 T cells is between 40-50% and transduced cells
can secrete Granzyme B at 72 hours post stimulation. Key: FSC=forward scatter; F/L-10D1 IgG2a= a-
human-CTLA-4; F/L-UC10-4F10 IgG2a = a-murine-CTLA-4.
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Figure 5.4b: tricistronic vector transduced C57BL/6 lymphocytes secrete F/L-10D1 anti-human CTLA-4
1gG2a and F/L-UC10-4F10 anti-murine CTLA-4 IgG2a which bind CTLA-4 transduced SupT1 cells in a
species-specific manner. Key: FL=full length; 10D1 anti-CTLA-4= anti-human-CTLA-4; 4F10 anti-CTLA-
4=anti-murine-CTLA-4; human CD34=transduction marker gene/protein; mAb=monoclonal antibody;
FSC=forward scatter; anti-murine-Fc=secondary antibody staining to detect secreted antibody (pan

isotype).

Non
transduced
SupT1 cells

Human
CTLA-4
SupT1 cells

Murine
CTLA-4

SupT1 cells

APC anti-Murine Fc

Secondary mAb F/L-10D1 F/L- UC10-4F10
only supernatant supernatant
| | |
0.82% 0.25% 0.33%

0.98%

57%

98



Supernatant collected from activated, transduced polyclonal murine T cell cultures contained
antibody which bound CTLA-4 target cells in a species specific manner (figure 5.4b).

5.2.6 Testing constructs in monoclonal TRP1 CD4 T lymphocytes in vitro

We wanted to establish a method for selective expansion of tumour-reactive cells from within
a mixed culture, as we ultimately hope to be able to extract tumour-infiltrating lymphocytes
(TILs) from tumours/draining-lymph nodes for expansion and transduction. In addition, we
need to be able to expand transgenic TRP1 T cells to adequate numbers for adoptive transfer.
We explored several modes of T cell stimulation and expansion. Details of the methods are

discussed in Chapter 2.4.5.

ConA+IL-7 stimulation induces excellent polyclonal T cell expansion to enable retroviral
transduction of C57BL/6 primary T cells (figure 5.4a). TRP1 BYRAG” transgenic mice express an
avid monoclonal TCR directed against a peptide derived from TRP1 and presented on I-Ab (30).
Given the monoclonal TCR, we suspected that TRP1 T cells would expand better with antigen-
specific stimulation. We compared ConA+IL-7 to TRP1 peptide + polyclonal dendritic cells (DCs)
in a culture derived from tumour-draining LN of a B16/BL6-bearing C57/BL6 mouse following
adoptive transfer of WT TRP1 T cells 10 days prior to organ harvesting. This was to recreate the
scenario of antigen specific TIL extraction from tumour/tumour draining lymph node.

Figure 5.5a: TRP1 peptide is superior to ConA+IL-7 for proportional in vitro enrichment of TRP1 CD4 T
cells in a mixed cell culture. Key: ConA=concanavalin A; IL-7=interleukin 7; TCR Vbetal4=T-cell receptor

VB14 expressed by TRP1 T cells; DC=dendritic cells; CD45.1=congenic marker of TRP1 transgenic strain;
Trpl peptide=tyrosinase related protein 1.
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Gated on live CD4+ singlets

Figure 5.5b: TRP1 peptide is superior to ConA+IL-7 for preferentially expanding TRP1 CD4 T cells for
transduction in a mixed culture. Key: CD19=transduction marker gene/protein; F/L 10D1 IgG2a= anti-
human-CTLA-4; ConA=concanavalin A; IL7=interleukin 7; DC=dendritic cells; Trpl peptide=tyrosinase
related protein 1; TRP1=TRP1 CD4 T cell; Endog=endogenous CD4 T cells; VB14=TCR B chain.
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Figures 5.5a & 5.5b show enrichment of TRP1 tumour-reactive T cells in a mixed cell culture at
72 hours in vitro with TRP1 peptide+DCs compared with ConA+IL-7. In the latter condition the
expansion of TRP1 T cells was very poor. DC+ TRP1 peptide was also found to expand pure
naive TRP1 CD4 T cells better than ConA+IL-7 (data not shown) and for this reason was

selected to be used in all downstream experiments.

5.2.7 Biological functions of 10D1 IgG1 and IgG2a — ADCC assays

Based on the hypothesis that aCTLA-4 mAb can deplete CD4 Tregs in the tumour via an Fc-
directed mechanism (67), we set up an ADCC assay to simulate this in vitro to test whether
10D1 IgG2a aCTLA-4 mAb can deplete CFSE-labelled human CTLA-4 transduced SupT1 cell
targets when co-incubated with bone marrow (BM)-derived macrophage effectors. The
experimental outline is described in detail in Chapter 2.4.8, CFSE labelling in Chapter 2.4.9, and

production of mature-lipopolysaccharide (LPS)-treated BM-derived macrophages in Chapter
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2.4.3. Pre-assay flow cytometric analysis of BM-derived macrophages revealed a population of

CD11b"™, cD11c™ cells with high iNOS and FcyR IV expression (figure 5.6a).

Figure 5.6a: BM-derived macrophages are CD11bhi, cD11c™ and co-express iNOS and FcyR IV and fulfil
an effector function in this ADCC assay. Gated on live singlets. Key: iNOS=inducible nitric oxide
synthetase; FcyR IV=expressed on CD11b high macrophages and involved in ADCC.
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Full length 10D1 aCTLA-4 1gG1 and IgG2a mAbs for ADCC testing were obtained from 293T cell
transfection supernatants, polyclonal murine T cell transfection supernatants and TRP1 CD4 T
cell transfection supernatants. The supernatants were 0.22um filtered, and quantitated by
Ready-Steady-Go ELISA (affymetrix, eBioscience). This is described in more detail in Chapter
2.5.10. Control antibody was isotype matched, but had no corresponding target antigen on
CFSE-labelled SupT1l cells. We used anti-murine CD25 (PC61 clone). Antibody-containing
supernatants were tested in triplicate with the following effector(e) to target(t) ratios: 10e:1t,
S5e:1t and 0.5e:1t and controls (target cells+antibody (no effectors). See figure 5.6b for the full
experimental layout.

Figure 5.6b: ADCC assay layout for testing full length 10D1 I1gG1 and IgG2a. Supernatants were tested
in triplicate against CFSE-labelled SupT1l target cells incubated with LPS-matured BM-derived
macrophages for 16 hours at concentrations of 10e:1t, 5e:1t, 0.5e:1t. Key: 10D1 IgG2a (or 1gG1)=10D1

anti-human CTLA-4; LPS=lipopolysaccharide; BM=bone marrow; e=effector; t=target; Isotype control=
non-binding mAb (aMurineCD25 (PC61 clone).
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Figure 5.6c: F/L 10D1 anti-human CTLA-4 1gG2a shows higher target cell killing at ratios of 10e:1t and
5e:1t than F/L 10D1 IgG1 or isotype control in a 16 hour ADCC assay. Key: 10D1=10D1 anti-human-
CTLA-4 mAb; e=effector; t=target; CD25=isotype control. Vertical bars represent SEM. Statistical tests
performed on triplicate samples: one-way analysis of variance and multiple comparisons test. Data is
representative of 2 independent experiments.
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Compared with isotype control and with 10D1-1gG1, 10D1-IgG2a is associated with significantly
higher depletion of human CTLA-4 expressing SupT1 targets at 10e:1t and 5e:1t (figure 5.6c¢).

Full-length UC10-4F10 anti-murine CTLA-4 antibody was also tested in an ADCC assay (figure
5.6d) and was associated with significantly higher depletion of murine CTLA-4 expressing
SupT1 targets at 10e:1t and 5e:1t compared with isotype control and UC10-4F10-IgG1 when

tested in triplicate.
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Figure 5.6d: full length UC10-4F10 a-murine-CTLA-4 1gG2a shows significantly higher target cell killing
at ratios of 10e:1t and 5e:1t than F/L UC10-4F10-IgG1l and isotype controls in an ADCC assay
(p<0.0001). Target cells are murine CTLA-4 expressing SupT1 cells. Key: UC10-4F10=4F10 anti-murine-
CTLA-4; mAb=monoclonal antibody; e=effector; t=target; CD25=isotype control. Vertical bars represent
SEM. Statistical tests performed on triplicate samples: one-way analysis of variance and multiple
comparisons test. Data is representative of 2 independent experiments.

80-
¥ UC10-4F10 IgG1
60+ I i UC10-4F10 IgG2a
- (D25 IgG1
T3] 40_ =
§ -+ CD25 IgG2a
E
3 20+
04
z
'20 1 ] 1
> x N
N )
() . (*2)
N < o7
Effector/targetratio
%killing @ 10e:1t %killing @ 5e:1t %killing @ 0.5e:1t
%k %k * 3%k % * %k * kK
80+ | - ns ns

o r N S N —
e e == 1 £ - | —:LL
204 | —+ i ' Y

% killing

e > @ > < ? :

L &y & & & & & @ K & & o
& ¥ & ¥ & ¥ & SRS BNRNIN
S A A (N I A A
% ,\’Q & ,\/Q & (}'9' & 09 & ,\9’ & ,\/Q
N ¥ S S @ <

103



5.2.8 Testing constructs in vivo: 10D1 in the Hu152Tg mouse (Trp1l CTLA4™ T cell transfer)

We have generated 10D1 a-human CTLA-4 mAb which can bind human CTLA-4 in a species-
specific manner, can mediate ADCC of CTLA-4" targets in an ADCC assay in vitro and can be
secreted from polyclonal and monoclonal primary T cells using retroviral transduction
methods. The next objective is to adoptively transfer 10D1 aHuman-CTLA-4 IgG2a secreting
tumour-reactive transgenic T cells into a B16/BL6 melanoma tumour model to observe
whether the antibody is biologically active in vivo. The experimental setup is illustrated in
figure 5.7.

Figure 5.7: experimental model to compare 10D1-a-Human CTLA-4-IgG2a transduced DLI to mock
transduced DLI (+/- exogenous 10D1 administered intraperitoneally at days 8, 11 and 14) and UC10-
4F10 a-murine CTLA-4-lgG2a transduced DLI. Recipients are irradiated B16/BL6 melanoma-bearing
Hu152Tg mice. DLI donors are TRP1 CTLA4” mice. Key: 250k=250,000 cells; Hu152Tg= transgenic mice
expressing exon 2 of human-CTLA-4; 5Gy TBI= 5 Gray of total body irradiation; DLI=donor lymphocyte
infusion; aCTLA-4= exogenous 10D1 anti-CTLA-4 antibody; UC10-4F10-lgG2a-DLI = UC10-4F10 IgG2a

anti-murine-CTLA-4 secreting DLI; 10D1-lgG2a-DLI= 10D1 IgG2a anti-human-CTLA-4 secreting DLI; data
represents two independent experiments.

Hul152Tg recipients

Day 0
Day 8 Day 11 Day 14 Day 18
250k B16/BL6 melanoma i.d.
End
Group 1 5Gy TBI - -
Mock DLI (200k)
5Gy TBI Exogenous Exogenous
Group 2
P Mock DLI (200k) + aCTLA-4 aCTLA-4
exogenous aCTLA-4 (100pg/mouse)  (100ug/mouse)
(200pug/mouse)
Group 3 5Gy TBI - -
UC10-4F10-IgG2a-DLI (200k)
Group 4 5Gy 1Bl - -

10D1-lgG2a-DLI (200k)

Irradiated (5Gy TBI) human CTLA-4 transgenic (Hu152Tg) mice bearing B16/BL6 melanoma
tumours were treated at day 8 post tumour induction with a TRP1 CTLA4" cell product
transduced to express 10D1 a-human-CTLA-4-1gG2a, UC10-4F10-a-Murine CTLA-4-1gG2a or
mock transduced cells with and without systemically administered exogenous 10D1 a-human-

CTLA-4 mAb.
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We elected to use TRP1 CTLA-47" murine cells as they have better viability and growth in vitro,
and permit us to use UC10-4F10 a-Murine CTLA-4-IgG2a as a control in this experiment. The
biological impact of secreted 10D1 aCTLA-4 mAb should be visible in the endogenous T cell

compartment only.

Cells underwent retroviral transduction according to the protocol described in Chapter 2.4.5.2,
and at 72 hours post-stimulation, transduction efficiency was determined to be 40-50%.
Supernatant from TRP1 T cell culture at 72h was tested in the ADCC assay described in Section
5.2.7 and the same pattern of results was obtained, namely that 10D1 IgG2a-containing
supernatant preferentially depleted human CTLA-4 expressing targets at e:t ratios of 10:1 and

5:1 compared with 10D1 IgG1 and isotype control supernatants.

A commercially available murine CD19 magnetic bead/column sorting kit (Miltenyi Biotech,
Auburn, CA) gave a post-selection purity of >95% for the transduction marker murine CD19 on
live CD4+ singlets (figure 5.8). There is some loss of transduced cells in the selection process
which we established by staining the column run-through in tandem with the selected fraction
for flow cytometry.

Figure 5.8: CD19 magnetic bead/column selection at 48 hours post-transduction gives a pre-injection
CD19+ CD4+ live singlet purity of >95% for F/L 10D1 I1gG2a and F/L UC10-4F10 IgG2a. There is some loss
of transduced cells to the column. Key: FL/UC10-4F10 = full length UC10-4F10 1gG2a anti-murine-CTLA-

4;FL/10D1 = full length 10D1 1gG2a anti-human-CTLA-4; CD19=marker of transduction; VB14= TCR beta
chain subunit.
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Tumour weight at day 18 showed a higher (but non-significant) increase in tumour mass in the

10D1-1gG2a-DLI cohort compared with the control groups (figure 5.9a).
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Figure 5.9a: 10D1-l1gG2a-transduced TRP1 CTLA-4” T cells are associated with a (non-significantly)
higher tumour weight than controls. Key: UC10-4F10-lIgG2a= a-murine-CTLA-4; 10D1-lgG2a= a-human-
CTLA-4; DLI= donor lymphocyte infusion; exog-10D1=exogenous 10D1 monoclonal antibody;
mg=milligrams. Horizontal bars represent mean values and vertical bars represent SEM.
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Engraftment and persistence of transduced DLI is shown in figure 5.9b. Lower expression of
the marker protein CD19 was observed at the end of the experiment compared to day 8/
adoptive transfer. A drop in expression of the section of transgene beyond IRES in the cassette
is common (148) and can be recovered by a period of in vitro stimulation (data not shown). To
define the transduction population we instead used intracellular murine-Fc staining after a
short in vitro restimulation with TRP1 peptide+B16-pulsed DCs+brefeldin A (methods
described in Chapter 2.4.8). Figure 5.9b shows that transduced, tumour-reactive TRP1 T cells
are present in higher concentration in the tumour compared to the LN. This supports the idea
that tumour-reactive T cells could be good vehicles for the delivery of antibody into the

tumour with lesser peripheral exposure to a-CTLA-4 mAb.

Quantitation of absolute numbers of TRP1 CTLA-47 Teff and Treg shows no significant
differences between groups (data not shown). There is no significant difference in granzyme B
production or Ki67 expression in 10D1-IgG2a transduced TRP1 CTLA-47 Teff compared with
controls, indicating that transduced cells are still capable of effector function and proliferation

(figure 5.9c¢).
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LN

TIL

Figure 5.9b: 10D1-1gG2a transduced cells are present at high concentration in the tumour compared
with the LN and stain strongly for amurine-Fc. Key: UC10-4F10-IgG2a-DLI= anti-murine-CTLA-4;10D1-
IgG2a-DLI=anti-human-CTLA-4; DLI=donor lymphocyte infusion; aCTLA-4=exogenous 10D1 anti-human-
CTLA-4 mAb; TIL=tumour/tumour-infiltrating lymphocyte; LN= lymph node; anti-MuFc=anti-murine Fc
antibody (secondary stain); CD19=transduction marker gene/protein.
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Figure 5.9c: proliferative capacity and features of effector function (granzyme b production) are
preserved in transgenic TRP1 T cells transduced to secrete aCTLA-4 mAb. Key: UC10-4F10 DLI = a-
murine-CTLA-4 transduced DLI;10D1 DLI = 10D1 IgG2a anti-human-CTLA-4 transduced DLI; DLI=donor
lymphocyte infusion; aCTLA-4=exogenous, systemically administered (10D1) monoclonal antibody;
LN=lymph node. Vertical bars represent SEM. Statistical tests: one-way analysis of variance and multiple

comparisons test.
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There is a clear trend towards lower absolute numbers of endogenous T cells in the tumour
(but not the LN) of the 10D1-IgG2a-DLI condition compared with controls (figure 5.9d). To a
lesser extent, this pattern is mirrored in the mock DLI plus exogenous a-human-CTLA-4 group.
The apparent toxicity of 10D1-lgG2a-secreting DLI to the whole endogenous T cell
compartment within the tumour microenvironment may be explained by unexpectedly high
intratumoural CTLA-4 expression in the Hu152Tg model across lymphocyte subsets. Figure 5.9e
compares CTLA-4 expression between B16/BL6 melanoma-bearing Hu152Tg and C57BL/6 mice
and shows that in the Hu152Tg model, 29% of CD8 T cells and 24% of CD4 T cells in the tumour
express CTLA-4 compared with 1.02% and 10% respectively in the C57BL/6 mouse. In the
Hul52Tg LN, CTLA-4 expression is lower than in the tumour, but still higher than in the control
C57BL/6 mouse. This potentially supports the hypothesis of targeted toxicity of a-CTLA-4 mAb
towards CTLA-4" subsets outlined in Chapter 4 (67).

Figure 5.9d: 10D1-IgG2a-DLI and to a lesser extent Mock DLI+ exogenous 10D1 are associated with an
intratumoural reduction in all endogenous T cell compartments. This is not apparent in the LN. Key:
UC10-4F10-IgG2a= UC10-4F10 IgG2a anti-murine-CTLA-4;10D-IgG2a= 10D1 IgG2a anti-human-CTLA-4;
DLI=donor lymphocyte infusion; aCTLA-4=exogenous, systemically administered (10D1) monoclonal
antibody; TIL=tumour/tumour-infiltrating lymphocyte; LN=lymph node. Horizontal bars represent mean
values and vertical bars represent SEM. Statistical tests: one-way analysis of variance and multiple
comparisons test.
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Figure 5.9e: endogenous Hul52Tg CD4regs, CD4eff and CD8eff all show high levels of CTLA-4
expression in the tumour compared with the LN and compared with the tumour of a B16/BL6 bearing
C57BL/6 mouse. This may explain the drop in endogenous T cell numbers intratumourally in groups
exposed to 10D1 aHumanCTLA-4 mAb. Key: TlL=tumour/tumour-infiltrating lymphocyte; LN=lymph
node.
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It is interesting to consider why the intratumoural reduction in endogenous T cells is more
profound in the 10D1-IgG2a-DLI cohort compared with the mock transduced + exogenous
10D1 aCTLA-4 mAb control group. It is possible that local delivery of biologically active
antibody from tumour reactive transduced cells as a payload results in a more concentrated
mAb effect in the tumour compared with systemic delivery. This could offer an anti-tumour
benefit provided that there is a clear magnitude of difference in CTLA-4 expression levels
between Tregs and Teffs, otherwise Teffs will be vulnerable to depletion as was observed in
the Hu152Tg mouse model. In future experiments we hope to be able to check serum levels of

aCTLA-4 mAb to be able to further explore this hypothesis.
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Figure 5.9f: 10D1-1gG2a-DLlI is associated with a reduction in CTLA-4 expression on endogenous CD4 T
cells in the tumour (but not the LN) and a depletion of Tregs that is not seen in the UC10-4F10-DLI
cohort. This supports a targeted anti-CTLA-4 mAb mediated effect. Key: UC10-4F10-lgG2a= UC10-4F10
IgG2a anti-murine-CTLA-4;10D-IgG2a= 10D1 IgG2a anti-human-CTLA-4; DLI=donor lymphocyte infusion;
aCTLA-4=exogenous, systemically administered (10D1) monoclonal antibody; TIL=tumour/tumour-
infiltrating lymphocyte; LN=lymph node.
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5.3 Discussion

Broadly, these experiments gave us significant insights into adoptive cell transfer. TRP1 CTLA-4
T cells are a good vehicle for genetic manipulation to secrete aCTLA-4, as they permit an

effect on endogenous T cells without significantly compromising themselves in the process.

It was valuable to run the exogenous 10D1 aCTLA-4 mAb control in tandem with DLI
transduced to secrete 10D1, as it defined what we should expect biologically from 10D1and
enabled us to identify and comment upon differences in secreted versus systemically

administered antibody.

Building on the findings from Chapter 4, these experiments in Hul52Tg recipients show how
aCTLA-4 mAb targets CTLA-4" cells for depletion in the tumour, reflected in a drop in absolute
cell numbers. This depletion is not evident in the LN, and part of the reason for this is likely to
be simply that the CTLA-4 expression levels in LN are much lower than in the tumour, and that
the tumour-reactive T cells secreting aCTLA-4 mAb preferentially migrate to the tumour,
concentrating the antibody effect there and sparing the peripheral Tregs. This is a potentially

attractive option to minimise peripheral toxicity from CTLA-4 blockade.

Manipulating T-cells to secrete aCTLA-4 mAb which exerts its effect through deletion of CTLA-
4" cells in the tumour microenvironment, poses a significant risk to CTLA-4-replete populations
used for adoptive transfer, both in vivo and potentially in vitro, where local secretion of
antibody into a mixed cell culture (incorporating APCs) could potentially lead to Fc-mediated

cell deletion even prior to selection, and this requires further investigation.

5.4 Future plans

The expression level of CTLA-4 in the Hul52Tg mouse is not representative of that of a
C57BL/6 mouse or that of a human. As such, interpretation of these experimental findings has
limited application beyond this model. We plan to conduct testing of anti-murine CTLA-4 mAb

constructs in C57BL/6 recipients in which the distribution of CTLA-4 is well established.

It is possible that at the root of the aberrant expression of CTLA-4 across all T cell subsets in
this transgenic model is the BACS methodology used to generate the model. The proximal
CTLA-4 gene promoter is incorporated into the transgene, but random integration of the
construct into the genome could have had a potential impact upon the normal intranuclear

and intracytoplasmic regulatory mechanisms governing CTLA-4 gene expression in its native
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state. The normal transcriptional regulation of CTLA-4 is discussed in more detail in Chapter

1.2.2.

In retrospect, additional in vitro characterisation of transduced transgenic CD4 T cell
functionality (cytotoxicity and cytokine secretion) would have been extremely interesting to
further understand the tumour growth observed in Figure 5.9a and to verify that the
additional transcriptomic burden of F/L aCTLA-4 mAb generation and secretion by these
transgenic cells does not compromise their inherent anti-tumour potential. For this reason we
propose to conduct experiments similar to those described at the end of Chapter 4, including
FACS-based cytotoxicity and a degranulation assay (staining stimulated T cells for CD107a and
CD107b) to define the cytotoxic potential of the transduced TRP1 CD4 T cells. 7 day co-culture
with irradiated TRP1 antigen positive and negative targets will deliver data on transduced T cell
expansion as well as cytokine data, and we will complete in vitro testing with analysis of T cell
exhaustion markers and maturation status (effector/memory skew). This will hopefully inform

further in vivo work required to bring this project to its conclusion.
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CHAPTER 6

6. GENERATION AND INVESTIGATION OF ANTI-MURINE CTLA-4 ANTIBODY

6.1 Introduction

6.1.1 9D9 anti-murine CTLA-4 mAb

In Chapter 5 we described the process of generating and testing constructs for 10D1 a-human-
CTLA-4 and UC10-4F10-a-murine-CTLA-4, the latter developed as a control for testing the
former. In the process we established that UC10-4F10 secreted from transduced cell lines and
primary murine lymphocytes bound murine CTLA-4 in a species-specific manner (figure 5.4b)
and that UC10-4F10-lgG2a isotype depleted murine CTLA-4 expressing targets at a significantly
higher level than isotype control or UC10-4F10 IgG1 isotype in an ADCC assay (figure 5.6d).

The limiting issue with UC10-4F10 in our hands was low transduction efficiency of transgenic
lymphocytes in vitro compared with 10D1 when run in identical conditions in parallel. This
ultimately translated into higher murine donor requirements for animal experiments and
prompted us to design an alternative anti-murine CTLA-4 monoclonal antibody (mAb) secreting

construct.

The reason that we cannot proceed further with 10D1 anti-human CTLA-4 in the Hul52Tg
mouse is that CTLA-4 expression on the Teff populations is much higher than is seen in other
murine models and essentially leave the entire effector population as vulnerable to aCTLA-4

mediated depletion as the Treg population.

9D9 is an IgG2a a-murine-CTLA-4 mAb originally described by James Allison for which we
located the patent and sequence online (US 2011/0044953A). Simpson and Quezada showed
that 9D9 can promote the anti-tumour effect of WT TRP1 CD4 T cells in a manner akin to that
of the well-described 9H10 a-murine-CTLA-4 mAb. Like 9H10, 9D9 can switch the balance of
intratumoural effector to regulatory T-cells (67). 9D9 can also exert an anti- B16/BL6
melanoma effect in non-irradiated tumour-bearing recipients, when given as combinatorial

therapy with Gvax (48).

Informed by previous experiments and a developing interest in the field of Fc modulation to
achieve different biological effects in vivo, we proceeded directly to the generation of
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tricistronic vectors coding for full length 9D9 antibody with the aim of testing IgG1 and IgG2a
isotypes in parallel within experiments in an attempt to discern a possible difference in anti-

tumour effect.

6.1.2 Modulation of mAb Fc and its impact on biological function

We know from published work that many therapeutic mAbs used in cancer can mediate their
effects via antibody-dependent cellular cytotoxicity (ADCC) or complement dependent
cytotoxicity (CDC). These mechanisms are governed by the Fc portion of the mAb and the
corresponding Fc gamma receptor (FcyR) expression profiles of available effectors which can
be microenvironment dependent (124-126). An overview of this subject can be found in a

review by Furness et al (70).

FcyRs are expressed on B cells, dendritic cells, macrophages, mast cells, natural killer cells, and
neutrophils (127). Functionally FcyRs are activating or inhibitory, but most cells (except B cells)
co-express both types to permit tight control over cellular activation thresholds. Activating
FcyRs have an intracytoplasmic immunoreceptor tyrosine-based activation motif (ITAM).
Inhibitory receptors, the only example in the mouse setting being FcyRllb, has an
intracytoplasmic immunoreceptor tyrosine-based inhibition motif (ITIM)(128). In healthy mice,
the highly expressed inhibitory receptor is predominant, with a high affinity for abundant
antibody isotypes (127, 129), to preserve immunological tolerance. However, this skewed
repertoire may adversely impact upon the efficacy of cancer-targeting therapeutic antibodies,

such as those directed towards CTLA-4.

The capacity of mAbs to mediate ADCC depends upon their (isotypic) affinity for activating and
inhibitory FcyR pairs. This can be quantified using the activating/inhibitory (A:l) ratio (130,
131). The A:l ratio is purported to correlate with therapeutic activity in vivo. For instance,
murine 1gG1 isotype antibodies have an A:l ratio of <1 meaning that they have a strong affinity
for inhibitory FcyRIlb, and are thus only weakly associated with ADCC. On the other hand,
lgG2a and 1gG2b isotypes have A:l ratios as high as 70, are less regulated by FcyRllb, and are
more strongly associated with ADCC. In fact, they are recognised to be more efficient in
tumour cell depletion than IgG1 and 1gG3 subclasses (132). In summary, the IgG isotype of
immunomodulatory antibodies may significantly impact upon effector function and clinical
outcome, and should be a consideration in the generation of future therapies and has

informed the direction of this project.
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6.1.3 Aims

Our aim is to generate functional anti-murine CTLA-4 in tricistronic secretory format that lends
itself to high efficiency transduction of primary murine lymphocytes. Consequent application
to an in vivo melanoma model will enable us to determine whether intratumoural secretion of
antibody effects tumour rejection, and whether the Fc portion of the secreted antibody

impacts upon this in any way.

6.2 Results

6.2.1 Generation of full length IgG1 and IgG2a anti-murine CTLA-4 (9D9)

The sequence for 9D9 was taken from patent US 2011/0044953A and Martin Pule generated
maps for gene synthesis by oligonucleotide assembly. PCR reactions were performed with
High-Fidelity Phusion Polymerase (NEB, Ipswich, MA) as described in Chapter 2.1.6 in more
detail, and verified sequences for secretory full length 9D9 were subcloned into IgG1 and
IgG2a tricistronic backbones. See figure 6.1 for plasmid maps. The heavy and light chains are
connected by a TaV 2A sequence to enable equimolar translation of both and joined by IRES to

the truncated murine CD19 marker protein (dMuCD19).

Figure 6.1: plasmid maps for tricistronic, full length, secretory 9D9-anti-murine-CTLA-4-1gG1 and 9D9-
anti-murine-CTLA-4-1gG2a vectors. The 9D9 scFv sequence was obtained from patent US2011/0044953
(J. Allison et al). Key: LTR=long terminal repeats; 9D9-LC-mKappa= 9D9 light chain (kappa); 9D9-HC-
mlgG1l= 9D9 murine IgG1 heavy chain; 9D9-HC-mlgG2a= 9D9 murine IgG2a heavy chain; 2A= FMD 2A
sequence; IRES=internal ribosomal entry site; dMuCD19=truncated murine CD19;SD=splice
donor;SA=splice acceptor.
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6.2.2 Invitro testing of 9D9 binding to murine CTLA-4

293T cells were transfected according to the method described in Chapter 2.2.6 with 9D9 IgG1
and lgG2a tricistronic constructs. At 72 hours post transfection, supernatant was collected
from transfected 293T cells and filtered through a 0.22um filter as per Chapter 2.2.7, prior to
incubation with human or murine CTLA-4 high SupT1 cells. Secondary staining with anti-murine
Fc mAb (pan-isotype) demonstrated species-specific target binding of 9D9 (data not shown).
Staining with isotype specific anti-Fc mAb distinguished 9D9 1gG1 from IgG2a with no cross-

reactivity (figure 6.2).

Figure 6.2: 9D9 1gG1 and IgG2a in supernatant from transfected 293T cells bind murine CTLA-4
transduced SupT1 cells and are distinguishable in their isotype by isotype-specific-anti-Fc staining.
Note 9D9 hybridoma generates IgG2a isotype mAb. Gated on live singlets. Key: anti-mu-Fc= anti-murine
Fc only/secondary antibody staining only; FSC=forward scatter; data represents 3 independent
experiments.
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6.2.3 Invitro testing of antibody dependent cell-mediated cytotoxicity (ADCC)

Broadly the question to be answered is whether 0.22um filtered 9D9-IgG2a containing
transfectant supernatant can deplete CFSE-labelled murine CTLA-4 expressing targets when
incubated with activated, M-CSF differentiated effector macrophages (figure 5.6a) in a 16 hour
ADCC assay. The experimental outline is described in detail in Chapter 2.4.8, CFSE labelling in

Chapter 2.4.9, and production of bone-marrow derived macrophages in Chapter 2.4.3.
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Figure 6.3: full length 9D9 anti-murine CTLA-4 1gG2a and UC10-4F10 anti-murine CTLA-4 IgG2a
demonstrate significantly increased target cell depletion of CFSE-labelled murine CTLA-4 expressing
SupT1 cells compared with isotype control at e:t ratios of 10:1 (p<0.05) and 5:1 (p<0.05) in a 16 hour
ADCC assay. Key: 9D9-1gG2a = anti-murine CTLA-4 mAb; CD25 IgG2a =anti-murine-CD25 IgG2a isotype
control (PC10 clone); UC10=UC10-4F10 IgG2a anti-murine CTLA-4 mAb; e=effector (BM-derived
macrophage); t=target (SupT1l transduced to express murine CTLA-4). Statistical tests performed on
triplicate samples: one-way analysis of variance and multiple comparisons test. data represents 2
independent experiments.
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IlgG2a 9D9 was tested in triplicate alongside IgG2a isotype control (anti-murine CD25
mAb/PC10 clone) and the positive control UC10-4F10 IgG2a (anti-murine CTLA-4 mAb).
Effector(e) to target(t) ratios were 10e:1t, 5e:1t and 0.5e:1t with appropriate controls (target
cells and antibody only, no effectors). Antibody quantitation in the supernatant was by
secondary a-murine-Fc staining as described in chapter 2.2.6, or ELISA (described in Chapter
2.5.10) to ensure that antibody concentrations between supernatants were equivalent (data
not shown). Figure 6.3 shows that 9D9 IgG2a and UC10-4F10 IgG2a show statistically increased
depletion of murine CTLA-4 expressing SupT1 targets when compared with isotype control at

ratios of 10e:1t and 5e:1t.

6.2.4 Transduction into primary murine lymphocytes

We have established that 9D9 IgG2a binds CTLA-4 in a species-specific manner and can deplete
CTLA-4" targets in the presence of effector macrophages. We elected to proceed with primary
murine lymphocyte transduction with a view to in vivo tumour-based experiments. Retroviral
supernatant for 9D9 IgG1 and IgG2a constructs was generated according to Chapter 2.3.1 and
validated by transduction of activated polyclonal C57BL/6 lymphocytes using the protocol

outlined in chapter 2.4.5.1. Flow cytometric assessment confirmed transduction (CD4/CD19
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double-staining) and 0.22um filtered culture supernatant demonstrated murine CTLA-4 SupT1
cell binding by secondary antibody staining as described in Chapter 2.2.7 and ADCC-mediated
killing of murine CTLA-4 expressing targets in a similar manner to that described in Chapter

6.2.3 (data not shown).

6.2.5 Testing constructs in vivo: 9D9 in the C57BL/6 mouse (Trp1l CTLA4T transfer)

We elected to use CTLA-4”" TRP1 donors for these experiments as we know from Chapter 5
that these cells can be genetically modified in sufficient numbers for ACT experiments and
should not be subject to autocrine deletion by anti-murine CTLA-4 by virtue of their complete
genetic absence of CTLA-4.

In each experiment we used 4 recipient C57BL/6 mice per group, and all received an
inoculation of 250x10° B16/BL6 cells intradermally on day 0. Donor CTLA-4” TRP1 LN and
spleen were harvested and stimulated with TRP1 peptide and IL-2 on day 5, and underwent
retroviral transduction on day 6 for adoptive transfer into irradiated tumour-bearing C57BL/6
mice on day 8. The experiments were ended on day 18 post tumour induction (figure 6.4a).

Details of the protocols used are in Chapter 2, sections 2.3.1 and 2.4.

Figure 6.4a: experimental outline for in vivo testing of 9D9 I1gG1 and IgG2a constructs using
transduced TRP1 CTLA-4”" T-cells as ACT in irradiated, B16/BL6 melanoma-bearing C57BL/6 recipients
(4/group). Key: DLI=donor lymphocyte infusion; 250k=250,000 cells; B16/BL6=murine melanoma; 5Gy
TBI= 5 Gray of total body irradiation; 9D9 IgG1 DLI=DLI transduced with 9D9 a-murine CTLA-4 1gG1; 9D9
IgG2a DLI=DLI transduced with 9D9 1gG2a; 10D1 IgG2a DLI=DLI transduced with a-human CTLA-4 1gG2a;
LN=lymph node; TIL=tumour/tumour-infiltrating lymphocytes; data represents 2 independent
experiments.

Day O 250k B16/BL6 i.d. into C57BL/6 recipients

w Day 8 Day 18
- l

5Gy TBI End of
Group 1 experiment
9D9 IgG1 DLI (250k)

Group 2 5Gv T8I
9D9 IgG2a DLI (250k)

Group 3 5Gy T8I
10D1 (isotype control) IgG2a DLI (250k)
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Transduction efficiency (defined by CD4+muCD19+ double positivity) at day 8 was between 40-
50% of live TRP1 CD4 T cells. CD19 positive selection yielded 60-70% purity after a single
column selection and 250 x 10° transduced TRP1 T cells per mouse were transferred (data not
shown). Incubation of 0.22um-filtered cellular supernatants from in vitro transduced TRP1
CTLA4 cell cultures with CTLA-4" SupT1 cells followed by secondary anti-murine-Fc staining is

shown in figure 6.4b and confirms that transduced cells secrete 9D9 mAb that binds target.

Figure 6.4b: cell culture supernatant from 9D9 transduced TRP1 CTLA-47" T cells contains secreted
anti-murine CTLA-4 mAb which binds murine CTLA-4" SupT1 cell targets. Gated on live singlets. Key:
anti-mu-Fc= anti-murine Fc only/secondary antibody staining only; FSC=forward scatter; 10D1 anti-Hu
IgG2a= 10D1 anti-human CTLA-4 IgG2a mAb containing supernatant.
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Figure 6.5a: B16/BL6 melanoma weight is not significantly different between experimental groups
Key: DLI= donor lymphocyte infusion; 9D9 IgG1l =DLI transduced with 9D9 IgG1; 9D9 IgG2a =DLI
transduced with 9D9 IgG2a; 10D1 IgG2a =DLI transduced with anti-human CTLA-4 1gG2a: ns=non-
significant; mg=milligrams. Vertical bars represent SEM.

Tumour weight (mg) (ns)
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Figure 6.5b: transduced TRP1 CTLA-4” CD4 T cells engraft following adoptive transfer into irradiated,
B16/BL6 tumour-bearing C57BL/6 hosts and are identified by intracellular staining for a-murine-Fc on
T cells. Key: LN=lymph node; TIL=tumour/tumour-infiltrating lymphocytes; FSC=forward scatter.
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Tumour and LN were harvested 10 days following cell transfer. Tumour weight was not
significantly different between groups at day 18 (figure 6.5a). Restimulation and intracellular
staining for a-murine-Fc on T cells (see Chapter 2.4.7 for details) confirmed engraftment and

persistence of transduced populations (figure 6.5b).

Absolute numbers of endogenous CD4 Teff and Tregs are significantly lower in the 9D9-1gG2a-
DLI group compared with the 9D9-IgG1-DLI group in the tumour, but not in the LN (figure
6.5c¢).

The significant drop in absolute numbers of endogenous CD4 Tregs in the tumour (figure 6.6c)
is consistent with the hypothesis of CTLA-4" cell depletion by a-CTLA-4 1gG2a (figure 6.5d).
CTLA-4 expression on intratumoural endogenous CD4 T cells is non-significantly lower in the
9D9-IgG2a-DLI cohort compared to the other cohorts and compared to itself in the LN (figures
6.5d and 6.5e). The significant drop in Teff numbers in the tumour may reflect an effect of
depletion of CTLA-4" populations and is possibly due to a non-specific macrophage mediated
toxicity. Of note, non-specific macrophage killing activity is a feature of our in vitro ADCC
assay. The other possibility is an off-target mAb-mediated effect. It has been reported that

non-specific mAb binding can be observed at very high concentrations.
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LN

TIL

Figure 6.5c: 9D9-1gG2a-DLI is associated with an significant reduction in absolute numbers of
endogenous CD4 Teff and Tregs in the tumour, but not the LN when compared with 9D9 1gG1 DLI
(p<0.05). Key: DLI= donor lymphocyte infusion; 9D9= anti-murine CTLA-4; 10D1= anti-human CTLA-4;
mg=milligrams; LN=lymph node; TIL= tumour/tumour-infiltrating lymphocytes. Horizontal bars
represent mean values and vertical bars represent SEM. Statistical tests: one-way analysis of variance
and multiple comparisons test.
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Figure 6.5d: 9D9-IgG2a-DLI is associated with reduced CTLA-4 expression and a proportional drop in
endogenous CD4 Teff and Tregs in the tumour, but not the LN. TRP1 CTLA-4”" T cells do not stain for
CTLA-4. Key: LN=lymph node; TIL= tumour/tumour-infiltrating lymphocytes; 9D9 1gG1= anti-murine
CTLA-4 1gG1; 9D9 IgG2a =anti-murine CTLA-4 1gG2a; 10D1 IgG2a = anti-human CTLA-4 IgG2a.
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Figure 6.5e: 9D9 IgG2a DLI is associated with a trend towards lower CTLA-4 expression on endogenous
CDA4 T cells within the tumour but not the LN. Key: as per figure 6.6d; ns=non-significant. Vertical bars
represent SEM. Statistical tests: one-way analysis of variance and multiple comparisons test.
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Figure 6.6: TRP1 CTLA-4™ Tregs are significantly lower in absolute number in the tumour (but not the
LN) in the 9D9 IgG2a DLI condition compared with the 9D9 IgGl DLI condition and may be
multifactorial: off-target toxicity from 9D9-lgG2a and/or improved cell survival with 9D9-lgG1
construct (p=0.014). Key: DLI= donor lymphocyte infusion; mg=milligrams; LN=lymph node; TIL=
tumour/tumour-infiltrating lymphocytes. Horizontal bars represent mean values and vertical bars
represent SEM. Statistical tests: one-way analysis of variance and multiple comparisons test.
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Quantitation of absolute numbers of transferred TRP1 CTLA-4”" T cells shows that TRP1 Tregs
are significantly lower in the 9D9-1gG2a-DLI group than in the 9D9-IgG1-DLI group within the

tumour (but not the LN) (figure 6.6). There is a non-significant reduction in TRP1 Teff in the
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9D9-l1gG2a cohort within the tumour. To try to explain this we made an assessment of
proliferative status of endogenous and TRP1 CTLA-47 populations in LN and tumour using Ki67
staining, but showed no significant differences between cohorts. The mechanism riving the
difference in absolute numbers between 9D9 isotypes may be multifactorial: off-target toxicity
from 9D9-l1gG2a combined with improved cell survival with the 9D9-IgG1 construct. We have
previously observed in Chapter 4 that TRP1 CTLA-47 Tregs are often low in tumour and lymph
node in the context of lymphodepleted hosts, and it may be that they are more vulnerable to
cytokine-deprivation-induced apoptosis than CTLA-replete WT TRP1 Tregs. Equally, the
inflammatory environment generated by a functional ADCC-capable IgG2a could result in

bystander toxicity in this model.
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Summary

TRP1 CTLA-47 T cells can be genetically manipulated by retroviral transduction to secrete full
length antibody that can bind target, deplete target cells in the context of an in vitro ADCC
assay and secrete functional antibody in vivo to biological effect (a reduction in in total

endogenous Treg numbers in the tumour).

The impact of Fc isotype is suggested by this experiment, namely that secretion of 9D9-lIgG2a-
DLI is associated with a drop in CTLA-4" cell populations in keeping with an ADCC role, and for
9D9-IgG1-DLI this is not the case. Rather, 1gG1 may be associated with an increase in cell
numbers. There was no significant impact upon tumour growth/eradication by day 18 of the
experiment. It is clear that Tregs are vulnerable to IgG2a-mediated-depletion in the tumour
(and less so the LN) for reasons that may include higher expression of target antigen (as
demonstrated by MFI on flow cytometry) (figure 6.7a) and densely concentrated tumour
associated macrophages (TAM) to act as ADCC effectors (133). CTLA-4 expression observed in
these experiments is based on intracellular staining and most certainly over-represents true

cell surface CTLA-4 expression.

There is a significant reduction in TRP1 Tregs intratumourally in the 9D9-IgG2a-DLI condition
compared with the 9D9-IgG1-DLI condition despite the absence of target CTLA-4 on these cells.
It is possible that part of the disparity in absolute numbers between groups is due to 9D9 IgG1
conferring a survival advantage. 1gG1 isotype can bind endogenous Teffs and Tregs within the
tumour allowing expansion and cytokine generation. Cytokine withdrawal from T cells can lead
to Bim-mediated apoptosis (28). However, of more concern is the possibility of toxicity directly
mediated by high concentrations of 9D9-1gG2a.

In summary, we have established that ACT using transduced TRP1 CTLA-47" T cells resulted in
engraftment and secretion of mAb to target the endogenous T cell compartment. To bring the
project a step closer to a translation, it is imperative to test the constructs in CTLA-4-replete
TRP1 donors such that the secreted antibody can impact directly upon the tumour-specific
effector T cells. The anticipated biological effects of 9D9-IgG2a secreted from CTLA-4-replete
TRP1 T cells would be intratumoural Treg depletion with a resulting skew in the Teff/Treg ratio

towards effector dominance and a consequent enhanced anti-tumour effect.
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6.2.6 Transduction of WT TRP1 CD4 T-cells

There are hypothetical concerns that secretion of 9D9 aCTLA-4 1gG2a mAb from CTLA-4-
replete T cells could compromise their persistence and longevity in vivo due to autocrine
deletion. Ultimately this would compromise a major project goal of transducing TILs (CTLA-4")
with a-CTLA-4 mAb for adoptive transfer. In an attempt to answer this, we transduced WT
(CTLA-4-replete) TRP1 CD4 T cells with the 9D9 a-murine-CTLA-4 constructs and transferred

them into the murine B16/BL6 melanoma model discussed in Chapter 6.2.5.

Early attempts to obtain sufficient WT TRP1 cell numbers for adoptive therapy using protocols
outlined in Chapter 2.4.5.2 were unsuccessful. After a period of optimisation we elected to
augment harvested CD4 T cell numbers through vaccination of WT TRP1 donors with 2 doses
of (irradiated) Gvax 1x10° cells/dose on days 1 and 3 followed by harvesting and stimulation on
day 6 for transduction on day 7. Three mice received Gvax as described and three remained

unvaccinated.

Figure 6.7a: vaccination of WT TRP1 donor mice with GM-CSF secreting cellular vaccine (Gvax) prior to
organ harvest is associated with CD4 enrichment and improved overall cell viability compared with
unvaccinated animals before and 24 hours after stimulation in vitro with TRP1 peptide. Gated on live
singlets. Key: FSC=forward scatter.
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At day 6, vaccinated mice were well with no signs of distress compared to the control group. In
the vaccinated cohort, LN/spleen were observed to be larger than for unvaccinated mice and
gave a 5-fold higher total cell yield of 75 x 10° live cells (viability 84%) compared with

14x10° live cells (viability 84%) from unvaccinated controls (see figure 6.7a). Cell viability
dropped after 24 hours of in vitro stimulation in both cohorts (see Chapter 2.4.5.2 for
methods), but TRP1 CD4 T cells were enriched, to a greater extent in the vaccinated cohort
(45% of total live cells compared with 17.4% in the unvaccinated group). Of note, the

vaccinated cohort had a small population of CD8+VB14+ T cells pre- and post-stimulation.

An assessment of the myeloid populations present between cohorts by flow cytometry at 24
hours post-stimulation with TRP1 peptide revealed a population of CD11b"/CD11c™ cells
positive for F4_80 and MHC Class Il in the vaccinated donor cohort (data not shown). This
phenotype is associated with in vitro depletion of antibody-labelled targets in the context of
ADCC (see Chapter 2.4.8 for details on ADCC assays used in this project) and poses a
theoretical risk to transduced a-CTLA-4 IgG2a secreting CTLA-4 replete cells in vitro.

One of the main concerns of using vaccinated donor mice for ACT is the potentially detrimental
impact of antigen experience on persistence following in vivo transfer. Evidence suggests that
naive/stem-cell memory T cells (Ts) (CD62L™, CD44"") and central memory T cells (Tcw)
(CD62L", CD44™) are preferable to effector-memory T cells (Tew) (CD62L°Y, CD44") for
adoptive transfer (134). Figure 6.7b compares the maturation profiles for vaccinated and
unvaccinated donor mice at the point of cell isolation and after 24 hours of in vitro stimulation
with cognate antigen. Vaccination drives T cells towards the Tz, phenotype compared with
unvaccinated specimens prior to stimulation in vitro with TRP1 peptide (50.5% compared with
21.5% of total T cells). In vitro stimulation further enriches the Tgy populations in both groups,
more marked in the vaccinated group (74.5% compared with 54.5%). It is possible that this
profile could compromise their half-life in vivo and their utility as ACT. Interestingly, TRP1 Teff
from vaccinated donors expressed granzyme B after 24 hours in vitro, confirming an effector

phenotype. This was not observed in the unvaccinated cohort (data not shown).

We know that Gvax treatment of WT TRP1 donor mice results in a higher number of viable CD4
T cells than unvaccinated controls (figure 6.7a), and testing of retroviral transduction
demonstrated a transduction efficiency of 50-60% in this population, broadly comparable to
that of TRP1 CTLA-4" donors (data not shown). Using this method, we elected to proceed with
in vivo experiments to assess the persistence and viability of cells isolated from Gvax-treated

donors in melanoma-bearing hosts.
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Figure 6.7b: vaccination of WT TRP1 donors with Gvax is strongly associated with differentiation into
Tew cells compared with unvaccinated donors. In vitro stimulation with cognate antigen for 24 hours
enriches the Tgy population in both groups. Key: Tem= effector-memory T cells; Tcm= central memory
T cells; Tsc= stem-cell-memory T cells; Gvax= GMCSF secreting cellular vaccine.
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6.2.7 Testing constructs in vivo: 9D9 in the C57BL/6 mouse (WT TRP1 transfer)

Figure 6.8a: experimental outline for in vivo testing of 9D9 IgG1l and IgG2a constructs using
transduced Gvax-treated WT TRP1 donor T-cells as ACT in lymphodepleted B16/BL6 melanoma-
bearing C57BL/6 recipients. Key: 250k=250,000 cells; B16/BL6=murine melanoma; 5Gy RT= 5 Gray of
irradiation; DLI=donor lymphocyte infusion; 9D9 IgG1 DLI= DLI transduced with 9D9 IgG1; 9D9 IgG2a
DLI=DLI transduced with 9D9 IgG2a; LN=lymph node; TIL=tumour/tumour-infiltrating lymphocytes; data
represents a single experiment.
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Group 3 5Gy TBI

Mock transduced DLI (250k)

Figure 6.8b: CD19 selection of transduced Trpl CD4 lymphocytes enriches transduced cells for
adoptive transfer into sublethally irradiated B16/BL6 tumour-bearing C57BL/6 recipients. Gated on
live CD4+ singlets. Key: DLI=donor lymphocyte infusion; 9D9 IgG1 DLI= DLI transduced with 9D9 1gG1;
9D9 IgG2a DLI=DLI transduced with 9D9 IgG2a.
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We used 5 irradiated B16/BL6 tumour-bearing C57BL/6 recipients per group (see figure 6.8a).
Transduction of Gvax treated WT TRP1 donor T cells was performed according to the protocol
outlined in Chapter 2.4.5.2 with no baseline CD4 selection step. Transduced populations were

CD19 column-purified (figure 6.8b) prior to adoptive transfer. Given the in vitro finding of
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CD8+VB14+ cells contaminating Gvax treated donor isolates (figure 6.7a), we screened
transduced samples pre- and post-CD19 selection and found that CD4+ VB14+ purity in our
culture system was in the order of 96-98% of total live singlets (figure 6.8c). Transfectant

supernatant bound CTLA-4" SupT1 cell targets (data not shown).

Figure 6.8c: there is negligible contamination with CD8 T cells in WT TRP1 T cell populations selected
for the transduction marker dMuCD19 despite prior Gvax administration. Key: DLI=donor lymphocyte
infusion; 9D9 1gG1 DLI= DLI transduced with 9D9 IgG1; 9D9 IgG2a DLI=DLI transduced with 9D9 IgG2a.
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Figure 6.9a: tumour weight is significantly higher in the 9D9 IgG2a DLI group compared with the 9D9
1gG1 DLI and Mock DLI groups. Key: DLI=donor lymphocyte infusion; 9D9 IgG1 DLI= DLI transduced with
9D9 IgG1; 9D9 IgG2a DLI=DLI transduced with 9D9 IgG2a; mg=milligrams. Horizontal bars represent
mean values and vertical bars represent SEM. Statistical tests: one-way analysis of variance and multiple
comparisons test.
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Figure 6.9b: 9D9-1gG2a-DLI is associated with a significant reduction in absolute numbers of TRP1 Teff
and Treg within the tumour compared with 9D9-IgG1-DLI. There is a significant increase in TRP1 Tregs
in the 9D9-1gG1 cohort in the LN compared with the other cohorts, and this may represent a survival
advantage. Key: DLI=donor lymphocyte infusion; 9D9 IgG1 DLI= DLI transduced with 9D9 IgG1; 9D9
IgG2a DLI=DLI transduced with 9D9 IgG2a; mg=milligrams. Horizontal bars represent mean values and
vertical bars represent SEM. Statistical tests: one-way analysis of variance and multiple comparisons
test.
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Tumour weight is significantly higher at day 18 in the 9D9-IgG2a-DLI cohort compared with the
controls (figure 6.9a). It is likely that this relates to a significant reduction in intratumoural
TRP1eff in this group (figure 6.10b) not seen in the LN. TRP1 Tregs are significantly lower in
tumour and LN in the 9D9-IgG2a cohort compared with 9D9-IgG1. We had not observed this
effect in the LN in other experiments using TRP1 CTLA-47 cells as vehicles for transfer of 9D9-
IgG2a and this would support the hypothesis that high expression of CTLA-4 on Tregs renders
them susceptible to lysis by IgG2a isotype mAb and that this effect is not exclusively limited to
the tumour microenvironment. It is also likely that 9D9-1gG1 confers a survival advantage on

the WT TRP1 Tregs as levels are significantly higher than in the other conditions.

Quantitation of CTLA-4 expression on TRP1 Teff and Treg as a percentage of parent cells is
significantly higher in the LN and tumour of Mock DLI recipients compared with both 9D9
isotypes (diagnostic labelled mAb derives from a different clone to 9D9). TRP1 Tregs (but not
TRP1 Teff) in the 9D9 IgG2a subgroup have significantly lower CTLA-4 expression in LN and
tumour than the 9D9 IgG1 subgroup. We suggest that this reflects depletion of CTLA-4"
targets by this isotype. The effect may not be as clear in the Teff populations as the level of
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expression of CTLA-4 is much lower than in the tumour. For instance, under 10% of all TRP1
Teff in the LN express CTLA-4 compared with 30-55% in the tumour and compared with
between 40-85% of TRP1 Tregs in LN and tumour. This helps to explain why the effect of

depletion is limited in TRP1 Teff in the LN: surface expression (by MFI) of target is too low.

Figure 6.9c: CTLA-4 expression by MFI on the transferred cells is significantly higher in LN and tumour
in the mock DLI group compared with both 9D9 DLI groups. Subgroup analysis shows a significant
reduction in CTLA-4 expression on TRP1 Tregs in LN (p=0.0089) and tumour (p=0.0317) in the 9D9-IgG2a
cohort compared with the 9D9 IgG1l cohort. Key: LN=lymph node; DLI=donor lymphocyte infusion.
Vertical bars represent SEM. Statistical tests: one-way analysis of variance and multiple comparisons
test.
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Despite a significantly higher tumour weight and a clear drop in CTLA-4 expression in the 9D9-
IgG2a cohort, CD19 transduced cells were still evident at day 18 and were not proportionally
significantly different between cohorts in the tumour (figure 6.9d). CD19 expression on Teff
and Treg in the LN was proportionally higher in the 9D9-IgG1 group, and is suggestive of a
conferred survival advantage in the LN. This is also supported by increased cell numbers in the

9D9-IgG1 cohort albeit this is not explained by differential Ki67 or CD25 staining (figure 6.9f).

9D9 IgG2a is associated with a reduction in CD19+CTLA-4+ TRP1 Tregs within the tumour and
LN, but not TRP1 Teff (although there is a downward trend). This may represent autocrine

deletion by 9D9-1gG2a (figure 6.9¢).
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Figure 6.9d: CD19+ expression on TRP1 T cells does not significantly differ between 9D9 IgG1 and 9D9
IgG2a treatment cohorts intratumourally but there is a significant reduction in the proportion of
transduced cells in the LN. This pattern is confirmed by staining for intracellular Fc on T cells. This
suggests that there may be a survival advantage of 9D9 IgG1 in the LN, supported by increased cell
numbers (figure 6.10b). Key: LN= lymph node; TIL= tumour infiltrating lymphocytes. Vertical bars
represent SEM. Statistical tests: one-way analysis of variance and multiple comparisons test.
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Figure 6.9e: 9D9 IgG2a is associated with a reduction in CD19+CTLA-4+ TRP1 Tregs within the tumour
and LN, but not TRP1 Teff (although there is a downward trend). This may represent autocrine
deletion by 9D9-1gG2a. Key: ns=non-significant; TIL=tumour/tumour-infiltrating lymphocytes; LN=lymph
node. Horizontal bars represent mean values and vertical bars represent SEM. Statistical tests: one-way
analysis of variance and multiple comparisons test.
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Figure 6.9f: there are no significant differences in Ki67 or CD25 expression on TRP1 T cells between
groups. Vertical bars represent SEM. Statistical tests: one-way analysis of variance and multiple

comparisons test.
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Figure 6.9g: there are no significant differences in absolute numbers of endogenous T cells between
9D9-1gG1 and -lgG2a isotypes within tumour or LN. Key: ns=non-significant; TIL=tumour/tumour-
infiltrating lymphocytes; LN=lymph node. Horizontal bars represent mean values and vertical bars
represent SEM. Statistical tests: one-way analysis of variance and multiple comparisons test.
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There are no significant differences in absolute numbers of endogenous T cells between 9D9-

IgG1 and -1gG2a isotypes within tumour or LN (see figure 6.9g). The endogenous effector

compartment was relatively unaffected within the tumour, supporting the accepted function

of TRP1 T-cells in this model as primary mediators of B16/BL6 melanoma immune rejection,

with endogenous cells fulfilling a support role(46).
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Figure 6.9h: transferred TRP1 Teff are capable of effector functions, namely IFNy and Granzyme B
production. Key: ns=non-significant; TIL=tumour/tumour-infiltrating lymphocytes; CD45.1= congenic
marker on TRP1 T cells; IFNy= interferon gamma.
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Critically, the transduced WT TRP1 T cells are capable of mAb secretion, but are also capable of

effector function including granzyme B secretion and IFNy secretion (figure 6.9h).
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6.3 Conclusions

This final set of experiments has gone some way towards answering our original feasibility
question, namely can transgenic T-cells be genetically modified to secrete an antibody that has
the potential to augment anti-tumour immunity without inducing systemic autoimmune

toxicity, and without posing a risk to their own survival?

In generating tricistronic vectors coding for 9D9 a-murine-CTLA-4 in 1gG2a and IgG1 isotype,
we have been able to move swiftly through a series of housekeeping experiments: proving that
the antibody binds target specifically, that it can deplete target in an ADCC (in 1gG2a but not
IgG1 format) and that it can be used to successfully transduce tumour-reactive T-cells which
can then act as intra-tumoural vehicles for therapeutic antibody secretion.

We know from experiments in Chapter 4 that systemically administered 9H10 anti-murine
CTLA-4 selectively depletes CTLA-4" cells within the tumour and we know that Tregs are
especially vulnerable due to their constitutively high expression levels of this receptor. What
we have observed within the tumour in the first set of experiments using TRP1 CTLA-47 T cells
as DLI is slightly different, in that the breadth of aCTLA-4-mediated depletion is widened,
extending to endogenous CD4 Teff and even to CTLA-4" cells, raising the possibility that the
inflammatory 1gG2a-rich milieu can result in some off-target/bystander cell toxicity. Certainly,
the mean intratumoural CTLA-4 expression on CD4 Teff is lower in the 9D9-IgG2a cohort than
that seen in the control conditions, implying a degree of CTLA-4-directed depletion at the heart
of the IgG2a effect. Rather than seeing a reduction in tumour burden in the 9D9-lgG2a-DLI
group (as we had predicted at the outset), there is equivalence to control when TRP1 CTLA-47
cells are used, and this is likely attributable to a global reduction in Teff cells intratumourally,

despite the effector:regulator ratios moving in the right direction.

Informed by these findings, we moved through a series of optimisation experiments to achieve
transduction and ultimately transfer of CTLA-4-replete tumour-reactive T cells into B16/BL6-
bearing irradiated C57/BL6 mice. Ultimately, the 9D9-1gG2a-DLI cohort had worse outcomes
than 9D9-1gG1-DLI, with significantly higher tumour burden and evident depletion of TRP1 Teff
and Tregs intra-tumourally. A significant reduction in CTLA-4 expression was observed on 9D9-
lgG2a transduced TRP1 Tregs in the tumour and the LN compared with 9D9-IgG1, consistent
with depletion of CTLA-4" cells. The unusual finding of lower absolute TRP1 Treg numbers in
the LN in the 9D9 IgG2a cohort may be due to depletion in the LN (if sufficient ADCC-capable
effectors are present). It is conceivable that the cells might be pre-labelled with lytic antibody

in vitro (at the point where they are proportionally equivalent to the Treg numbers in the
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other groups) and are then transferred in vivo where IgG2a-labelled TRP1 Tregs are destroyed

intravascularly or in the reticuloendothelial system.

6.4 Future directions

There are challenges inherent in the transduction of WT CTLA-4 T cells and we are making
efforts to resolve this in ongoing experiments within the lab. It may be that the use of Gvax to
augment donor lymphocyte yields will in the long term be detrimental to engraftment and
persistence, related to their CD44"/CD62" Tgy status (134) and alternative strategies are being
explored. Of note, stimulation with TRP1 peptide seems also to drive TRP1 cells towards
CD44"/CD62L" status, so it may be worth looking at anti-CD3/28 as a more physiological

method of stimulation for retroviral tranduction.

TRP1 CTLA-4” cells as donor lymphocytes offer a relative ease of transduction, with
engraftment and persistence capability. We have shown that these cells can secrete aCTLA-4

mADb to biological effect with an observed CTLA-4-dependent depletion of endogenous Tregs.

In order to facilitate and support cell engraftment in this model we lymphodeplete recipient
mice. Unlike the controlled administration of a pharmacokinetically and —dynamically
predictable exogenous mAb, the transfer of a cell population that secretes mAb is more
difficult to standardise. Variables such as expansion potential, survival and tissue infiltration
are susceptible to biological variation and our concern in this set of experiments is that the
extensive migration of transferred cells into the tumour results in activation, upregulated
transcription of the transgene, and a payload secretion of therapeutic mAb. We accept that
high mAb concentrations can result in off target and non-specific effects which may be the
explanation for the marked drop in CTLA-4” TRP1 Tregs in the former experiments. To
mitigate for these effects, we would next like to repeat the experiment using transduced CTLA-
47 TRP1 cells in an immunocompetent model, or to do a cell dose titration experiment to
identify the point of optimal antibody secretion and lesser (possible) toxicity. It will be
important to serially quantify mAb levels in the serum throughout the experiment and to make
an attempt to discern whether blood levels reflect mAb concentration within the tumour.
What is encouraging is that the transduction of tumour reactive T cells with

immunomodulatory antibodies appears to concentrate the antibody effect within the tumour.
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This could be an attractive approach for patients who have not responded to other

systemically administered immunomodulatory treatments.

Prior to further in vivo work, and especially given the apparent detrimental impact of 9D9
IgG2a upon the transduced cells, we would like to take this opportunity to characterise these
transduced cells further in vitro through a series of cytotoxicity, proliferation and cytokine
secretion assays. We will additionally perform assessments of exhaustion markers and

transduced T cell maturation status.

Over an extended in vitro culture we will aim to chart the viability of the transduced cells and
the secretion of 9D9 IgG2a by sequential ELISAs to discern whether the same in vivo
intratumoural disadvantages of 9D9 IgG2a secretion are borne out in vitro. It would be
interesting to conduct an ADCC assay as previously described, but instead of SupT1 cells, using
activated TRP1 T cells as targets to confirm that 9D9 IgG2a can deplete these in vitro. This
would reinforce the hypothesis of 9D9 IgG2a-mediated autocrine depletion of transduced T

cells.

In summary, 9D9 is an anti-murine CTLA-4 antibody, the sequence of which we have used to
generate a retroviral vector for transduction of primary murine lymphocytes. We have shown
that secreted 9D9 IgG2a can deplete antigen-expressing target cells in an ADCC assay. CTLA-47
TRP1 CD4 T cells can be genetically modified to secrete full length anti-CTLA-4 antibody, and
can engraft and persist in lymphodepleted tumour-bearing hosts. In vivo, we have shown that
the secreted antibody is capable of depletion of CTLA-4" target cells, rendering CD4 Tregs
more susceptible to lysis than Teff cells. There are several questions arising from the data

which inform the next phase of experiments to complete the project.
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CHAPTER 7

7. FINAL DISCUSSION AND FUTURE DIRECTIONS

7.1 Summary and conclusions

This thesis explores the differences between cell intrinsic and cell extrinsic modes of CTLA-4
inhibition on tumour reactive T cells in an attempt to define whether targeted delivery of an
effector product that is CTLA-4" or on which CTLA-4 is blocked by mAb is associated with
improved tumour infiltration, expansion and ultimately augmented tumour rejection. The
work is based on a solid foundation of pre-clinical and clinical data to support the efficacy of
antibody-mediated CTLA-4 blockade in promoting tumour rejection and a first-in-class a-
human CTLA-4 monoclonal antibody (Ipilimumab) that has been approved by the FDA and EMA
for use in human melanoma (46, 49, 135). Limitations of Ipilimumab include low responder
frequency and autoimmune toxicity which can lead to cessation of treatment and the need for
high dose steroids. A method to improve response rates to aCTLA-4 mAb and to circumvent
the development of adverse immune events from treatment would be of great clinical

importance.

Cell intrinsic CTLA-4 deficiency has been investigated using transgenic murine models. The
consequences of organism-wide failure to express CTLA-4 are polyclonal T cell expansion,
overwhelming autoimmunity and premature death (41, 42). Milder phenotypes have been
described in mice lacking CTLA-4 exclusively on CD4 Tregs (26, 43). CTLA-4 ablation on a
specific population of tumour reactive effector T cells may help to prevent the toxicity seen
with inhibition of the polyclonal T cell compartment. To my knowledge, there is no published

work in tumour immunotherapy using cell intrinsic CTLA-4 knockdown.

Cell extrinsic CTLA-4 blockade can also potentially be targeted more specifically to the tumour.
Previous work to generate a murine tumour cell vaccine modified to secrete a-murine-CTLA-4
mAb demonstrated tumour rejection that was equivalent to the administration of high-dose

systemic a-murine-CTLA-4 mAb with lower recorded serum levels of a- CTLA-4 mAb and lower

expression of serum markers of autoimmunity.

Our project goal is to define a genetic engineering strategy to target CTLA-4 blockade
specifically to the tumour by modification of tumour specific T cells, with the translational

objective to inform the development of TCR and CAR-T cell technologies in our institution. One
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of the biggest barriers to success of these therapies is low engraftment and limited persistence
of tumour specific gene-modified cells. We suggest that genetic modification to ablate/block
co-inhibitory receptors on TCR or CAR-T cells could enhance their expansion and functionality
in vivo.

This chapter summarises the main conclusions reached by the project, their practical

implications for and directions for future research in this area.

7.2 Genetic ablation of CTLA-4 on tumour reactive T cells

In theory, cell-intrinsic CTLA-4 ablation from tumour-specific T cells offers the potential for a
truly tumour targeted cell product with a reduced risk of systemic autoimmune toxicity
(provided the tumour-associated antigenic target is uniquely expressed on tumour cells) and
persistence of a highly activated effector population, resistant to this potent co-inhibitory

pathway.

One potential problem relates to the evolving paradigms of effector extrinsic CTLA-4 co-
inhibitory activity as the predominant mode of action of CTLA-4, mediated mainly (but not
exclusively) by Tregs. During this process functional CTLA-4 dynamically and competitively
sequesters B7 molecules on APCs, and prevents CD28 co-stimulatory signalling on Teff. As
such, there is a risk that endogenous T cells (and their reservoir of CTLA-4 acting in trans) will

limit the expansion of CTLA-4-ablated tumour-reactive T cells in vivo.

We must concede that the adoptive transfer experiments described in Chapter 4 support the
above findings. In non-irradiated and irradiated recipients, TRP1 CTLA-4"" Teff do not offer a
significant advantage in rates of tumour rejection or prevention of recurrence than WT TRP1
Teff. There is a trend towards higher absolute TRP1 CTLA-4”" Teff numbers and a more
cytotoxic phenotype in the LN, but this only reaches significance upon the concurrent use of
exogenous aCTLA-4 mAb. This illustrates the point that mAb-mediated blockade of the effector
extrinsic endogenous CTLA-4" T cell pool is required to maximally expand TRP1 CTLA-47" Teff
cells, and to drive them to full effector function (high granzyme B, eomes (in LN) and IFNy

expression).

There is a significant increase in the absolute numbers of TRP1 CTLA-4”" Teff compared with
WT TRP1 Teff on receipt of the same dosing schedule of aCTLA-4 mAb. This phenomenon is
not a product of direct mAb binding to effectors (TRP1 CTLA-4”" Teff lacks the target receptor).
Rather, it is likely that complete CTLA-4 blockade is achieved with the TRP1 CTLA-47 T cell
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group due to a lower frequency of CTLA-4" Treg targets and a more favourable
antibody:antigen target ratio compared with the WT TRP1 T cell group. An additional pro-
proliferative advantage conferred upon the TRP1 CTLA-47 T cell group is that co-transferred
TRP1 CTLA-47 Tregs cannot negatively regulate Teff expansion in the same way as CTLA-4-
replete Tregs. Despite normal absolute numbers by quantitative analysis, TRP1 CTLA-47 Treg
will be functionally impaired (43). We plan to test this in a suppression assay using WT TRP1

Tregs as controls.

Absolute numbers of TRP1 CTLA-4”7 Tregs were significantly reduced at the end of the
experiment following transfer into irradiated recipients (but not in the non-irradiated setting),
with lower Ki67 expression than WT TRP1 Tregs run in parallel, and preservation of CD25 signal
between groups. This was also observed in the protection experiment, where mice receiving
TRP1 CTLA-4”7 T cells + aCTLA-4 mAb had complete absence of (transgenic) Tregs in the LN at
100 days post tumour inoculation, which was not observed in the other groups. It is possible
that early administration of aCTLA-4 mAb following adoptive transfer of TRP1 CTLA-47 Tregs
skews the host microenvironment through cytokine deprivation or even reprogramming of
Tregs into Teffs (53).This requires further investigation. The 18 day experiments were
performed in duplicate or triplicate, but the protection experiment was performed once, and

repetition will be necessary to confirm these findings.

Based on this set of experiments, genetic ablation of CTLA-4 on tumour-reactive T cells in
isolation may not offer a superior alternative to exogenous aCTLA-4 mAb in terms of tumour
eradication and protection. However, concurrent administration of aCTLA-4 mAb potentiates
the proliferative and cytotoxic properties of CTLA-4"" Teff in vivo and may ultimately improve
anti-tumour responses. This approach is at odds with the original aims of the project, namely
to attempt to minimise toxicity from immune modulation and seek out alternatives to systemic
oCTLA-4 mAb therapy. To address this, we propose further T cell modification to permit
local/payload secretion of aCTLA-4 mAb into the tumour microenvironment to potentially limit

systemic exposure. This is discussed in more detail in Chapter 7, section 7.3.

We did not make formal assessments of toxicity in these experiments, other than to observe
mortality rates in the protection experiment and vitiligo that emerged in surviving mice as a
consequence of TRP1-directed melanocyte destruction. We identified that in irradiated murine
recipients, the period between days 7-19 post-TRP1 T cell transfer is the period of active
tumour rejection and the period during which non-tumour related deaths were observed in
the mice. The issue of toxicity is critical, and in future protection experiments we plan to

serially monitor serum cytokines, autoantibody levels, perform transcription factor analysis on
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adoptively transferred T cells and formally monitor murine weight from the point of TRP1 T cell
infusion until the rejection of tumour, to explore the biological and functional differences

between CTLA-4”"TRP1 and WT TRP1 T cells.

One limitation of this study design is that assessment of the potential impact of cell intrinsic
CTLA-4 ablation in tumour reactive T cells is based on findings from a transgenic mouse model.
In order to ultimately translate this approach, we must identify a safe and efficacious gene
editing strategy to enable CTLA-4-specific ablation from polyclonal T cells. Chapter 3 outlines
the generation of human and murine CTLA-4 siRNA retroviral constructs, but these yielded
disappointing results in primary murine lymphocytes, giving only incomplete CTLA-4

knockdown. TALEN and CRISPR/Cas technology are currently being explored in our laboratory.

7.3 aCTLA-4 mAb directed blockade of CTLA-4

The clinical relevance of aCTLA-4 mAb needs no introduction, but strategies to enhance its
application are needed. An important publication in the field reports the mechanism
underlying the anti-tumour activity of aCTLA-4 mAb to be ADCC-mediated depletion of aCTLA-
4 mADb labelled CTLA-4" T cells by the innate immune system (67). In Chapter 4, we support this
finding through the observation that aCTLA-4 mAb mediates depletion of CTLA-4" WT TRP1
Tregs in the tumour (but not the LN) with sparing of TRP1 CTLA-4'/'Tregs which lack the target
receptor. Intratumoural endogenous CD4 Tregs are similarly vulnerable to depletion. CTLA-4
expression is substantially higher in the tumour compared to the LN, and higher in Tregs
(endogenous and TRP1) compared with Teff. This partly explains the site-specific depletion

observed in ours and others’ work.

We have established that cell intrinsic CTLA-4 ablation does not confer significant anti-tumour
or pro- T effector properties, likely due to endogenous reserves of CTLA-4 acting in trans. Co-
administration of exogenous aCTLA-4 mAb with TRP1 CTLA-47" T cells increases absolute TRP1
CTLA-47" Teff numbers and enhances their cytotoxic profile. We hypothesise that CTLA-4
ablation on tumour-reactive T cells modified to secrete aCTLA-4 mAb could augment anti-
tumour responses. Through payload secretion of mAb into a site that is densely packed with

target antigen, we would hope to restrict mAb distribution and limit systemic effects.

We designed tricistronic vectors coding for full length human and murine aCTLA-4 mAb in

(murine) 1gG1 and IgG2a isotypes and tested them in vivo using tumour-reactive T cells as
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intratumoural vehicles for payload secretion. IgG1 is associated with a blocking mode of action
and 1gG2a is associated with an ADCC/depletion effect. A theoretical risk of the IgG2a aCTLA-4
mAb construct is the potential for autocrine depletion of transduced T cells due to cell surface
expression of CTLA-4. Teff in the non-stimulated state are CTLA—4'°, but in the context of
hyperstimulation for retroviral transduction and transgene incorporation, these cells drive up
CTLA-4 expression at around the time that they begin to secrete mAb. Their cell-rich culture
medium also contains an effector macrophage population which had originally been ascribed a
role in antigen presentation, but could in theory deplete CTLA-4-replete transduced T cells in
vitro, prior to adoptive transfer. It is also conceivable that CTLA-4" transduced cells may be
pre-labelled with lytic antibody in vitro and on in vivo transfer are destroyed in the

reticuloendothelial system.

We elected to test a-murine CTLA-4 (9D9 clone) in CTLA-4-replete TRP1 T cells in an irradiated
B16 tumour model to assess the degree of toxicity of 9D9-lgG2a towards transferred cells. The
impact of 9D9-Fc isotype is most evident in the tumour. Secretion of 9D9-lgG2a from
transduced TRP1 CTLA-47" T cells is associated with a reduction in CTLA-4"" endogenous T cell
populations in keeping with depletion, and secretion of 9D9-IgG1 from DLI is associated with
an increase in endogenous T cell numbers, consistent with CTLA-4 blockade. There was an
overall drop in TRP1 T cell numbers in the tumour encompassing both TRP1 Tregs (significant)
and TRP1 Teff (non-significant) in the 9D9-1gG2a cohort, despite the absence of target CTLA-4

on these cells. This effect was not observed on the LN.

Part of the disparity in absolute numbers between groups may be due to 9D9 IgG1 conferring a
survival advantage (28), but of more concern is the possibility of non-CTLA-4-directed toxicity
directly mediated by 9D9-lgG2a in an inflammatory tumour microenvironment. Possible
contributory factors include bystander activation of T cells which leads to high levels of
apoptosis (136), M1 intratumoural macrophages acting in a non-Fc-directed manner leading to
an ‘off target-Fc’ effect (133), and other interesting alternatives such as translocation of
macrophage-mediated trogocytosed CTLA-4-mAb complexes onto adjacent cells resulting in

their (accidental) depletion.

Non-F’ab targeted toxicity from excessively high concentrations of antibody is not clearly
reported in the literature. However, in the setting of adoptive transfer experiments in the
context of several unknowns, it becomes important to measure antibody concentration from
serum, accepting that this may not be fully representative of actual tissue/tumour

biodistribution (137-139).
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The fact that T cells can be engineered to secrete full length biologically active antibody is a
positive result. Of concern is the extent to which non-target expressing cells are reduced in
number in this model, an as yet unexplained phenomenon which will inevitably compromise
the efficacy of the technology if left unaddressed. Mechanistically this requires further
investigation, and future experiments will require additional control conditions to help explain
these observations. These could include a 10D1-IgG1-DLI isotype condition (mAb with no
demonstrable target in this model) to compare with the 10D1-lgG2a-DLI condition, to quantify
the depth of macrophage-mediated cell damage in the presence of non-binding IgG2a. It
would be useful to compare intratumoural secretion with systemic exogenous administration
of aCTLA-4 mAb in order to establish baseline expression against which to assess the
transgenic conditions. Further characterisation of the tumour microenvironment would be
desirable, with an incorporated elegant test of the depletion hypothesis using FcyRIV blockade.
FcyRIV is expressed on murine tumour associated macrophages and is implicated in aCTLA-4
mAb-mediated ADCC of CTLA-4" targets. Blockade of FcyRIV with a monoclonal antibody, or
the incorporation of FcyRIV'/' murine recipients into an adoptive transfer model of 9D9 (both

isotypes) would be expected to show a neutralisation of 9D9-IgG2a-mediated depletion.

It is possible that the toxicity observed in this model reflects the transfer of an excessive dose
of transduced cells and/or the accumulation of supraphysiological concentrations of mAb,
resulting in non-specific off target effects. In order to address this concern, a titration
experiment to identify the cell dose at which optimal antibody secretion and efficacy (with
lesser toxicity) is necessary. Serial quantitation of serum mAb levels throughout the
experiment may facilitate a comparison of blood titres versus end of experiment cell numbers

to discern whether blood levels reflect antibody enrichment within the tumour.

143



7.4 Summary

The object of our project has been to establish a method to target inhibition of CTLA-4 to the
tumour microenvironment. Results confirm that the first approach, ablation of CTLA-4 on
tumour reactive T cells, does not obviously lead to improved tumour rejection compared with
controls. Evidence to support an effector extrinsic mode of CTLA-4 activity explains why this
could not work as a single intervention (26, 140).

The second approach was determined by the emergence of a novel mechanism to explain the
drop in Treg numbers intratumourally following aCTLA-4 mAb, namely ADCC-mediated
depletion of CTLA-4" cell targets (67, 69). Local intratumoural secretion of 9D9-IgG2a from
CTLA-4-replete transferred cells was hypothesised to preferentially target CTLA-4hi Tregs for
depletion. In reality, Teff were also depleted by virtue of having upregulated CTLA-4
expression following hyperstimulation in vitro to incorporate retroviral transgene.
Comparatively, 9D9-IgG1 transduced CTLA-4-replete transferred cells were associated with
engraftment and persistence within the tumour and LN, but did not appear to offer an anti-

tumour advantage compared with the mock transduced condition.

The toxicity of 9D9-1gG2a to WT TRP1 T cells was ameliorated through the use of TRP1 CTLA-4"
T cells for transduction, which improved 9D9-IgG2a-DLI engraftment and persistence in
tumour and LN, but at levels below those observed in the control 9D9-IgG1 condition,
suggesting the presence of an ‘off target’ toxicity from 9D9-IgG2a or the macrophage-driven

ADCC mechanism.

7.5 Limitations of the model

We conducted this project using TRP1 as a model antigen in mice to demonstrate proof of
principle for the biological impact of tumour targeted CTLA-4 inhibition. Interpretation of the
results and extrapolation to the human setting should acknowledge the fundamental

differences that exist between species.

The TRP1 TCR was generated from white-based brown B" mutant mice which lack TRP1 protein
in melanocytes and other tissues. For this reason, the TCR is highly avid, not having been
subject to central or peripheral deletion. This makes adoptive transfer of these cells a highly

artificial system, and liable to over-represent the true efficacy of immune modulatory
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interventions tested in it. Naturally occurring TCRs of this avidity are unusual, but it is
conceivable that genetically modified TCR or CAR transgenic T cells can be designed to these

specifications.

7.6 Future directions

Through this project we have shown that tumour reactive T cells can be genetically modified to
secrete a functional antibody, can continue to perform normal effector functions, and can be
successfully transferred in vivo. The biological mAb effect is more prominent in the tumour
and relates to concentration of the mAb in the tumour by virtue of the mode of delivery
through tumour-homing, tumour-reactive T cells. This tumour-targeted approach could be an
attractive approach for patients who have not responded to other systemically administered
immunomodulatory treatments. However, what has become increasingly apparent through
this project is that selection of the immunotherapeutic target for investigation/manipulation is

key. Unfortunately, CTLA-4 appears to be a suboptimal target for the reasons discussed earlier.

The programmed cell death-1 receptor (PD-1) is an immunologic checkpoint that prevents
autoimmunity. It is expressed on activated T cells and ligation of its ligands PD-L1 or PD-L2 on
APCs effectively switches off T cell effector functions. Nivolumab is a humanised IgG4 aPD-1
receptor blocking mAb which has been shown to enhance T cell effector responses and
cytokine secretion in pre-clinical studies (141). Clinical trials have confirmed significant anti-
tumour activity in combination with Ipilimumab (overall response rates 61%), but grade 3 or 4
autoimmune toxicity was reported in 54% of all treated patients, and most were treated with
immunosuppressive medication for this (142). Nivolumab is an efficacious, non-depleting aPD-
1 antibody for which the therapeutic impact resides in its target blocking rather than depleting
properties. It bestows significant immune toxicity upon over half of all recipients as part of a
combinatorial therapy. For these reasons it would make an excellent candidate for the local
intratumural secretion strategy discussed in this project, particularly as there is no
requirement for depletion to induce the anti-tumour effect. Clearly a depleting mAb in this
setting would be detrimental as it would mediate depletion of effector T cells. It is possible
that PD-1 also represents a better target for cell intrinsic ablation. To my knowledge, PD-1 is

not susceptible to an effector extrinsic effect, unlike CTLA-4.

Taking this forward, there is still much work to be done to understand, explain and standardise

these strategies. Unlike the controlled administration of a pharmacokinetically and —
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dynamically predictable exogenous mAb, transfer of a cell population that secretes mAb
generates an array of variables such as expansion potential, survival and tissue infiltration that
are susceptible to a range of biological factors, and a concern arising from our data is that
extensive migration of transferred cells into the tumour can lead to activation, upregulated
transcription of the transgene, and an enormous payload secretion of therapeutic mAb that
may contribute to non-specific immune toxicity in addition to targeted toxicity. To circumvent
concerns regarding the possible toxicity of these gene modified cells, we have access to a
compact sort-suicide gene which could be incorporated into any vector for future clinical

applications (143).

The rapid development of CAR T cell therapeutics and the limitations thereof (low engraftment
and poor persistence of gene-modified cell product), underlines the potential value of
concurrent manipulation of immune regulation pathways. Brentjens et al have published a
patent (US2014/1341665A1) to promote the simultaneous expression of chimeric antigen
receptor (CAR) and secreted scFv targeting immunomodulatory molecules to augment CAR T

cell expansion.

We believe that secretion of full length mAb from T cells offers an additional biological tool
with the potential for clinical application. Selection of the right antigenic target will be critical

to the success of the approach.
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