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Abstract

Receptor tyrosine kinase like orgih receptor 1 (ROR1) is an orambryonic
antigen presenton a range of solid and haematological malignanaresuding
chronic lymphocytic leukaemiédditionally limited, low levelexpression on
normal tissues makesan attractive therapeutic targetChimeric antigen receptor
T cells and BispecificCell Engagers have emergedeasitingimmunotherapeutic
approactles utilising the inherent cytotoxic potential of autologous T callyield
demonstrablebenefitfor patients We therefore aimedto generate novel ROR1
CAR T calland BITEs.

Following a raRORImmunisation programme, wacreened over 156ingle
cellhybridomaclones to isolatd3 novel antibodies of which 10 bound in a single
chain variable fragment format. Iterative optimisatitad to twolead candidats
that imparted superior cytotoxicity and cytokine secretion. To minimise
immunogenicitywe screened 5thumanisedROR1 scFv variants and selected a final
humanised candidate, hEX1), whichmaintainedeffector function, specificity and
demonstrated broadpplicabilityagainst a panel of cell lines representing various

tumour subtypes.

Focusing specifically draematological cell lines ar@d.L,our humanisedCAR
demonstratessuperior cytotoxicit)compared to previously reported ROR1
constructs However, lov RORAntigen densityimits efficacyin B cell malignancies,

compared to CD19 CAR T cahisl drategies to overcome this arie development

Our RORL1 BIiTE mediates cytotoxicity at low concentrations (ng/ml) and
effector to target ratios against cell &g, but in untreated and relapsed CLL
patients, inherent T cell dysfunction limits efficacy. This can be overcome with the
BTK inhibitor Ibrutinib, with T cells isolated from patients on treatment, showing

markedly improved cytotoxicity against autologdkL cells.

This work has laid the preclinical foundatgdor translation of these novel
agentsinto clinical trials for a range of tumounscluding CLL anaany of which

havehighunmet therapeutic ned.
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1 Introduction

The immune system is intricately related to cancer, playiagghrole in
tumour biolbgy, progression and outcomes. Attempts to utilise it therapelityc
have faced many hurdlesnd much debat, butdecades of continued research to
understand the immunological complexities of cancer, combined with advances in
gene therapy has resulted in treatments that demonstrate real promise for

patients.

William Coley asurgeoly (G KS My dpnQasz dziAtAaSR /2t Se
inactivated bacterial species, to trigger immune responses against sarorey,
1891) Despite low response rates of 10%, it represented one of the earliest
attempts toharness the immune systeto target cancer.Following onPaul Ehrlich
in 1909, likened developing neoplasms with invading manganisms, to which
effective immunity could be mounte(@Rhoads, 1954nd these early interventions

laid the foundatiors for immunotherapy

Initial enthusiasm was muted as tumour cells were thought to be akin to
normal tissue and therefore protected by immune tolerariBairnet and Fenner,
1949, Billingham et al., 1953Jhis view was challenged, with the realisation that
immunocompetent animals treated witchemical carcinogens or tumour cells were
protected against subsequent+ehallengeandled to the theory of constant
immune surveillancéBurnet, 1%7, Thomas, 1982Nthough paradigm shifting,
thiswas later found to be an overly simplistic approagthe immune system is
not solely a passive bystander but plays a f@l/mle intumour evolution.Initial
preferentialtargetingof dominant epitopesselectdor cancer cells better able to
evade it whilst also allowing evolution of cellular strategies to limit tumour antigen
expression, such as downregulation of MHGismmune daliting of tumours

results in enhanced growth and metastatic poten{f@hankaran et al., 2001)
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Strategies to utilise the poteidl of the immune system have made significant
LINE INB & & aAyAdugh bt §éithite an@addpyie arms are
required for effective anttumour immunity,a b F cells are the primary focus
given their terminal effector status, cytotoxic potad, ability to orchestrate
potent immune responses and potential for long lived immunological memory. In
keeping with this, T cells are vital for the graft versus leuka#ynigphomaeffect
seen with allogeneic bone marrow transplantation (ASEitlsubsquent donor
lymphogyte infusionsThey mediate theaesponss to Il-2 therapy and efficacy with
PD1, PDEL or CTLA checkpoininhibition (Rosenberg et al., 1985b, Jenq and van
den Brink, 2010, Hodi et al., 201@herapeutic responses are dependent on the
mobilisation of endogenous polyclonal T cells, whilst more targeted approaches
include isolation, expansion and-imgfusion of T cells with known specificity for a
tumour antigen or through cancer vaccines, wha&m to stimulate and expand

existing anttumour T cell§fRosenberg et al., 1985a, Romero et al., 2016)

A furtherapproach ighroughgenetic engineeringf T cells tompart novel
specificity This can bgiaa newT Cell Receptor (TCR) or artificial chimeric antigen
receptor (CAR)Acritical limtation of this approach is selection of an appropriate
tumour associated antigen (TAA), which should be specific for tumour cells, absent
on normal tissues and be stably expressed at a sufficient densityote &l robust

immune responsesgtminimising antigen escape.

In this regard receptor tyrosine kinase like orphan receptor 1 represents an
attractive TAA. It is expressed during embryonic and foetal developmens but
downregulated by birth and absent from critical organs in adulthood. This
differential expression, dependent on developmental stage, is one example of a
TAA class. Others include antigens expressed at higher levels on malignant versus
normal tissuegsuch as Wilm tumour 1) those expressed in immune privileged site
but also on tumous (such as cancer testis antigeas)d TAA resulting from
infection with oncogenic virusgsuch as human papillomavirus). Another group,
and also the largesgre necantigens which arise due to the extensive somatic

mutation that occurs in the context @ancer cellbut are highly patient specific
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and cannot be easily targeted with a single novel receffttartincorena and

Campbell, 2015)

1.1 Receptor Tyrosine Kinase Like Orphan Receptor 1

Receptor tyrosine kinase like orphan receptor 1 (ROR1) and the closely related
RORZ2, were first identified in 199&sing degenerative primers to screen the-SH
SY5Y neuroblastoma cell line for putative tyrosine kinase rece(itasiakowski
and Carroll, 1992)They aréooth type 1 single pass transmembrane receptors,
located on chromosome 1p3i32 (Reddy et al., 1999nd 9922(Oldridge et al.,

1999)respectively andire composed of three extracellular domains.

Immunoglobulin

Frizzled

Kringle

Transmembrane
Tyrosine Kinase
Serine/Threonine Repeats
Proline Rich

Serine/Threonine Repeats

HGUREL.1 TOPOGRAPHICAL REPREZHION ORORIANDRORZ2.

The extracellular domain of ROR1 containdramunoglobulin, Frizzles and Kringle Domain.
Intracellularly resides a tyrosine kinase domain with a proline rich motif separated by
serine/threonine repeats. Adapted from Masiakowski and Carroll, 1982.

An Nterminal Immunoglobulin domain is linked with a Frizzled, cysteine rich
domain, followed by the membrane proximal Kringle domain. The intracellular

portion contains a tyrosine kinase like domain, along with a proline rich sequence,
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the latter flankedby serine threonine repeats. The expected molecular weight is
104 kDabut actual migration igs a 130 kDa proteitue to extensive glycosylation,
which has a role isignalling(Kaucka et al., 2011A truncated transcript lacking the
extracellular and transmembrane domainas been identified in foetal and adult
central nervous tissue, lymphoma and leukaemia cell lines and a subset of solid
malignanciesalthough the precise role for this viant is undefined Reddy et al.,
1996)

The tyrosine kinase domain was initially thought to be capable of-auto
phosphorylation, but whemtroduced into negative cell lines in a purified system,
showed no intrinsic kinase @ivity and this iglue to substitutions of key canonical
residuegMasiakowski and Carroll, 199 BORL1 is therefore better considered a
pseudokinase, with phosphorylation dependent on cell line specific partner
signalling moleculesyhich are cell type dependent chronic lymphocytic
leukaemia there is some evidence ohstitutive phosphorylatior{Gentile et al.,

2011, Bainbridge et al., 2014)

The ROR1 family is closely related to the muscle specific tyrosine kinase
(MuSK) and tropomyosin receptor kinase (Trk) family and shares many structural
features with the exceptionof the Kringle domainwhichis not seen within any

other receptor in the tyrosine kinase family.

There is strong evolutionary conservation with a single homolog in
Caenorhabditis elegaf€AM1), whichdirects migrating cells, orients cell division
and controls axon developmefforrester et al., 1999)n Drosophila
melanogaster Dnrkand Dror, the homologs of ROR1 and ROR2 respectively, are
expressed solely within developing neural tisgWélson et al., 1993, Oishi et al.,
1997) Homologs have also been detecteddplysiacalifornica(McKay et al.,

2001) Xenopus laeviHikasa et al., 200&nd Torpedo californic@Jennings et al.,
1993) Expression is seen in neuronal tissueall caseswherethey arepostulated
to beinvolvedin neurite extension andynapse formatiotbased on in vitro studies

(Paganoni and Ferreira, 2005, Paganoni et al., 20103 led to the synonyf
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Neurotrophic Tyrosine Kinase RecepRelated 1, but thiserm is no longemwidely

used.

Analysis of RORL1 in developing murine embryos by in situ hybridisation
demonstrateexpression in developing brains as would be expegiedn the
above but also irlimbs especially at thduds. Thissin keeping with ROR1 having
a role in limb development in other speci@odriguezNiedenfuhr et al., 2004)
Within the body, ROR1 is expressed in developing lurds, tle aortic arch, heart
ventricles, major blood vessels anathin areas of the urogenital and

gastrointestinal trac{AFShawi et al., 2001, Matsuda et al., 2001)

In the first report ofROR1 knockout mi¢survival was reported to be less
than 24 hours secondary to pulmonary dysfunctemd there wereno reported
gross skeletal morphological abnormaliti@somi et al., 2001)In contrast ROR2
knockout animals exhibited dwarfisshortened limbs and tails along with facial
abnormalities, ventricular septal defects and respiratory dysfuncdfiGakeuchi et
al., 2000) Mutationsin human RORBave been identified that account fétobinow
and Brachdactyly type 2 syndromes, resultingimilar phenotypic abnormalities;
primarily shortened digits and long bonéSchwabe et al., 2000, van Bokhoven et
al., 2000) In contrastho human phenotype or disease has been mapped to

mutationswithin ROR 1suggesting embryonic lethalitiyabsent or mutated

Reexamination oROR1 knockout animably an independent groupeported
two main differences from thearlier study despite mice being generated through
the same mechanism. Firstlyjea survived for more 24 hours, although still died
within a few days of birth despit&econdly, anore focusedskeletal examination
revealed subtle defects such as fusion of the sternum, moderately shortening of the
long bones, cleft in the basosphenoid bone, abnormal development of the C2
vertebral body, kidney defects and enlarged seminal vesicles, whichaspmig

with the expressiorseenin developing murine tissugtyashenko et al., 2010)
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Combined ROR1 and ROR2 knockouts have a more pronounced phenotype
with enhanced sternal defects, dysplasia of the symphyses of bones and complete

transposition of the artdes(Nomi et al., 2001)

1.2 ROR1 & Malignancies

ROR1 expression is associated with a range of haematological and solid
malignancies making it an attractive therapeutic target. Tisease where it is best
characterised and most uniformly expressed is chronic lymphocytic leukaemia
which | will discuss in greater detail, followed byeamination of its expression

within normal human tissues.

1.2.1 Chronic Lymphocytic Leukaemia (CLL)

CLLs the commonest leukaemia in the western world and is a B cell
lymphoproliferative disorder characterised by the accumulation of CD5+CD19+ cells
in the peripheral blood and secondary lymphoid tissues with resultant peripheral
blood lymphocytosis, bone mi@aw failure, lymphadenopathyjepatosplenomegaly
with or without B symptomsAssocgated immune defects resuih increased
infections in part due to hypogammaglobulinaemia bwith suboptimal T cell

response alsoplaying a role.

Lymphocytosis, the hatlark of CLL, was initially thought to be due to increased
cell survival due to a lack of proliferatiseenin vitro andas99.5% of peripheral
blood CLL cells were in the @& G phase of the cell cycl@ndreeff et al., 1980)
Heavywater labellingexperiments however, show CLL to hakigh proliferative
capacity, with 1&newleukaemic cells generated per déylessmer et al., 2005)
whilst other studies demonstratedharkedly reduced telomeresuggesting
multiple cycles of replicatioHultdin et al., 2003)This proliferation occurs within
the tumour nmcroenvironment, which plays a pivotal role in the pathogenesis of

CLl.as leukaemic cells receive survival and proliferation signals in pseudofollicles
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(Herndon et al., 2017 Here they are brought into contact with a range of
supporting cells including stromalrsecells providing favourable cellula
interactions and a conducive cytokine mili@urger et al., 20005ignalling

through the B cell receptor (BCR) is key to this process and combined with other
celkcell interactions, leads to a cascade of downstrgamsurvival and

proliferation signal§Herishanu et al., 2013)

The diagnostic criteria of CLL as defined by thermational Working Group on
CLL (iwCLL) is the presence of greater than*dii® of B lymphocytes in the
peripheral blood (with less than 55% gisonphocytes), with flow cytometry
demonstrating B cell lineage and clonality. CLL shows aberrant expressie T
cell marker CD5 along with the usuat@&| marker CD19, whilst CD20 and surface

immunoglobulin levels are lower than on normat@&8is(Hallek et al., 2008)

CLL has a variable clinical course with some patients living with quiescent
disease for amumber of years, whilst others have a rapidly progressive form of
disease requiring urgent therapy. This phenotype is governed by a complex
interplay of cytogenetic, molecular and biological aberrations within the leukaemic
cells at a clonal and sutiond level. The sum of these interactions dictates the
biology of the disease, the need and response to treatment as well as long term
outcomes. Indeed sublones vary oer time and with treatment. Mssive parallel
sequencing has delineated driver mutatiomsdadocumented clonal evolution

patterns(Landau et al., 2015, Landau et al., 2013)

A range of prognostic qualifiermve been developedbeginning with clinical
staging systemthat assess disease burdand bone marrow failuréRai et al.,
1975, Binet et al., 1981Pespite heir age and simplicity, they remain valid tools to
stratify patients More modern approaches assess expression of cell surface and
intracellular proteins such as ZAB, CD38 and CD4@ad of the three CD49d is
the most discriminatoryBulian et al., 2014)Additional prognostic information can
be obfained from assessing the molecular signature of the CLL such as the mutation
status of the immunoglobulin V gene heavy chain locus, which defines the cell of

originin relationto prior antigen experiencéHamblin et al., 1999, Damle et al.,
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1999) This can not only used for prognosticatiamposes, buhas predictive
power with regards to response rates fCR-hemotherapy(Thompsoret al.,
2016)

The advent of higkhroughoutsequencing has revealed a plethora of molecular
aberrations that can be used as prognostic markers including mutations affecting
the TP53NOTCHL1, SF3B1 and BIRC3 geatitt®ugh tlese are not routinely

assessed for in clinical practi@®/ang et al., 2011a, Rossi et al., 2012)

At diagnosis, ytogenetic abnormalities occur in 80% of patients and include
deletion 13q, deletion 11q and trisomy 12. The key abnormality, and some would
argue the most importantis deletion of 17p which encodes the p53 tumour
suppressor gene. This is agsbed with poor risk disease, failure to respond to

standard chemotherapy and decreased overall sur{idahner et al., 2000)

Some patients never require treatment, living with their disease for a number o
years, whilst others have a rapidly progressive form requiring prompt therapy
Corsensus guidelines developed to guide treatment decisions; Tablglalek et
al., 2008)

Treatment Indications

Progressive marrow failure with development of anaemia and/or thrombocytopa
Massive (Bcm below costal margin) or progressive symptomatic splenomegaly
Lymph nodes >10cm or progressive lymphadenopathy
Lymphocyte doubling time < 6 months (if startiggnphocyte count >30,0064)
Autoimmune anaemia or thrombocytopaenia poorly responsivstémdard therapy
Constitutional symptoms

- Unintentional weight loss >10% over prior 6 months

- ECOG Performance Score 2 or more

- Fevers >38 for 2 weeks without evidence of infection

- Night sweats > 1 month

TABLEL.1 IWCLLCRITERIA FOR COMMENE THERAPY
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Treatment for CLL has undergone a revolution with the advent of small
molecule inhibitors disrupting BCR signalling, which is vital for CLL survival. They
include Ibrutinib; which inhibt . NHzi 2y Qa4 ¢@NRAAYS YAyl &S o
Phosphoinositide Kinase (PI13K) delta inhibitor. In addition CLL cells have elevated
levels of the antapoptotic proteinBCLZand Venetoclaxa BH3 mimetic targets this
to lead to CLL cell death. Theggeats have revolutionised the treatment of
relapsed/refractory, newly diagnosed and most excitingly 17p deleted patients with
significant response rates, which can be maintained for a number of yBgrd et

al., 2013, Byrd et al., 2014, Furman et al., 2014, Roberts et al.,.2016)

Prior to the development of these agents the gold standattie combination
of fludarabine, cyclophosphamide and rituximab (FCR) for patients biologically fit
Sy2dzaK (2 NBOSAGS Ay i-8S¢ani ofkedinggtiad YSy G O
2005) Additionally, FCR chemotherapy has the advantage of being delivered over
approximately 6 months with no need for ongoing treatment. Qiiiarily affects
the elderly and therefore not all pnts would be suitable for FCRINJ daf 2¢ 3I2¢
patients, the combination of an ar€D20 monoclonal antibody such as Rituximab
or Obinutuzumab with chlorambucil would be recommend&bede et al., 2014)
For those in betweerdose reduced AR or RituximaiBendamustine are other
possibleoptionsdepending on preexiting comorbidities and performance status
(Eichhorst et al., 2016, Foon et al., 2Q09pwever with the advent of novel agents
0KS 02dzy R NEH2St yRSWwadBHASYy(ia Ko 0SSy R
toxicity profiles that arefavourable irrespective of ag®urger et al., 2015b)
althoughthese arenot completely benigrand can haveose limiting toxicities and

result in fatalities.

Ibrutinib has been licensed as first line therapy in the Unites S&tésrope
based on the findings of the RESONZ&H®HIdy which showe superiority over
chlorambucil and although these wesgriking, it did notrandomise between
comparable armgBurger et al., 2015b)n the United Kingdom Ibrutinils
authorised in the front line settinfpr patients with 17p deletiof P53 mutationor
for salvageafter failure of at least 1 previous line of therapy. The racéintre

phase Il National Cancer Research Instifi#€RI) FLAIR trial is assessing Ibrutinib
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Rituximab against FCR to compare equivalétlirte regimens for fit nofL7p
deleted patients. The trial has been expanded to include Ibrutifebetoclax and

Ibrutinib monotherapy arms.

One of the major outcomg measures identified with FCR is the attainment of
minimal residual disease (MRD), defined as less than 1 CLL cell per 10,000
leucocytes as this is associated with enhanced progression free and overall survival
(Kwok et al., 2016B cell eceptor inhibitors (BCRi) by contrast, lead to an initial
lymphocytosisrepresenting translocation of CLL cells from the bone marrow and
lymph nodes into the peripheral blootnlike traditional chemotherapy which
results in rapid tumour déulking, the ymphocytosis seen with BG&in persist for
a significant period of time but is not associated with inferior oates, with
responses improving with tim@Voyach et al., 2014 Attainment of MRD negativity
is rare with BCRi monotherajyd multiple combination regimenare under
investigation to improvehis such as with Ibrutinib and Venetoclas well as trials

lookingto stop treatment in thosevho achieveMRD negativity.

These novel agents are not curative in themselves, with patients required to
take continuous treatment, some of which can be associated with dose limiting
toxicities requiring cessation. Although patients can be bridged from one novel
agent to the next wittgood response@Mato et al., 2015)refracory disease still
occurs, necessitating novel therapeutic strategies for these high risk patients with

unmet need.

In addition, approximately 5% of patients develop a high grade transformation,
termed Richter transformation, which is usually a diffusgéaB cell (DLBCL)
ddzo G&LJS o0dzi Oly NINBteé GNIyaF2Ny a2 |
component is clonally related to the underlying CLL in the majority of cases.
Prognosis, is significantly lower than fa&r dovo DLBCL, with the primary treatment
objectiveto consolidate responses with ASIEfithessallows(Jain and Keating,
2016)
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1.2.2 ROR1 and CLL

ROR1 wamund tobe overexpressed in CLL based on gene expression profiling
in two separate studieRosenwald et al., 2001, Klein et al., 20819 confirmedat
the mMRNA and protein levely a number bgroups as demonstrated ifiable 1.2.
The largest study, analysing over 1500 cases demonstrated expresSifbiof CLL
patients, withexpressiorbeingincorporated into flow cytometry diagnostic panels

in somespecialised centreCui et al., 2016)

ROR1 became a protein of interestCLLIfor entirely different reasons following
immunotherapy approaches by two different grougse first investigated infusion
of autologous CLL cells transduced to express CD154, as a means of decreasing the
immune suppressiveature of CLL andllowing upreglation of costimulatory
moleculeso promote T cell responses. In this study 3 of the 6 patients developed
antibodies against ROR1 and based on this findimg,group went on to develop
their own antibody against ROR1, which bound to CLL cells bubnoiah CD5+ B
cells(Fukuda et al., 2008)

The second group used Lenalidomide,immunomodulatory agenthat
mediates its antleukaemic effect through direct cytotoxicity, modulation of the
tumour microenvironment and correction of functional defects in immune cells
(Maffei et al., 2016)They demonstrated upregulation 6D154 on CLL cells with
subsequent production of arlROR1 antibodied.apalombella et al., 201.0¢D154
upregulation however is not a prerequisite for immune responses as patamts
have naturally occurring reactive antibodies and T cells against R-@igdt

Farsangi et al., 2015)
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Paper

Number of CLL
Samples Positive

ROR1 Assessment

Correlation with prognostic
markers

(Baskar et al., 2008)

(Daneshmanesh et al., 2008)

(Fukuda et al., 2008)

(Hudecek et al., 2010)

(Li et al., 2010)

(Barna et al., 2011)

(Shabani et al., 2011)

(Uhrmacher et al., 2011)

(Daneshmanesh et akp13)

(HojjatFarsangi et al., 2@b)

(Janovska et al., 2016)

(Cui et al., 2016)

107/107
32/32

100/100

18/18

69/69

8/8
14/14

777

16/16
30/30

79/84

1771177

2424

38/38

137/137

95% of 1568

mRNA Expression
Flow Cytometry

mRNA
Western Blotting &
Flow Cytometry

Flow Cytoméy

mRNA
Flow Cytometry

Western Blotting

mRNA
Flow Cytometry

MRNA

Flow Cytometry

Flow Cytometry

Western Blotting

Flow Cytometry

Flow Cytometry

No correlation with ZAP70
No correlation with IgV
mutational status

No correlation between
progressive and non
progressive samples

No correlation with ZAP70

No correlation with IgV
mutational status or indolent vs
progressive samples

No correlation between
untreated and treated or with
CD38 and ZAP70

% ROR1+ cells increased in
patients from NoRProgressive
to Progressive Disease

ROR1High had low&eatment
free survival and overall survive
RORL1 levels to not change with
time or treatment

Although expressed in the majority of CLL patients, there is no evidence to link

it to negative prognostic markers such as ZAP70, CD38, Immunoglobulin Heavy

TABLEL.2

SUMMARY OFRORIEXPRESSION DATACQILL.

Chain mutational status. Furthermore there is no evidence that it varies from
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diagnosis through tereatment. A small study in 20 patients suggested that the
proportion of ROR1 positive CLL cells was higher in those with progressive disease
compared with norprogressive casg®aneshmanesh et al., 2012 more recent
study hasshown higher levels of ROR1 corresponding to a shorter treatment free
survival, with ROR®"cases showing enhanced activation of Akt signalling pathway
(Cui et al., 2016Jhis is in keeping with murine studies; when ROR1 was under the
control of the IgH promoter to limit expression to thec&@l lineage, mice developed

a CD5+ lymphoproliferative disorder that could be transmitted to syngeneic
animals. The T cell leukaemia 1 (TCL1) transgenic mouse, is frequently used as a
mouse model for CL{Hamblin, 2@0)and ROR1XTCL1 mice developed more
aggressive disease and potentiation of the Akt signalling patt{Wéghopf et al.,

2014)

1.2.2.1 Wnt5a and ROR1

wnt signalling occwrthrough two distinct pathwayshe canonical pathway, in
which signalling stabilises betatenin and leads to a range of outputs including cell
fate determination, cell renewal and proliferati¢g®ethi and VidaPuig, 201Q)In
contrast, he noncanonial, planar cell polarity (PCP) pathwapéta-catenin
independent andnvolved in cellular asymmetry and guided cell migra(idftze et
al., 2008)

Wnt5a washypothesised to be the main ligand foDR1 based on the presence
of the cysteine rich domain within the Frizzled portion of the recef8aldanha et
al., 1998)and there has been an accumulation of evidence suppgra pleiotropic
role. CLLcells cultured in the presence of Wnt5a demonstrate enhanced survival
(Fukuda et al., 200&)nd Wnt5a induces a heterodimer of ROR1 and ROR2 which
upregulates CLL motility througletavation of Racl and RhoA, via the 33z
adaptor protein(Yu et al., 2016, Yu et al., 2017, Sato et al., 20a@ddition
Whnt5a induces RORL1 to complex with haematopoitneagecellspecific protein
1 (HS1), further enhancing migration of CLL ¢eliésan et al., 2017There is also
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evidence that Wnt5a is produced in an autocrine manner by leukaemic cell with
higherWnt5alevels associated with umutated Ig\V4 samples and earlier time to

treatment (Janovska et al., 2016)

1.2.3 RORL1 in other haematological malignancies

ROR1 has been reported imd6% of unselected-BLL patient¢Shabani et al.,
2007, Shabani et al., 2008, Dave et al., 20@) is expressed in cases with the
t(1;19) translocation. Here, expression is independent of the resui2gPBX1
chimeric transcription factor but due to maturation arrest at an intermediate to late
stage of B cell development comparable to normal bone marresglBprecursors
termed haematogones. These cells are CIP4&D10+ and CD19+ but also express
low levels of ROR@Broome et al., 2011, Dave et al., 2018)ithin the context of
t(1;19) ALL, ROR1 and the pre B cell receptapayate to enhance survival such
that when pe-BCR signalling is inhibited with dasatinib, there is a reciprocal

increase in ROR1 expression mediating enhanced su(Bicalcca et al., 2012)

Other reported lymphoid malignancies expressing ROR1 include Hairy Cell
Leukaemia, Mantle Cell Lymphoma (MCL), Marginal Zone Lymphoma, Diffuse Large
B CelLymphoma and Follicular Lymphoma, although ROR1sleppear to be
lower and withgreatervariation Largevalidation exercises have noeéen
undertaken, thus limiting a true picture to emerfidudecek et al., 2010, Barna et
al., 2011, Daneshmash et al., 2013, Hogfeldt et al., 2013)

RORL1 &s also been claimed to be expressed on acute myeloid leukaemia,
chronic myeloid leukaemia and multiple myeloma, but this has been reported by
single groups, has not been corroboratey othersand reliedsolely on mRNA
expression levels with ndemonstraed protein expressior{Shabani et al., 2011,
Daneshmansh et al., 2013)
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1.2.4 RORL1 in solid malignancies

The 4A5 antRORL1 antibody developed by Tétppsin San Diego
demonstrated ROR1 expression in a range of solid and haematalog
malignancies, specifically8/144 (54%) ovarian cancers, 63/110 (57%) colon
cancers, 49/64 (77%) lung cancers, 52/58 (90fdpihpmas, 49/55 (89%) skin
cancers, 38/48 (83%) pancreatic cancers, 35/48 (73%) testicular cancers, 17/40
(43%) bladder cancers, 28/29 (96%) uterine cancers, 19/21 (90%) prostate cancers,
and 10/12 (83%) adrenal cancé&hang et al., 2012b)

ly |aaSaaySyd oe {0l yfSe wAispeidlyQa IANER
selected and optimised for IHC demonstrated 50% of ovarian cancers to be ROR1
positive (of which 90% of endometreoid adenocarcinomas were positive), 57% of
triple negative breast cancers, 42% of lung caseerd 15% of pancreatic cancers,

which is considerably lower than the Kipps group.

Within the lung cancer cohort they assessed expression in draining lymph
nodes and found only 60% of ROR1 positive primary disease specimens Had ROR
positive metastatic diseag®alakrishnaret al., 2017) Discrepancy lieveen these
two studies include the use of differing ROR1 antibody clones, differing IHC
protocolsandthe use of tissue microarrays to assess expression, which can be
variable in terms of quality and preparati¢doduc et al., 2008)'he Seattle group
did use the 4A5 clone as a comparator antibody but claimedbeteuboptimal for

IHC analysis.

In addition to these two large studies, other groups have demonstrated
expression in a range of malignancies, for example 13/16 renalazeder samples
showed ROR1 expression at the mRNA |@abbani et a].2010) In breast cancer
expression is seen in 2272.3% of specimens, depending on the study protocol.

There is, however, associatianth higher grade disease, triple negativermonal
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receptor status ananetastatic potential secondary to enhanced epithelial
mesenchymal transition and cancer cell surv{@li et al., 2013b, Chien et al.,
2016, Zhang et al., 2012d&xpression has been demonstrated in melanoma cell
lines where a dynamic and reciprocal relationship with ROR2 has been reported
(HojjatFarsangi et al., 2013a, O'Connell et al., 2013, Fernandez et al., 2016)

In ovarian cancer, other groups report-58% of cases are ROR1 positine
expresion was again associated wltdwer progression fresurvivaland overall
survival(Zhang et al., 2014a, Zhang et al., 2014b}his setting and unlike
melanoma, ROR1 and ROR2 appear to cooperate to bring abouteaimvasive
phenotype and associatgith enhanced efthelia-mesenchymal transitiora pre

requisite for metastase@enry et al., 2015, Henry et al., 2016, Henry et al., 2017)

In lung cancerthere is an association with advanced disease and negative
prognostic markergYamaguchi et al., 2012, Karachaliou et al., 2014, Liu et al.,
2015b, Zheng et al., 2016 inally neuroblastoma, sarcor(Rotratz et al., 2016,
Huang et al., 2015, Elmacken et al., 204@)tric adenocarcinom&hang et al.,
2015, Tao et al., 2018nd colorectal carcinom@hou et al., 201 Have also been
shown to express RORL1 in variable subsets of tumour samplefrther

characterisation of these tumour subtypes is required.

A key finding which highlights the potential of targeting ROR1, is the reported
expression on ovarian cancerdiglioblastoma stem cell@hang et al., 2014b, Jung
et al., 2016) These cells are typically more resistant to therapy and form a niche
from which relapses occur. Being able to target these cancer initiatingveells
RORZ0 enhance anttumour respnses is an appealj attribute and may lead to

more durable responses than with chemotherapy or radiotherapy alone.
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1.2.5 RORL1 Expression in healthy normal tissue

No matter how many cancer subtypes express a TAA, its utility demends
normal tissue expression being absentow. Initial MRNA data for ROR1
demonstratedlow level expression oadipocytes, which was subsequently
confirmed by flow cytometrjput levels were lower compared to CLL c@isidecek
et al., 2010) RORL1 is also expressed on haematogonesrmalanarrow, as
discussed above.dpletion of these cells does not affect overall bone marrow
constitution (Tom Kipps, iwCLL,W&ork, USA, 2017).

This restricted tissue expression was initially corroborated in a good
laboratory practice compliantissue cross reactivity IHC stydyith no staining
seen on normal postpartum tissue using Cirmtuzumab, a high affinity ROR1
antibody. In view of concerns of ROR1 expression on adipocytes, the pancreas and

adipose tissue were subjected to detailed scruti@¥oi et al., 2015a)

These findings werehallenged by Balakrishnan et al. who with their ROR1
antibody demonstrated convincing evidence of ROR1 expression in the parathyroid,
areas of thegastrointestinal tractincluding the stomach and pancreatic islet cells
usingboth IHC and western blottin@alakrishnan et al., 201 Bxpression on
normal tissues has been further confirmedthin the Human Protein Atlas datasets
(Uhlén et al., 20153nd hagealigned our expectations with regards to poteh

toxicity of targeting ROR1.
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1.3 Cellular Immunotherapy

1.3.1 Introduction

The origins of cellular therapy arise framnsplantation studies undertaken
in the 195@ in which bone marrow deriveidom foetuses and cadavers were
infused into recipients after removal of bone fragments and(Tdtomas et al.,

1957) Although it wadargelyunsuccessful, it was before full knowledge of
histocompatibility was eludated and therefore unsurprisingcven whersuccessful
engraftmentwas achievegdpatients often developed fatal graft versus host disease
(GvHD)With greater understanding of the basic science that underpinned
histocompatibility andoetter conditioning &d immunosuppressive regimens,
allogeneic transplantation became more widely usedinow is a standard

treatment for haematological malignancies

The potential to generate graft versus leukaemial(Geffect wasliscerned
from murine studiegBarnes et al., 195@)ut later became apparent in the iman
setting(Weiden et al., 1979, Weiden et al., 198A)though many groups had
moved to T cell deplete infusions to limit GvHD, this was also associated with a
higher risk of disase relapseconfirming T cel&entral rolein disease control
(Marmont et al., 1991)Donor lymphocyte infusions following AS&rEuseda
mechanism to control disease relapses through recognition of leukaemia associated
antigens or minor histocompatibility mismatch&gygering further GviMackinnon

et al., 1995)

1.3.2 Allogeneic Stem Cell Transplantation for CLL

ASCT was previously recommended for patients if they achieved no
response to intensive therapy, relapsed early after fludarabine containing regimens
or had 17p deleted disease. Even in fit patients, myeloaldatgimens were
associated with significant transplant related complications and mortality and were

superseded by reduced intensity conditioning protocols which provided reasonable
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overall progression free survival of ‘60% at 2 years with the possibjliof
achieving further responses with DDlespite this, the majority of patients relapse
with CLL(KharfanDabaja et al., 2007, Richardson et al., 2013)

With the advent of small molecule inhibitors, the number of allografts being
undertaken has substantially decreased and the timing has been ddfant
patients have i) failed two lines of conventional therapy and respond to BCR
inhibition, ii) have failed front line and BCR inhibition therapy but respond to
Venetoclax or iii) have progressive disease or a poor response to Venetoclax
(KharfanDabaja et al., 2016 he precise regimen to enable the last cohort of

patients to achieve a disease state suitable for transplantation remains challenging.

An alternative to ASCT iatalogous transplantation, which utilises high
dose therapy with stem cell rescue. This has been assessed in CLL but no clear
benefit was demonstrate@Reljic et al., 2015)n addition treatment with
Xcellerated T cells, which are autologous T cells ex vivo stimulated and expanded
with CD3/CD28 beads before-rgusion into patientsshowed no long term benefit
(Castro et al., 2004)

1.3.3 TCR Engineered Cells

The native TCR recognises short protein fragments presented in the groove
of the major histocompatibility complex. Recognition between a T cell and its
cognate MHC:peptide complex leads to adiiwa, proliferation and effector
function. Maximal function is dependent on T cells receiving-sticoulatory signal

2, to provide a positive feedback loop and prevent anergy.

TCR specificity can be redirected by insertion of alternateal&#lb
chainsto provide novel T cell specificitgainst TAA presented lilge gopropriate
MHC. This walirst demonstratedwith the isolation ofthe a andb chains from one
clone of cytotoxic T cellnd transferredo another(Dembic et al., 1986Proof of
concept with this approach has been investigated against a nunflemt@gens in

haematological and solid malignanci@dorris and Stauss, 2018hda recent trial
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against NYESGL demonstrated a 58% overall response ré@ebbins et al., 2015)

One of the advantages is that TCR gene therapy is the ability to target intracellular
proteins such as Wilms tumour 1 and p53 as well as surface antigens processed by
the proteasome and expressed in the contexMHIC presentation. Furthermore
signalling through the TCR is exquisitely sensitive withQDMHGpeptide

complexes able to trigger T cell activatiralitutti et al., 1995)

Difficulties of TCR gene therapy include the need for correct pairing of alpha
and beta chains within T cells, with aberrant cross pairing resulting in potential
altered Tcell specificity. T cell resporsare also dependent on presentation of the
peptide fragment on the correct HLA context with the most common being HLA
A*0201 which is present in 40% of the Caucasian population. Despite this
strategies to maximise TCR e&psion, mute endogenous TCR and enhance
signalling have been developgghhancing the prospect and applicability of TCR
engineered T cell@Morris and Stauss, 2016)

1.3.4 Chimeric Angen Receptor-Cells

A chimeric antigen receptor (CAR) is composed of an antigen recognition
domain fused to intracellular signalling domsimhich, when introduced and
expressed on the surface of T cells allows for MHC independent T cell activation and
target cell cytotoxicityThis is important as MHC downregulation is an important

evasion mechanismtilisedby tumours(Hicklin et al., 1999)

The initial concept of CARs arose whenahendb chainsof the TCR were
substituted for the heavy and light chain variable regions of antibodies thereby
imparting MHC independent antigen recognitif@ross et al., 1989, Goverman et
al., 1990) Subsequently the two separate chains were cloned into a single chain
variable fragment (scFv) in whitne variable regions are linked with a flexible
linker sequence, thus maintaining antigen recognition but allowing simpler

molecular cloning and transductiqishhar et al.,9493)
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The antigen recognition scFv, is linked to an extracellular spacer domaoh
mediatesthe distanceand flexibilitybetween the CAR on the T cell surface and
target cell. This distance can bedifiedunlikethe TCR and peptid®MHC
interaction. This distance is critical for effective CAR T cell functioning by allowing
appropriate cytotoxic synapse formation, granule secretion and exclusion of

inhibitory phosphatasefHudecek et al., 2013)

The spacer is linked to a transmembrane domain and is linkedracedlular
signalling domains, whialere initially composed solely of the CB8hain.
Although these 1 generation CAR-cells were able to recognise and kiliget

cells, long term proliferation was limitg&avoldo et al., 2011)

scFv
Spacer
Transmembrane

41BB or CD28

CD3(

HGUREL.2 2"° GENERATIORARSCHEMATIC

The scFv forms the membrane distal antigen recognition domain and is separated from the T cell
membrane by a suitable spacer region. Intracellularly there is a costimulatory domain which is
usually CD28 or 41BB intracellular regimked to the CDBintracellular domain.

Physiological signalling requires both TCR (signal 1) astheolation (signal 2)
to achieve full T cell activatigiMueller et al., 1989)in CAR drmat this was
reproduced with 29 generation signalling domains comprising €B8d CD28 or
CDZ and 41BB fusion proteins, which demonstrate enhanced cytokine secretion,
proliferation and most importantly, persistence compared to €BI®ne(Maher et

al., 2002, Imai et al., 2004"“ generation signalling domains remain the most

Pageg 39



widely used constructs in clinical trials and the use of CD28 vsvirB by

institution and setting. In vitro and in vivo models however, suggest less exhausted
T cells with a 41BBD3z intracellar chain, whilst CD28 based CAR T cells impart
strongerinitial cytotoxicity(Long et al., 2015, Cherkassky et al., 2016)

3'd generation signalling domains combine multiplestimulatory modules
including CD28, 41BB and OX40 with £&Rl although these shoadvantages in
pre-clinical settingsclearsuperiority in clinical trialbave yet to be demonstrated
(Till et al., 2012, Pule et al., 2005)

Fourth generation CAR T cells are those which in addition to the CAR release
soluble preinflammatory mediators suchs IL12 (Koneru et al., 2015)r disrupt
the tissue micreenvironment with release of heparanase, with the aim of
promoting tumour infiltration and immune respoes, especially against solid
malignancie¢Caruana et al., 2015)These are just two examples in which CAR T
cells can be engineered to enhance their effector function above and beyond the
receptor only. Others include manipulation of T cell checkpoints such as secretion
of PDEL by CAR T cells or expression of a dami negative PPL receptor to
mitigate against exhaustiofSuarez et al., 2016, Cherkassky et al., 2016)

1.3.4.1 CAR T cell Generation

CAR T cell generation is a multistep process, requiring isolation of peripheral
blood lymphocytes from patients via leukapheresis, before ex vivo expansion
stimulation and engineeringOnce producedmodified cells areryopreserved until
patientshavereceived conditioning chemotherapy, usually with fludarabine and

cyclophosphamide, to allover efficient engraftmentBrentjens et al., 2011)
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1.3.4.1.1 Electroporation

MRNA electroporation is a relatively quick and cost effective method to
transfect large number of primary cells. Small scale electroporation occurs in
cuvettes in whichT cells and mMRNA encoding the CAR are mixed in a suitable
conducive buffer and a set pattern and amplitude of electrical pulses applied. This
leads to the formation of pores within the catlembrane, allowingnRNA entry
with subsequent transcription and pression. Higher throughput large scale good
manufacturing practice (GMP) congsit electroporation occurs in a continuous
flow loops, with cells anthRNA passing through a currdot a fixed regulated
time. This approach has been assessed with mesotisplatific CAR T cells where
proof of concept was demonstrated following infusion in 2 patients, one with
malignant pleural mesothelioma and the second with pancreatic cancer. A small
and transient response was obtained in one pati@Beatty et al., 2014 However,
CAR expressiontemporary,resulting in significant expenditure amuocessing for
limited efficacy The rationale however, is that when targeting antigens for the first
time, especially those expressed to some degree on normal tissues, transient CAR
expression mitigates against significant toxicity due to the shortlialbf mMRNA

and inherently limit<CAR expression.

1.3.4.1.2 Sleeping Beauty Transposq88T)

SBT is nonviral electroporation based method which unlike mRNA leads to
permanent somatic insertion of the transgene on interest. It refiegnsertion of2
DNA plasmids intoells the first @mprisesthe transposon, which encodes the CAR
sequence sandwiched between inverted repeats divdctly repeated DNA
sequence motifandthe second is théransposasewhichrecognises these motifs
andtranslocateshe CAR sequence into ti®st genomglvics et al., 1997, Singh et
al., 2008) As this technique utiliseBNA plasmidghere is a considerable cost
advantagecompared to viralector bagd methods but due to theinherenttoxicity
of the electroporation procesi$ necessitates significant ex vivo T cell manipulation

and processingncludingculture onartificial antigen presenting cell® allow
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recovery and expansion. Therefore despiits initial promise there has been

limited uptakeandclinicalresponsegKebriaei et al., 2016)

1.3.4.1.3 Viral Transduction

Retroviral and lentiviralectorsform the major methodoy which T cellsare
engineeredRetroviruses are double stranded RNA viruses that are able to infect
dividing cells, following which viral reverse transcriptase generates a DNA template
which is inserted into the host genome. The viral genome can be replaced with a
transgene of interes(in this case a CAR sequepteallow permanent modification
and expression. Lentiviruses, a subclass of retroviruses, differ in their ability to
infect nondividing cells and have a number of additional genes that regulate viral

gene expression and assbip(Mann et al., 1983, Naldini et al., 1996)

Viral vectors need to be able to deliver the transgene into host cells but
should be replication incompetent so that newvions arenot made. This is
achieved primarily by separating the genes needed for viyctionin transvia

separate plasmids.

The transfer plasmid contains the transgene of interest between two long
terminal repeatslt also includes aentral polypurine tract, psi target site, promoter
and woodchuck hepat#ivirus postegulatoryelement, all of which regulate and
enhance transgene expressiddneof the helper plasmid contains gag and pol,
which is needed for structural proteins and rese transcriptase respectively,
whilst the third plasnid codes for the viral envelope. Theos commonlyenvelope
is based on th&esicular ®matitis virus QVSVGylycoprotein, which provides a
broad tropism for cells. All three plasmids are required for virus to be made and are
transfected together into a packaging cell liseich as HER93T. Retroviruses can
also be made in specialised heldgeze cell lines which constitutively express gag,
pol and env requiring only transfection of the transfer plasiitsner and Bohne,
2017)
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2nd generation lentiviral vectors are made in a similar fasliequiring three
plasmidsa transfer plasmidnd 2 helper plasmids, one containing the envelope
and theother gag, pol, rev and tat. Rev and tat are additional genes necessary for
lentiviral vector generation. To improve safety further and decreaseigheof
replication competent viruproduction. Ina third generation system the Rev is
placed on an additional plasmid decrease this risk furtheFurther safety
mechanisms can be introduced by introducing a-&e¥f  OG A @I G Ay 3 Ydzi | G A
LTR wich when tran® dzOS R A & O 2 Likedates inharentipforBotep Q[ ¢ w
activity (Zufferey et al., 1998)

Concerns with regards to insertional mutagenesis arose following clinical
trials with retroviral vectors to treat severe combined immunodeficiency (SCID),
due to mutations of the H2 receptorgchain.Althoughgene therapywas able to
restore immunity 25%of the 20 patients treatedieveloped leukaemia secondary
to enhancer mediated mutagenegidaceinBeyAbina et al., 2003)This led to
major investigéon of the cause and remediésstituted to prevent this More
recent trials showing no evidence of leukaemia and long term follow up

demonstrating safetyHaceinBeyAbina et al., 2014, Scholler et al., 2012)

One of the major disadvantages of viral vectors, especially lentiviral vectors
is their cost in the clinidgrade setting. Manufacture, storage and quality
certification can be prohibitively expensive and requires significant infrastructure

and capital investment.

1.3.4.2 CD1ICART Cells

CAR T cells against a range of haematological and solid malignancy takgets ha
been generated andested in preclinical studies andansitionedto clinical trials.
CD19 howeverepresents tle gold standard by which othstudies are assessed,
due toearlyadoption combined with markedlinical successCD1%xpression is
highlyregulatedwithin the B cell lineagand absent from other tissues making it an

attractive target for B cell related malignancies.
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CD19 is &1 kDa protein expresseall stages of B cell development, frqore-B
cellsonwards untilit is lost on plasma call It is composed of two immunoglobulin
domains separated by a linker regjomhich isnvolved with disulphide bondst
interacts with CD21 and CD81 to regulate B cell signalling through its highly

conserved itracellular cytophasmic tail{Poe et al., 2001)

Anumber of earlierstudies using CDIOAR T cellaid the foundation fothe
pivotal publicationof 2 papersby the University of Pennsylvania grou®il 1
demonstrating efficacy ingiients with CLL for CD19 CAEellswith long term
remissions over 2 years in duration and with attainmehMRD(Porter et al.,

2011, Kalos et al., 201Despite the early reporteduccess of CD19 CAR T cells in
CLlL.subsequent studiebave beeriess promisingnd a summary of the clinical
trials with CD19 CAR T cells in CLL is shown in Table 1.3.

In view of this some of théocusshifted to ALLand other norHodgkin
lymphomasjn which higherand deegr response ratefiave been seerfor
example in AL response rates in the regioh90% have been reported in three
centres(Maude et al., 2014, Davila et al., 2014, Turtle et al., 2016)

More recent evidence demonstrates th@tcell§from patients on Ibrutinib for
greater thanl year show improved transdtion, expansion and function in vitro
and in vivaFraietta et al., 2016a)n addition the Fred Hutchinson group have
shown with adefined composition of CD4 and CD8 T cells of 1:1 an overall response
rate of 71% was achievddurtle et al., 2017)Finally the University of Pennsylvania
demonstrate @VIRD negativityate of 89%by multicolour flow cytometry following
CAR administration arat least 6 months of therapy with Ibrutiniiill et al.,
2017) However, such an impressive response rat@uld be expected given the low
burden of diseasat the time of CAR T cell infusion combined with the fact that
these patients are not as heavily treated as the ones englh earlier clinical

trials.
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1.3.4.3 Toxicity ofCAR T cells

Toxicity from engineed T cell has two forms. The first#n target off tumouf
toxicity due to expression of the target antigen on normalltteatissues For CD19
this is manifested by profoundbut nontlethal B cell aplasia due to CD19 expression
on normal B cellswhich can be managed with intravenous immunoglobulin
administration @n target off tumoufloxicity can however be severe as seen with
the antiHer2 CAR studies which led to fatalmponary toxicity in a patient with
colonic cancer due to low levels of Erbb2 on lung epithelial cells. Similarly 3 patients
treated with CAR-Cells against carbonic anhydrase IX developed hepatic toxicity
due to its expression on bile duct cdllsamers et al., 2006, Morgan et al., 2010)

This concern extends to the whole breadth of gene engineered cells including TCR
modified T cells as demonstratdy fatal cardiac toxicity when targeting MAGE

(Cameron et al., 2013)

To tryto model thisand limitclinical complicationgjssue cross reactivity
studies and animal models including in Amaman primatesform part of the

extensivepreclinical screeningndertaken.

Strategies to mitigate against this include the ussutide sgtems in the
engineered T cells, amethodby whichto purge cells in the event of toxicityhis
can be achieved via pharmacologiosthods through small dimeregion
molecules that trigger apoptos(Straathof et al., 2005, Di Stasi et al., 2011)
Alternatively cell surface proteins can be expressed independent of the CAR, which
can be targeted efficiently by monoclonal antibodi&xamples pf these include
RQRS8 which incorporatése CD2@pitopetargeted by RituximakPhilip et al.,
2014)or truncated Epidermal Growth Factor Receptor (tEGFR) which is bound by

Cetuximal{Paszkiewicz et al., 2016)

Wu et al. created a system by which the ScFv and extracellular parrgon
spatially separated from the intracellular signalling domains and @tybinein
presence of a drutp allow Fcell activation. This provides a dose dependent and

tuneableon and offswitch (Wu et al., 2015)
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Thesecondform of toxicity ariseslue totumour killing and resltant rapid
expansion of CAR T cells. This manifstearily asneurological disturbance,
pyrexia, eleveed inflammatory cytokines and termed cytokine release syndrome
(CRS) in which inted&in 6 (IL6) plays a central role. Treatment of CRS is
supportive in the most part but if severe high dose sterauith or without the anti
IL6 antibody,Tocilizumabwhichreverses the pranflammatory drive Interestingly
IL-6 is not released from th€AR T cell population but from bystander myeloid cells

(Barrett et al., 2016)

One of the major complicationsith regards to CRi&cludes neurotoxicity,
which is thought to represent translocation of highly activated cytotoxic T cells into
the cerebrospinal fluid with resultant neuronal irritation éis manifesed by
seizures, stupor and confusioknowledge gathered from numerous trials has led
to a suggested management algorithm for the management of CRS incorporating
early supportive measures, identification of biomarkers and criteria for therapeu
intervention. There is howevesome beliethat a degree of CRS is ramd to
generate a persistent dell responséDavila et al., 2014, Lee et al., 2014a, Lee et
al., 2014b)CRS has been responsible for patient deaths in clinical trials and
therefore close nical monitoring in centres with experience and facilities is

essential for CAR T cell therapy.

Overall CD19 CAR T cells represent an extremely exciting and potent
immunothergpeutic with which to target Cl_with the potential for long term

clinical remissions.
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Publication CLL Patients Construct Conditioning Cell Dose  Response

CART cells

x10'/kg
(Brentjens et al., 2011) 8 CD19 scF8J25C1 None or Cyclophosphamide 0.4-3 3xNR, 1xPR, 2xS|
MSKCC Retrovirus 1xPD and IXA

CD3/28 Beads
2" Generation 28z

(Porter et al., 2011) 3 CD19 scFv FMC63 Pentostatin/Bendamustine +/ 1-1.6 2XCR, 1xPR
(Kalos et al., 2011) Lentivirus Cyclophgphamide
UPenn CD3/28 Beads

24 Generation 41BBz

(Kochenderfer et al., 201z 4 CD19 scFv FMC63 Fludarabine & 0.33 1xSD, 2xPR, 1xC
NCI Retrovirus Cyclophosphamide

CD3 antibody+ 11-2

2"d Generation 28z

(Kochenderfer et al., 201% 4 Post ASCT CD19 scFH¥MC63 None 0424 2xPD, 1xSD, 1xC
NCI Retrovirus

CD3 antibody + IL2

2" Generation 28z

(Porter et al., 2015) 14 CD19 scFv FMC63 Fludarabine/Cyclophosphamide or 1.4-110 4xCR, 4xPR, 6xN
UPenn Lentivirus PentostatinCyclophosphamider CR>4 years in 2
CD3/28 Beads Bendamustine patients

2"4 Generation 41BBz
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Publication CLL Patients Construct Conditioning Cell Dose  Response

CART cells

x107kg
(Porter et al., 2014) 26 CD19 scFv FMC63 Not specified 50r50in  5xCR, 4xPR
UPenn Lentivirus total

CD3/28 Beads
24 Generation 41BBz

(Kochenderfer et al., 201E 4 CD19 scFv FMC63 Fludarabine and Cyclophosphamid: 0.250.4 3xCR, 1xPR
NCI Retrovirus

CD3 antibody + IL2

2"d Generation 28z

(Turtle et al., 2015) 6 CD19 scFv FMC63 Fludarabine and Cyclophosphamid: 0.02-2 3xCR, 2xPR, 1xN
Fred Hutch Lentivirus

CD3/28 Beads

2"d Generation 41BBz

Defined CD4:CDS8 of 1::

(Turtle et al., 2017) 24 CD19 scFv FMC63 Fludarabine and Cyclophosphamid: 0.022 17 CR+PR
Fred Hutch Lentivirus

CD3/28 Beads

2" Generation 41BBz

Defined CD4:CD8 of 1::

TABLEL.3 SUMMARY OF CLINICARIALS UTILISINGD19CART CELLS FOR THE TREANWMBFCLL.

CR = CompletResponse, PR = Partial Response, NR = No Response, NA = Not assessable, SD = StaiileKlis2ad@lemorial Sloan Kettering Cancer Centre, UPenn =
University of Pennsylvania, NCI = National Cancer Institute, BetiesdhiHutch= Fred Hutchinson Cand@entre, Seattle.
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1.4 Bispecific T Cell Engagers

Conventional antibodies do not recrut utiliseT celldor their cytotoxic
action.In order to utilise their potential howevebispecific monoclonal antibodies
in whichone arm binds & AAand the otherto CD3were developedo recruitand
redirectT cells to target tumour cell&arly attempts at thifowever demonstrated

limited cytotoxicity(Perez et al., 1985, Riethmuller, 2012)

To try and improve efficaayf bispecific antibodieMack et al engineered
two antigen binding arms ascFg and placed thenascontiguous proteinTo allow
this bothVi and . sequences within a sclewd parallelscFvsvere separated by
flexible linkes (Figurel.2). This bispecific antibody construetrgeting the 171A
antigen and CD3wvas approximately 55kDa size retained specific binding ah
mediated T cell dependent cytotoxicityeater than the parental bispecific whole
antibody(Mack et al., 1995)

HGUREL.3 STRUCTURE @¥SPECIFICCELL ENGAGERS

The first reported Bispecific T cell engager was compose of a scFv targeting the TARARDH7
with a CD3 targeting scFv from the TR66 clone. KMatk et al., 195).

This led to the eventual generation of a Clat@ CD3 bispecifmonstruct
using the same architectur@offler et al., 200Q)which has subsequently been
known by a variety of names ilncling MT103 andAMG103 but most commonly
Blinatumomab. The name is derived frd@rlineagespecificanti-tumour mouse

monoclonalantibody and arewidely known as BIiTESs; Bispecific T cell engagers.
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Within this construct the CD19 scFv is thought to derive from HD37 clone and CD3
from the L2K murine antibodigdlagorsen et al., 2012although there will have

been significant engineering of the parental sequences and the final complete
sequence in Blinatumomab is unknown. This uncertasmtompounded in the by

differing sequences deposited different antibody databases.

BiTEs allow for the formation of cytotoxic synapses between T cells and
target cells independent of MHC and-stimulatory moleculegDreier et al., 2002)
The majority of killing is thought to arise frogffector and memoryl cells as naive
T cells have a higheasalactivation threshold. BiTEs lead to upregulation B26
and CD69 activation markerglease of cytotoxic granules containigganzyme
and perforins increased cytokine secretion and T cell proliferateading to target
cell deathmediated through pore formation as well as triggering of apoptotic
pathways(Brandl et al., 2007)n additionBIiTEs are able to mediate serial killing of

target cellsby a single T cedk low concentrationgHoffmann et al., 2005)

Blinatumomab has been extensively investigatedLL, with studies
demonstrating the potential of treatment in Philadelphia positive and negative ALL
(Topp et al., 2014, Martinelli et al., 201The first Phase 3 trial using
Blinatumomab compared to conventional therapy showed superiority of
Blinatumomab with the trial being halted eadye to improved survival, although

this wasonly 7.7 vs. 4 month@&antarjian et al., 2017)

The first phase 1 trial of Blinatumomab was actually in relapsed refractory
NHL patientgBargou et al., 2008, Nagorsen et al., 204r&) further trails have
focused on paents withfollicular, mantle cell amh diffuse large B cell ymphoma
some of which have maintained long term respondespite very low doses of BiTE
being administereqViardotet al., 2016, Goebeler et al., 2016)

Toxicity with Blinatumomab is similar to CAR T cells comprising neurotoxicity
thought to be secondary to T cell mediated toxicity through breach of the blood
brain barrier. This however can lienited with premediation wth dexamethasong

which is a standard part of the treatment protocol. Although the management of
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CRSn BITEs is similaihe short halflife of the molecule in the circulation helps

limit the pro-inflammatory drive on cessatiorof the infusion

Both the original CD19xCD3 bispecific antbsequentl\Blinatumomab have
demonstrated in vitro cytotoxicity against CLLhaghtarget to effector ratios
representative ofwhat would occur irpatients However these caultures with
BiTEs wre prolonged andead between 57 days, by which time there would hav
beenan inherent decrease i€LL cell viabilitfLoffler et al., 2003, Wong et al.,
2013) In addition although one of the earlieBhase | dnical triakincluded 2
patients with CLL, substantial & lland llitrialsin CLlare lacking.

1.5 RORL1 Therapeutics

Targeting of ROR1 due to itspeession profile is a logical developmental
pathway especially aanti-ROR1 antibodies inhib@LL survival @ RNA
interference suggested survival role for RORN cell lines and primary CLL cells
(Fukudh et al., 2008, Choudhury et al., 2010)

1.5.1 Antibodies

Cytotoxic antibodies rely on three moslef action for their effect

i) Antibody dependentellular cytotoxicitf ADCCyvhich provides an

GSVEé aralqyrt G2 GKS AYYdzyS aeadasy
i) GComplement dependent cytimxicity (CDC)the terminal phase of

which is the generation of a membrane attack complex getirega

pores in targeted cells

iii) Direct antibody medited cytotoxicity.
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Rituximab, the most widely used antibody in oncoldgygets CD20 and
improves outcome measures in a range of Broallignancies. Itability to
efficiently targetB cells has also expanded its role into fmalignant conditions.
Rituximab works mainly by CDC and newer type Il antibpdiesh as
Obinutuzumabhave been engineered to maxisei ADCC and direct cytotoxicity
through engineering of the Fc region of taetibodyto increase affinity to Fc

receptors on macrophagg8oross and Leusen, 2012)

Other antibodiesn oncologysuch as checkpoint inhibitoend the anti
HER?2 antibody trastuzumadbtilise inhibition of sigalling as their modus operandi.
This isalsothe main mechanism aiction ofCrmtuzumab, the most clinically
advanced monoclonal antiilly against ROR1. The precursor antibody, D10, was
identified from hybridomas due to its ability tohibit ROR1 mediated signalling,
unlike comparator antibodies such as 4A5 and 2A2. Its parental form was a
relatively low affinity antibodyput it was subject to humanisaticend affinity
matured. Its final format has shown the ability bohibit EMT andsurvival of cancer
cells(Zhang et al., 2014b)A phase | study in 10 patients demonstrated its safety
although no overt clinical responses were seen and furtherceliniials have been

expanded in CLL and initiated in breast car{€#oi et al., 2015b)

Other groups haveeveloped their own atibodies against RORWith a
rabbit immunisation programmgieldingclones Y31, R11 and Rl®hichall show
minimal CDC Athough the R12 scFv kheen utilised in a CAR format, it did
demonstrate a degree of ADCC beguireda sipra-physiologicallyhigh

concentrations of effector cell® achieve thigYang et al., 2011)

In comparisonDaneshmanesh et al developed a panel of -&®G@IR1
antibodies targeting the three extracellular domains of ROR1 fatigwa mouse
immunisation programme with distinct peptides from each domain. They noted
direct cytotoxic potential wittb of their antibodies33 of which were also able to
induce CDC and one ADCC. The antibodies that bound to more membrane proximal
epitopesappearedto show enhanced functiofDaneshmanesh et al., 2014,
Daneshmanesh et al., 201Despite thisno further translational development of

these antibodies has beaeported to have beemindertaken.
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1.5.2 Armed Antibodies

In order to improve the cytotoxic potential of antibodies they can be linked
with toxins or radioactiveuckeotides. A prime example iBrentuximab Vedotin, an
antibody drug conjugate whidargetsCD30Qresults in internalisatiomndreleases
Monomethyl auristatin Etriggering celtleath (Francisco et al., 2003)he same
strategy has beetrialled with Cirmtuzumab but despite initial impressive in vitro
functional data, no armed version of the antibody has been planned for assessment
(Cui et al., 2013a)

In the similar vein, &seudomonakxotoxin was conjugated to the 2A2
RORZ&ntibody, whichwas able to induc€LL and MCL cell deathvitro. This
functions to activatgphosphatases in B cell malignancies Whace present at high
levels ininactive forns, therebytriggering apoptosisAgain,despite initial
encouraging datapo clinical trials have been plann@dani et al., 2014, Mani et

al., 2015)

1.5.3 Chimeric Antigen Receptor T Cells

The first ROR1 CAR T oglorted utilised theanti-ROR1 2A2 clone and
demonstratedtoxicity against cell lines and primary CLL cells but spared normal B
cells(Hudecek et al., 2010The same group went onto compare the 2A2 scFv with
clone R12 and showed superior cytototyiavith the latter. They clainthis was due
to R12 having a higher affinitut as the epitopes that R12 and 2A2 bind diftérs
isnot a truecomparism. They did however demonstrate the importance of the
spacerwith the finding that ahinge only spacer, derived from the Ig@lk,
providedoptimal cytotoxicity(Hudecek et al., 2013)

The R12 CAR therefore became their lead candidate and hagédsted in a
non-human primatesasit cross reacts witmacaqueROR1Macaqueshowedno
toxicity despite comparable RORIpeassion with humans and high doses of CAR T

cells being infuse¢Berger et al., 2015This groupmlsodemonstratedROR1 CAR T
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cellsare ableto targetbreast cancer, neuroblastoma and sarcooadl lines
(Elmacken et al., 2015, Liu et al., 20I8)e R12 CAR has subsequently been
licensed to Juno therapeutics and is being investigated in a Phase 1 clinical trial for

all ROR1 positive malignanciéqT02706392)

Denper et al utilisedthe sleeping leauty system t@ngineer T cells expressing
and ROR1 CAR utilising #5 scFv clone derived from the Kipps grabjtotoxic
potential was demonstrated against cell lines, but ta@mal model undertaken
requiredrepeatedIL-2 administration, which is natsuallyrequired with a 2¢
generation CAR architecture that wased Thismay besecondary to thesleeping
beauty manufacturingprocesswhich requires significant ex vivo manipulation
(Deniger et al., 2015Heeping beauty generateROR1 CAR T cells, based on this
construct,were due to be investigated in a clinical triiGT02194374) thuhis
study has been withdrawrtiting a lack of available reagent, althoutite exact

rate limitingreagent is not stipulated.
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Trial Identification Reagent Stage of

Development

NCT02222688 UGos61 Relapsed/Refractory Recruiting
University of San Dieg (Cirmtuzumab) CLL

NCT02860676 UCo61 Extension study fol Recruiting by
University of San Dieg (Cirmtuzumab) ~ NCT02222688 invitation only
NCT02776917 UGo61 Locally Not open
University of San Dieg (Cirmtuzumab) + advanced/metasitic
Paclitaxel breast cancer
unsuitable for
resection
NCT03088878 UGo61 CLL/MCL Not open
University of San Dieg (Cirmtuzumab) +
Ibrutinib
NCT02194374 Autologous ROR1 CLL Withdrawn
MD Anderson CART cells
4A5 scFv
Sleeping Beauty
Modified
NCT02706392 Autologous ROR1 CLL Open
Fred Hutchinson/Juno CAR T cells MCL
R12 scFv ALL
Lentiviral Triple negative
transduction breast cancer
Nonsmall cell lung
cancer
TABLEL.4 CLINICAL TRIALS WIRDRITHERAPEUTICS

A current list of the pending, active and withdrawn clinical trials that target ROR1. From:
https://clinicaltrials.gov/ct2/home as of 28 October 2017.
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2 Aims

We hypothesise targeting ROR1 with immunotherapies will allow treatment for
a broad range of malignanciaacluding but not limited to CLL amdany with

unmet therapeutic need.

Ouraimis thereforeto identify novel antibodies against RQR#&velopthese
into best in clas€ARs an8iTEs andndertake preclinical evaluationio generate

sufficient data toallowtransitionto clinical trias.

2.1 Isolate and characterise novel scFv against ROR1

The starting point foCAR or BiTHevelopment is thedentificaion of ROR1
specificscFg. The first ainis to thereforeisolate and characterise novel antibodies
against RORfbllowingarat immunisation programme and transition these to a

scFv format.

2.2 Develop Chimeric Antigen Receptor T Cells and assegsaiesitial
From the panel of scFv constructs identified, the next aim was to generate a
panel of ROR1 CAR T cells, optimise them and seleatlzandidate to take

forward for more detailed analysis.

2.3 Undertake humanisatioof the lead scFv
To limit immune responses directed agairsstat derivedscFv, the next aim
was to undertaken a humanisation programme to identibnstructsthat

maintained or enhanced functional actiyi whilstlimited immunogenicity.

2.4 Develop Bispecific T Cell Engagers and assaspotential
In conjunction with CAR development we also aimed to generate a ROR1 BITE
and assess their functidn a range of malignancietg diversify

immunotherapeutc approaches of targeting ROR1 in addition to CAR T cells.
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3 Methods

3.1 MolecularBiology
3.1.1 Transgene Construction

DNA sequences encoding proteins of interest wggaerated using overlap
extension PCR using Phusion DNA polymerase (New England BRtatis)g DNA
originated from preexistingplasmidconstructs (fromMartin Pulg. NovelDNA
sequences were fror®-blocks (Integrated DNA Technologies) or synthesised
commercially (Genscript) depending on length and complekily.commercially
sourced DNAequenceseither from Gblocks or plasmidsn initial round of PCR
was undertaka to amplify sufficient quantities of DNFAr downstream cloning

Codon optimisation for human expression was employed for these constructs.

Were necessaryrpners were designed to introduce restrictionestat the
pQ I yR of6rdiwistieari dlofng. Br multiple fragment ligation,
amplicons were generated wittbomplementaryoverhangs. Some sequences
required insertion into a subcloning vector for which we used Topo TA (Thermo
Fisher).

The PCR cycfer Phusioncomprised: 98 for 2 minutes to deature and
activate the polymerase followed by 35 cycles3& for 40 seconds to denature
DNA, 65¢for 40 seconds for annealing, °2or 1 minute/kb of amplification. There

was a final 10 minutes at 72
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HGURE3.1 OPTIMISED TRANSFER®MID USED FORART-CELL PRODUCTION

The CAR sequence of choice was cloned int® geBeration lentiviral construct with a human PGK
promoter. mCherry was used as a transduction marker and followedTtaAaibosomal skipping
element. The scFv sequence was placed in a heavy chain, linker, light chain format and utilised the
hinge spacer from human IgG1. This was followed by a CD8 transmembrane domain with 41BB and
CDZ intracellular signalling arms. Theslgn was modular such that each component could be
switched with simple cut and paste cloning.

3.1.2 GelElectrophoresis

PCRoroductsand DNA from restriction digestgere separatedising
Tris/Borate/EDTATBEYel electrophoresiand stained with0.005%Sylysafe
(Thermo Fisher) d.01%Ethidium Bromide (Sigma Aldriclgamples were mixed
with a loading dye to aid visualization and deposition into wé&lle percentage of
TBE used varied from 0286 depending on the size of the expected produGeds

wererun at 120V untibufficientseparation of DNA haodccurred 9zewas
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estimated incomparison withtHyperladder standards (Bioline) and DNA bands
corresponding to the correct size weegcised with a clean scalpel. Gels were

visualised on a transilluminator (Ngene) to avoid ultraviolet degradation.

3.1.3 Gel and PCR Purification

Isolation of DNA from TBE gel fragments as well as purification of PCR
products was undertaken with Wizard SV @ed PCKlean Up KitPromega)
F2ft26Ay3 GKS YIydzZFl OGdzNENRA Ay adNUHzOGA2Y:
distilled HO.

3.1.4 DNA quantification

DNA was assessed using aNIDO Nanodrop spectrophotometéihermo
Fischerat 260nm to calculateoncentration. We also looked at the 260:280nm

ratio to gauge quality of the isolated\NA samples for downstream use.

3.1.5 Restriction Digegin

All restriction digests were undertaken using enzymes from New England
Biolabs in appropriate buffer. Where doehdligests required enzymes with

incompatible buffers, DNA was subjected to sequential digestion.

5nyg of vector backbone was used as starting mateniaéstriction digests. ¢t
PCR products all of the DNA obtained failog gel purification was used. Thieal
volume for digestion was 1@®and the total enzyme content was 2386

depending on enzymes used.

When using enzymes leaving blunt ends at both sides of the DNA sequence we
undertook dephosphorylation to prevent recircularization of the backbone using

Antarctic Phosphatase (New England Biolabs).
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3.1.6 DNA ligation

Ligation of DNA with complementary ends was undertaken with Quickligase
(New England Biolabs). Digested vector backbone amdtingre mixed in a 1:1
ratio in appropriate buffer with 0.8 of ligase per 1@ reaction. Thiseaction was
left at room temperature for 5 minutes before placibgckonto ice and was read

for E.coli transformation.

3.1.7 DNA Sequencing

Generated plasmid atstructs were sent for Sanger sequencing using
appropriate forward and reverse primers (Source Bioscience). Data was analysed

using Snapgene Software (GSL Biotech).

32 pQ WIELAR ! YLEAFAOFGAZ2Y 2F O5b!

Oligoclonal hybridomas were separated irgiagle cell clones either by
limited dilution or single cell sorting into 96 well plates and colonies grown until
confluent (approximately 2 weeks)ith hybridoma cell supplement (Roche)
Supernatant was screened against ROR1 positive and negativeastbliansure
the presence of a specific afRiOR1 antibody anstreenedusing rat

immunoglobulin isotypindELISAits (eBioscience or BD Bioscience).

Clones were grown until confluence in 6 well or 10cm plates and then
pelleted into RNAlater (Life Techogies) before RNA was extracted using RNA
MiniPlus Kit (Qiagen). RNA was reverse transcribed to cDNA using Quantitect
Reverse Transcriptase (Qiagen). An aliquot of this cDNA was assessed with GAPDH
primers (forward GCCGAGCCACATCGCTCAGA and reverse
GAGGCATICTGATGATCTTG respectively), which were able to differentiate

genomic and cDNA to ensure quality of samples.

cDNA had a pol¢ tail added with Terminal Transferase (New England

Biolabs) and nested PCR reactions were performed based on the isotypirtg resul
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(Phusion: New England Biolabs or Platinum Taq High Fidelity: Life Technologies) to
identify the variable regions of the heavy and light chains, using primers specific for

light chain isotype and heavy chain isotype.

PCR products were run on a 1% TBEage poststained with Gelstar
(Lonza) which provided better resolution of low levels of DNA compared to
SybrSafe and Ethidium bromide. Bands of the correct size between 300 and 1000
base pairs were extracted and sent for direct sequencing or insertedliopoTA

or Topo Zersubcloning vectors (Life Technologies) for subsequent sequencing.

To allow us to directly sequence the PCR products, primers were designed
such that they bound further within the constant regions and allowed read through
of the seqeencing reactions without omission of the terminal variable region

thereby obviating the need for Topo subcloning.

t NAYSNE F2NJ pQw!
Description DNA Sequence 5'3'

PolyC_Anchor_Out ACGGTGCAAACCTTCCTCCAAA
PolyC_Anchor_InnACGGTGCAAACCTTCCTCCAA
Rat Lambda Outer GACAGACTCTTCTCCACAGTGT
Rat Kappa Outer |CTTGACACTGATGTCTCTGGGA
Rat Kappa Inner  |[CACGACTGAGGCACCTCCAGT"
RatIgH Outer ~ |CCCAGACTGCAGGACAGCTGG
Rat IgH Inner .GCTGGACAGGGCTCCAGAGTT!
RatIgM Outer ~ |GTTCTGGTAGTTCCAGGAGAAC
RatIgM Inner  |CAGGCAGCCCATGGCCACCAA,

Sequence data was compared to the IMGQWEST database of Rat germline
immunoglobulin sequences and consensus sequences obtained that were
productive and had an in frame signal seque(@mchet et al., 2008, Alamyar et

al., 2012)

Overlap extension primers were designed to amplify the heavy and light
chains whilst introducing a GGGGSGGGGSGGGGS linker sequence to generate ScFv
constructs. A secreted version of the ScFv was produced by cloning the ScFv

sequence in frame with murine@gRa constant region using Ncol and BamHI sites
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(or if needed the compatible Bglll or Bcll sites) and into the pCCL.PGK lentiviral
backbone which included an extracellular spacer, 41BB and &gy Sall and

BamHlI sites.

3.3 Bacterial Work
3.3.1 Bacterial transirmation

Plasmid amplification was undertaken@2987H chemically competent
DHm E. coliNew England Biolabdh isolated cases where enzymes were dam and
dcm methyltransferase dependent we utilised the C29251 ddom- competent E.

coli (New England Biolabs).

2m of Quickligase reaction or 100ng of plasmid fostransformation was
mixed with competent E.ati for 30 minuteson icebefore heatshockng at 42°Cfor
30 seconds. The reaction mixture was returned to ice for 5 minutes before addition
of 250m SOC media (New England Biolabs) agithtedat 37°“for 60 minutesat
220 revolutions peminute before plating onto agar plates with appropriate
antibiotic for screening The antibiotics we used werempicillin or Kanamycin
depending on the plasmifBigma). Plates were incubated aP8@vernight and
single colonies selected and grown in 4 ml of L-Bestani(LB)or Terrific broth(TB)

ovemight with approprate antibioticin a rotational shaker.

3.3.2 DNA Isolatiofrom E.Coli Cultures

The method of DNA isolation varied depending on the volume of starting
material. For screening purposes we undertook minipreps using Macinaigg|
miniprep kit with a starting iame of 1.5ml of medium. These were subjected to
restriction digest to assess the digest pattern to delineate the correct sequence. For
larger quantities of DNA we utilisédachereyNagel Midi kits (100m| media), Maxi
kits (300mimedia) or Qiagen gaprepKits (400ml radia). DNA was eluted into
ddH:0 and quantified as described above. DNA was store2i0&t until required

for use.
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3.4 Protein Work
3.4.1 Protein Electrophoresis

For protein separation wetilised the NuPage Novex systeBamples were
prepared in dinal volume of 6@1 with sample reducing reagent and LDS sample
buffer. The sample was then boiled at°9%or 5 minutes. 151 of each sample was
run on a premade 42% TrisBis gels at 200V, 500mA for 45 minutes on constant
voltage mode. A protein standadwas incorporated for size estimatioAl( Novex

reagent, Thermo Fishgr

3.4.2 Coomassie staining of protein gels

Following separation gels were stained overnight vitbomassid@lue
0.25% in a rotating agitator. The next ddg-stain was added to remowvexcess dye
and the protein gel photographed. For protein estimate we generated a standard
curve using Pierce Bovine Serum Albumin Standards (THeisher) Protein

concentrations were calculated using ImageJ softW&aehneider etl., 2012)

3.4.3 Western blotting

Postseparation protein was transferred froniris-Bis gels tgolyvinylidene
difluoride membrane by semilry transfer.Sandwich transfer was undertaken at
15V for 15 minutes in transfer buffer (Novex, Therfisher) Following transfer,
membranes were blded with PBS supplemented with 5% milk powder overnight
with circular rotation Staining was undertaken wim antiHis Horseradish
Peroxidase antibodgBiolegendht a concentration of 1:200fdr 1 hourwith gentle
rotation supplied by rotating plate shaker. The sample was then washed 3 times
with PBS supplemented with 0.1% tween for 15 minutes each fline.membrane
wasdeveloped by addition dPierce EChlusWestern Blotting Substrat@’hermo
Fisher) for 5 minute. Visualisation of protein bands was undertakenesyposure of
Xeray film (Fujifilm) to the membrane for 2600 seconds depending on signal
intensity.
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3.4.4 Antibody and fusion Fc protein production

For full length antibodies the light chain sequence was clones in frame with
the human kappa light chain constant region in a plasmigxqressing BFP and in
a separate plasmid, the heavy chain in frame with the human IgG1 heavy chain
constant region ceexpressing GFP (both from Martin Pule)-t€@msfection of

these into HER93T cells liberated antibodies into the supernatant.

For Fc fusion proteins, the ligand of interest (ROR1 or scFv usually) was
cloned in frame with the murine IgG2a Fc stalk inpk& SEnlgG2aFc plasmid
(Invivogen, from Martin Pule). As with the antibody, transient transfection of HEK
293T cells led to secretion of Fc fusion proteins into the supernatant which was

used for downstream processing.

3.4.5 BITE purification

3.4.5.1 Screening Pdication

When large numbers of BiTEs had®purifiedwe utilised gravity columns.
Supernatant containing BITE was diluted 1:1 in logdiuffer and passed through
HiTrap Talon 1myravity columns (General Electric), washed and eluted with 3ml of
elution buffercontaining a final concentration of 150mivhidazole Purity and
concentration was assessed against a Bf8Adard in &Coomassigel.Binding
buffer: 50 mM sodium phosphat800 mM NacCl1l, pH 7.¥ash buffer: 50 mM
sodium phosphate, 300 mM NaCl1, 5 mM imidazole, pHEIWion buffer:;50 mM
sodium phosphate, 300 mM NaCl1, 150 mM imidazple 7.4

3.4.5.2 Large Scale Purification

Media containing BITE was diluted 1:1 with loadingfdér and subjected to
fast Protein Liquid Chromatography (FPLC) ukmigor 5SmiIHiTrapTalon binding
columns with an AKTA Explorer (GE Healthtde=Sciences}-ollowing loading,

washing was undertaken with at least 10 column volumes of wash buftémmel
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was undertaken with a three step process using differential imidazole
concentrations and fractionated. Fractions were run cda@massi¢o ascertain
BIiTE containing aliquots and pooled and subjected to dialysis ir/Sligizer
cassettes (Thermbiser) with a molecular cut off of 10 kDa in 5 litres of PBS
overnight. Purified, dialysed BIiTE was then quantified @oAmassigel and 1%

BSA added to act as a stabilised limit aggregation

3.4.6 Size Exclusion Chromatography

Purified ROR1 BIiTE was subjected to Size exclusion chromatography,
undertaken with a Shimadzu Nexera XR HPLC machine and Waters size exclusion
chromatography column at Bi@nalysis Centre London, who provided graphical

and analytical data with regards tbé runs.

3.4.7 BiacoreSPR

Surfaceplasmonresonancewas undertaken on a Biacore X100 machine
(General Electric). CM5 chips wéabelled with mouse capture antibody using the
mouse antibody capture kit. Supernatants containing scFvs of interest (with a
murine Fc stalk) were then captured on the amiiirine antibodies on the chip. SPR
readings were undertaken with dilutions of full length ROR1 conjugated to His (Acro

Biosystems). Data was analysed with X100 sa#vio generate kinetics data.

3.4.8 Peptidelibrary ELISA

An ROR1 peptide librafgr the extracellular domain of ROR1 was generated
by Mimotopes. Peptide fragments weoemposed ofin N-terminal biotin, a linker
sequence and then 11 amino acidsRIDR1, followe by a Germinalamide group.
Each 1Jamino acid peptide had 8 amino acids that overlapped the previous peptide
whilst introducing 3 new amino acid to its sequenicgophilised eROR1 peptides
were solubilised in 50% Acetonitrile using a water bath sonicator. Peptides were

then diluted in 0.1% Azide in PB®&een 20 (PB¥). Control peptides (Mimotopes)
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were treated and processed in the same way. Control antibodies pats/ided by

aAY2(i21LISasx gSNB RAa&az2t @SR Ay LIHzNAFASR g1
Briefly, 96well plates were coated with Neutwadin, blocked with 1% sodium

caseinate and washed thoroughly before incubation with the solubilised peptides.

After 1hour ofincubation, plates wer washed again and incubated overnig¥ith

clones SA1 and F. On the next day, platese washed and incubated for 1 hour

with an antthuman IgG antibody conjugated to horseradish peroxidase (HRP).

Plates were washed, drantibody signal detected with Tetramethylbenzidine

(TMB); the reaction was then stopped withS0. Samples were read in a plate

reader at a wavelength of 450nm.

3.4.9 Commercial Protein Production

Absolute antibody limited were used as a commercial manufaw
organisation for large scale antibodiTEand bispecific scHvc antibody

production.

3.5 Tissue Culture
3.5.1 Cell Lines & Culture

Cells lines were obtained from American Type Culture Collection (ATCC),
Deutsche Sammlung von Mikroorganismen edlkulturen (DSMZ), from within
institutional banks within the Cancer Institute or University of Verona. Cells were
grown in Roswell Park Memorial Institute (RPMI), Dulbecco's Modified Eagle
Medium (DMEM) or Iscove's Modified Dulbecco's Medium (IMDM) leupgnted
with GlutaMAX and.0% South American Origin Foetal Calf SefLimermoFisher)
RPMI had HEPES incorporated at a final concentration of 25toMntibiotics

were used for routine cell culture. Cells were incubated with 5% &@ 37.2€.
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Cell line Origin Media Nature

HEK293T ATCC IMDM Adherent
SKW6.4 ATCC RPMI Suspension
Jekol ATCC PRMI Suspension
Raji ATCC RMPI Suspension
Kasumi2 DSMZz RPMI Suspension
PCL12 DSMZz RPMI Suspension
697 DSMZz RPMI Suspension
MEC1 University Collegeondon  RPMI Suspension
PANC1 ATCC RPMI Adherent
MiaPaCa2 University of Verona RPMI Adherent
CFPAC ATCC RPMI Adherent
PSN1 University of Verona RPMI Adherent
SUIT2 University of Verona RPMI Adherent
MDAMB-231 University College London RPMI Adherent
MCF7 DSMZ RPMI Adherent
SKOV3 ATCC RPMI Adherent
HOC7 University College London RPMI Adherent
HEY University College London RPMI Adherent
SkHep1 University College London RPMI Adherent
HUH7 University College London RPMI Adherent
U251 UniversityCollege London RPMI Adherent
A72 University College London RPMI Adherent
T618A University College London RPMI Adherent
DU145 University College London RPMI Adherent
PC3 University College London RPMI Adherent
TABLE3.1 CELL LINES USED WNHHIS PROJECHEIR PROVENANCHEILTURE MEDIA AND

CHARACTERISTICS
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Suspension cell lines were split every 2 to 3 days depending on confluence
and diluted 1:10 to 1:20 with fresh media. For adherent ae#ldj we washed the
adherent layer once with PBS and then added Tryg& A for 5 minutes at 37
before adding fresh media with FCS to neutralise the trypsin. Adherent cells were

split 1:10 in new culture flasks twice a week.

3.5.2 Transient Transfection

Transent transfection was performed with HEK293T cellgssue culture
dishes or plates using Polyethylenimine (PEI) or Geree{Mierck) at the below
ratios depending on experimental requiremeni#EK293T cells were plates 24 to 48
hours prior to transfeton and assessed for optimal confluency. Transfection
reagent and serum free media were mixed well and left for 10 minutes before
addition of DNA, mixed again and left for 15 minutes before being pipetted onto
293T cells in a drop wise fashion. The migtwas agitated in the plate to ensure
optimal distribution and cells returned to the incubator fob3lays before cells or

supernatant was harvested.

Culture Vessel PEIl/GeneJuice Serum Free Media Total DNA

10cm Dish 30m 470m 12.5my
6 well 5m 95mi 2 gn
12 well 2.5m 47.5m 1 gn
24 well 1.251 23.751 0.5 gn

3.5.3 Stable BIiTE producer cell line

Retroviral vectors containing the BiTE sequence of interest along with a GFP
reporter gene were producedHEK293T cells lw levels of confluency were

infected in 6 well plates, followed by expansion. GFP positive cells were sorted to
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high levels of purity (>99%) and BIiTE collected from subsequent passages of stably

transduced cells.

3.5.4 Peripheral blood mononuclear ceiblation

Whole blood was obtained by venesection from consenting donors into
EDTA containing syringes (final concentration 5mM EDTA). Blood was diluted with
RPMI with no FCS in a 1:1 ratio and 25ml of this diluted blood was layered onto
10ml of FicolPaque PlugGeneral Electric Health Cane50ml centrifuge tubes.

Tubes were centrifuged at 750G for 40 minutes at room temperature with no
acceleration or deceleration. The buffy coat layer was removed using Pasteur
pipettes and PBMCs were washed twicghwvRPMI media with 10% FCS and

adjusted to the appropriate concentration.

3.5.5 Magnetic Cell Manipulation

For CAR T cell cultured we removed CD56+ cells comprising NK cells which
may lead to false positive nespecific killing in our coulture assays. Thiwas
undertaken with CD56 beads and magnetic catsrfollowing the depletion steps
For CLL cell isolation we used a pan CLL negative isolation kit and for isolation of T
cells specifically from PBMCs we utilised Pan T cell isolation kit, again a negative

selection kit All Miltenyi Bioteg.

3.5.6 Retronectin coating preparation tifsueculture plates

Non tissue culture treated 24 well plates were coated with retronectin
(Takara Bio) in preparation for T cell transduction with 500ul of PBS and 4ml of
retronectinper well. Plates were sealed with film and left &t for at least 16

hours or until required.
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3.6 Viral Vector Production
3.6.1 Retroviral vectors

We utilised the SFG retroviral vectsystem for use in cell lines which was
kindly provided by MartirPule. RD11$seudotyped transient retroviral
adzLISNY FGFyd ¢l a& ISYSNI SR @amplagiddLIt S G NI y
6DF3It 2f0% odmMHp>3T w5C LIXFAYAR ows5mmn Syg@d
plasmid), per 10cm plate as above. Supernatant was harvesté? laburs and

used fresh or snap frozen and stored-&@°c.

3.6.2 Lentiviral vectors

For lentiviral vectors we utilised &'3jeneration packaging system
deweloped by Didier Trono throughddigene. This included 3.8 of pRS\Rev
(contains rev), 4.06 gofpMDLg/pRRE (contains gag and pol), 2gléfpMDG.2
(containing VSVG envelope) and 3rg2f the transfer plasmid based on a pCCL
backbone. HEK293T cells were plated at 2x#lls/10cm plate and 48 hours later
the above plasmids were mixed with plain medind GeneJuice. Supernatant
containing vectors was harvested 48 hours later and used fresh after filtering

through 0.22mm filters or snap frozen.

3.6.3 PrimaryCell Transduction

T cells for in vitro and in vivo work were transduced withggneration
lentiviral vectorsPBMCs were rguspended at 2xB0ml and seeded at 1ml per 24
well plate and activated with CD3 and CD28 antibodies at 0.5mg/ml (Miltenyi
Biotec) or CD3/CD28 Beads (Invitrogen). The next day fresh media was added with
IL-2 to a final concenation of 1001U/ml and 6 hours later cells were harvested,
counted and resuspended at 0.6x20ml and 0.5ml was seeded into a 24 well plate
pre-coated withretronectin. 1.5ml of lentiviral supernatant was added to each well

with fresh 12 to a final concetnation of 1001U/ml and spun for 40 minutes at
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1000G. Two days later cells were harvestegsuspended at 0.5x20ml with
501U/ml of 12 and left to expand.

3.7 Flow Cytometry & Sorting

Flow cytometry was undertaken on Becton Dickinson (BD) machines
comptising BD Accuri, BD FacsVerse, BD LSR Fortessa or BD Symphony. Cell sorting
was undertaken by the UCL Cancer Institute Core Facility on a BD FACS Aria.

Cells of interest were washed with PBS, stained with directly conjugated
antibodies +/ viability dye ad incubated at #for 30 minutes. Cells were washed
again and resuspended in 500ml of PBS. Isotype controls andstaimed cell
populations were included to allow generation of appropriate gatebek®
necessary OneComp beads (eBioscience) were usadjist compensation

settings.Data was analysed on FlowJo Software.

For sorting we included Normocin, a broad spectrum antibiotic and antifungal
into the media at the time of the sort and for 288 hours post sort. Cells were
sorted into enriched RPMI nde containing 20% FCS and upon healthy recovery of

the sorted population the FCS percentage was reduced to 10%.

All antibodies were sourced from Biolegend.

3.7.1 Antigen Binding Capacity measurements

Qifikit beads were used to assess number of target antigens per cell using
GKS YIFydzZFlFI O0dzNBEBNRA AyadNuzOiAz2ya o512 !
interest were incubated with the same concentration of unconjugated murine anti
human ROR1 or CBAntibodies, washed twice with PBS dhdn stained with
anti-murine Faconjugated antibody linked to FITC or APC. Calibrated beads with
known numbers of binding sites were stained in the same way allowing the
construction of a standard curve with meandrescence intensity measurements

relating to absolute angiens per cell.
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3.8 Functional Assays
3.8.1 Chromium Release Assay

Target cells (1xB)were harvested and centrifuged. The cell pellet was
incubated with 3.7 Mega Becquerel88odium Chromate for onlgour, with
agitation every 15 minutes, before being washed 3 times with fresh media. 50,000
cells were plated per well in a 96 well plate. Effector cells, comprising CAR T cells,
were added at various ratios to a final volume of &D@er well. Plates wer spun
at 400G for 5 minutes before incubating at°7 for 4 hours. 10 of supernatant
was removed and Chromium release quantified by a Gamma Counter (Perkin
Elmer). Maximal lysis was calculated with supernatant with cells incubated with 1%
Triton-X.

Chromium release was calculated based on (Experimental Rejease

Background Release) / (Maximal Relea8ackground Release) x 100.

3.8.2 Flow Cytometry Based Cytotoxicity Assay

3.8.2.1 Target Cell Preparation

To facilitate a flow cytometry based cytotoxicity assayfound that pre
labelled target cells were optimum to allow accurate delineation of cell number. For
cell lines this was primarily achieved by transducing them to express GFP using a
retroviral vector with subsequent single cell dilution or flow baselll sorting. For
some cell lines and primary ICskamples we labelled cellsth Carboxyfluorescein

succinimidyl ester (CFSE; CellTrace CFSE Cell Proliferation Kit, Hisharjo

Cells of interest are suspended in 1mL of warm PBS + BSA 0.1%. The working
dilution of CFSE in 1mL of warm PBS + BSA 0.1% to give a final concentration of
1nM. Both solutions are mixed in a 1:1 ratio and incubated & &% 10 minutes.

The reaction is quenched by adding 5 volumes of cold RPMI and incubate 10 min on

Page |72



ice. Cells @ washed in media for and 1®uspendedo 0.25x106/ml and 100ml

added to each wkof a 96 well plate.

3.8.2.2 Effector Cell Preparation

For CAR T cell assays it is vital to normalise expression levels and
transduction efficiencies to allow comparaldssessment between constructs.
Transduction efficiency is assessed the day prior to set up and normalised to the
lowest population, through the addition of dnansduced cells. Cells are counted
and resuspendedypically at 0.5x189ml and 100ul added to&ch 96 well. This
gives an effector to target ratio of 2:1 but this can be adjusted depending on the

experimental conditions.

3.8.2.3 Assay Conditions

Each condition is undertaken in triplicate to allow statistical analysis to be
undertaken. Following mixturef@ffector and target cells, 96 well plates are spun
at 400G for 5 minutes and returned to the incubator overnight. The next dagi100

of supernatant is removed for cytokine ELISA.

A master mix of viability dye (Propidium lodide from Sigma and Fixable
Viability Dye, ebioscienceanti-CD3antibody(Clone SK1¥ added to each well. The
master mix also contains Flowcheck Microspheres (Beckman Coulter) to act as an
internal control and allow normalisation between indiual wells. After 30 minutes
at 4°C, the plate is washed and samples transferred to mieck FACS tubes and

analysed by flow cytometry. The stopping criteria are a 1000 beads per well.

3.8.3 CD107a Degranulation Assay

For CD107a Degranulation Assays we undertook the same process as above
with a2:1 effector to target ratio. At the same time as the assay was established we

added 10ml of an#CD107a antibody (Biolegewd BD Bioscience, Clone H3&Bd
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was incubated at 3. An hour later we added 2ml of Golgist(BD Biosciencep
protein transport inhibitor containing Momensin and left to incubate for 2 hours

before staining and assessment of CD107a expression on T cells.

3.8.4 MTS Based Cytotoxicity Assay

Coculture with adherent cells were also undertaken in 96 well plates,
containing 1x10target cells, 1x18T cells, and puiied BiTE at concentrations of
0.1 ng/migl mg/ml. The effector to target ratio was adjusted based on
transduction efficiency and no BiTE was added. Twémiy hours after the
addition of ROR1 BIiTE or CIBIBE, supernatant was collected for cytokine
evaluation. Tassess cytotoxicity, we washed the plate of effector cells and used
the CellTiter 96 AQueous One Solution Cell Proliferation Assay MTS assay
(Promega). This is@lorimetricassay in which theolour change of the media is

proportional to the activity and hence survival of cells.

3.8.5 Cytokine ELISA

Interferon-gand I2 cytokine levels were quantified using sandwich ELISA
(Biolegend) following manufacturers recommendations. For Cldultares we
utilised Legendplex Cytokine asgByolegendwhich is ebead based flow
cytometry ELISA assay

3.9 Immunohistochemistry

Allimmunohistochemistry was undertaken at the University of Verona by our
collaborators, Dr Claudio Sorio and Dr Marzia Vezzahea heavy and light chains
of our ROR1 scFv were clonedramme with the murine IgG1 constant and kappa
constant regions, resgztively, and antibody was produced by Absolute Antibody
Ltd. Normal pancreas and pancreatic tissue microarvesi® obtained from US

Biomax. Slides were prepared using the standard laboratory protocol$lyBrie
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antigenretrieval was undertaken by immeng slides in 0.01 M sodium citrate

buffer, pH 6.0 at 9% for 15 min before cooling and rinsing once with PBS, and then
blocked and stained witROR1 antibody (1:250) in PBS/Tween20, 0.05% BSA, 1%
NaN34 mM for 60 min at room temperature. Slides were intethavith the HRP
conjugated secondary, Hidtne Simple StaiMAX PO (Nichirei), and developed
using Stable DAB Plus (Diagnostic Biosystems).

3.10 Animal Studies

All animal works were performed under the authority of the United Kingdom
Home Ofice Project and Personal License regulations and were compliant with

University College London guidelines.

3.10.1 Solid TumouStudies

3.10.1.1Intraperitoneal Model

Six to eightweek-old female Hsd:Athymic Nueleoxnl mice (Charles Rivers
Laboratoriesyeceived 2x1OPANEIL cell transduced to express firefly luciferase or
5x10¢ SKOV3 cells transduced to express firefly lucifebgsatraperitoneal
injection. Luciferase expression was detected usinguziferin(Melford
Laboratories), which was injected intraperitodiggIP) at a dose of 20@ig/mouse.
Bioluminescencénaging (BLI) was undertaken using théS Imaging System 100
Series (Perkin ElImeaj multiple time points. Living Image 4.4 software (Perkin
Elmer) was used to quantitite BLI signall-Cells and BIiTE was injected ip at the

same time at ratios and concentrations described within the experiments.

3.10.1.2Subcutaneous Model

5x1Cof PANEI cells were mixed in an equal volume of Matrigel (Corning)

and were injected in théank of &8-week-old Hsd:Athynic NudeFoxn1. Once the
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xenograft were establishe@minimum size 100 m#), mice receive®x1®T cellsby
single tail vein injection, followed by a daily injectiorP&S, ROR1, or CD19 BIiTE
suspended in 0.1% BSA in P&fkg/mouse).Tumour volumavas calculated using

the ellipsoidal formula (length x widkji2.

3.10.2 Haematological Model

6-8 week oldNod-SCIOLZy / mice(Charles Rivers Laboratorieg}re used
for in vivo experiments with haematological cell linebx1® SKW6.4r Jekd cells
were injectedinto micevia tail veinon Day 0 before being allowed to engraft
uniformly. Mice were subsequently randomised and followed byuBtill uniform
signals detected. Mice weiigjected wth a single cell infusionand BITE
(10my/kg)/PBSas per the experimental procede and followed up by BLI

expression and survival.

3.10.3 Intravenous injection of mice

Animals were briefly heated in a warming box t63® encourage
peripheral vasodilatation. Tail vein cannulation was performed usingga@ge
needle, followed by intravenous injection of tumour cells (20@lume). Tumour

samples or Tells were suspended at appropriate concentration in PBS.

3.10.4 Monitoring and euthanasia of experimental animals

Mice were monitored daily for evidence of poor health including poor
grooming, hunched posture, piloerection, etc. Animals were culled if found not to
be in satisfactory condition, if hind leg paralysis developed, or aspeeified
experimentaltime poirts. Termination was by inhalation of escalating

concentration of carbon dioxide, with confirmation of death by cervical dislocation.
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3.11 Statistical Analysis

Graphs, standard curves and statistianhlysis was undertaken using Prism
Software v7.03 (Graphpadirror bars represent standard deviation where
depicted.When two groups of variables were being analysed we used the non
paired ttest, when multiple groups were analysed with used either a may or
two way ANOVA with Bonferropbst-test correctiondepending on the number of
variables. 4 value 9.05 was taken as significantan&k NS A Y RA OF G SRY F
FFLXKnN®nmZ FFF LIKndnnmz FFFF LPKN®nnnamo
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4 Results

4.1 Generation of novel anROR1 scBv

4.1.1 Introduction

EmilvonBehring and Shibasaburo Kitasatere amongstthe first to
describethe role of passive immunity when they demonstrated serum from
diphtheria or tetanus treated animals protected nat@ntrols(Kaufmann, 2017)
In addition,the side chain hypdtesis proposed by Paul Ehrling stipulatedls had
distinct receptors on the surfagcahich in reaction wittspecific targes, were
amplified and released into the bloo@hesestudieslaid the foundations tahe

identification and characterisatioof antibodies(Winau et al., 2004)

Antibodieswere produced for a number of years marange of host
organismsput mainlysmall rodents and rabbitsut their polyclonal nature liméd
their potential.In 1975lymphocytes from immunised animals wdtesed with a
myeloma cell linegenerating a population ofrimortal monoclonal antibody
secreting cellsThis ability to generatand subsequently purify a single defined
antibody speciegevolutionisedboth science andlinicaltherapeutics(Kohler and
Milstein, 1975)

The basic building block of bo®BART cellsand BiTEis the antigen
recognitiondomain,which is typicallcomposed of an antibody derived sdbiut

can use naturally occurring ligan(fhaffer et al., 2011)

Existing antibodies againsOR1 have éen generated through murine and
rabbit immunisation programmeas discussed in section 1\Bk therefore
undertook arat immunisation programmeto increase the likelibod of targeting

novel epitopes andbroadenthe potential antibodyrepertoire.
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4.1.2 Rat Immunisation

Aldevron GmBH undertooknammunisation programme in 3 Wistar rats
usingtheir proprietary technologyThisinvolved initial immunisationvith a plasmid
encoding full length extracellular RORdllowed by 2 rounds of repeated DNA
immunisation using gene guachnology Genetic immunisatiomvolvesdelivery of
DNAcoatedon gold micro particledirectly into tissue where it is processed into
protein, taken up by antigen presenting celtsimarily dendritic celland
presented via NHC leading to potent cell mediated and humoral immun{ivolff
et al., 1990, Tang &l., 1992, Gurunathan et al., 2000)

Rat1 Rat 2 Rat3
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Pre-Immunisation Post-Immunisation
FAGUrRH.1 SEROCONVERSION ASSEDST IN IMMUNISED RA

The MEC1 cell line is derived fromGLL patient undergoing@ymphocytic transformation butloes
not constitutively express RORdata not shown) MEC1GFP cells lines were transduced to express
GFP (MEGGFP) or full lengtbxtracellularRORZTused to GFP (MEEROR1). Cellsese incubated
with pre and posimmunisation serum from vaccinatadtsfollowed by incubation with an antRat

Fc directed secondary antibody.

Baseline and posmmunisation serum from the three animals was assessed
for polyclonal antROR1 antibodiesvith rat1 and 3 demonstrating production of
RORispecific antibodies (Figure 4.1). Aldevron GmBH sulesgfyuisolated lymph
nodes fromthese animal&nd resulting lymphocytes were fused with a myeloma

cell line resuiing in 38 oligoclonal hybridoma clones
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Thesewere transferred to Universit€ollege London and expanded
culture. Resultinggupernatantwasscreenedor antibodies with the ability to
differentially bind to a ROR1 positive and negative cell dfehe 38 clones tested,
antibodies against RORere detected in 36, witlonly clones N and Beta showing

no binding(Figure 4.2).

1:1 SupT1-NT
SupT1-NT SupT1-ROR1 & SupT1-ROR1
G| [
aROR1
A B C D E F G H
_ -(/ _ ,ﬁr 35'5} _\f # 4 _ 'y
| J K L M N (0] P
4 ‘f *'/ rd r-“"‘ 4l P
Q R S T U Vv W X
o rd el & v i F rd
L = = = ~ =] = = =
G]
Y z Alpha Beta Gamma Delta Zeta Pi
v & % # v | o
Sigma  Omega Psi Mu Kappa Lambda
- = J/ r
aROR1
FRGURH.2 SCREENING OLIGOCLOKRADNES

Nontransduced SupT1 cells (SupNI: GFP negige and ROR1 negative) aBdpT1 cells
transduced to express ROR1 and GFP (SR®R1) were mixed in a 1:1 ratio and the two
populations differentiated basd on GFP expression.

Supernatant from oligoclonal hybridomas was incubated with the mixture pT SNT and SupF1
ROR1 cells, followed by incubation with an drdit Fc directed secondar.positive shift in the GFP
positive pgulation representing the SupTIRORL1 cellgombined with a lack of a shift the GFP
negative populationdemonstrated the presence of a specific aRtDR1 antibodies.
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4.1.3 Derivation of Rat arlRORBntibody sequences

4.1.3.1 Monoclonal hybridoma screening

The 36oligoclonalhybridomas containingspecific aniROR1 antibodies
were single cell sortedo yield monoclongbopulations. This was essential given
that the parental clonesnayhave includednultiple cloneswith differing specificity
andtherefore AAsequenceThe resulting monoclon&lybridomasupernatans
werere-screened with ROR1 positive and negative cell lines to determine whether

they contained an antibody of interest (Figure 4.3).

Of the multiple single cell clones produced, o2Rof the 36 oligoclonal
populations yielded productive monoclonabpulations with ROR1 antibodies. The
root cause for failure in the remaining 9 clones is unclear as they were subjected to
the same methods and processes as the clones which were successfullesihgle

cloned.

Subclone 1 Subclone 2 Subclone 3 Subclone 4

GFP

«ROR1

HGURH.3 SCREENING SINGLE GHLONES FOR PRESEOEENTHRORIANTIBODIES

Representative figure: Supernatant from single cell sorted monoclonal cell populations was assessed

for the presence of antROR1 antibodies. Two of 4 subclones (1&2) demonstrated presence-of anti

RORL1 antibody producingcdllsy R ¢ SNB (I 1 Sy T.AonbihdMdRcloded weieK S p Qw! / 9
discarded from further analysis.

4132 pQ WIYHXR FAOFIGA2Y 2F O5b! 9yRa 6pQw! /|

To elucidate the DNSequenceve S Y LI 2 & S Rasgeglotetlii Fgure
4.4. This required identification of the liglthain (kappa or lambda) and heavy
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chainsubclass of the parental antibody, which waslertakenusing arat isotyping
ELISA kit. Thenabled us to select appropriate primeasamplify the variable
region of the antibodiesising primers targeting sequences within the constant
region of the light or heavy chaiifhe majority were kappa restricted @most

frequently utilised the IgG2a and IgG2b heavy chain subclass.

t/ w LINPRdzOG& 3ISYSNIGSR 06& GKS pQw! /9 |
vectors and subjected to Sanger sequencing. This was undertaken independently
for the light chain and heavy chain faa@h clone with multiple light chain and
heavy chain sequences analysed per clone to identifyrsensus sequence. These
were compared and assessed witithe immunogenetic information system-V
Quest (IMGT/MQuest) database of rat germline sequences totdg productive

antibody sequences (Figure 4(Byochet et al., Q08)

5 mRNA
waran

1 Reverse Transcription

cDNA

1 Poly-C

CCCCCC

1 Anchor primer and light chain/heavy chain primer

CCCCCC mmmmmms

—
1 15t PCR
— e S
P —
l 2nd pCR
Subcloning Direct
vector Sequencing
FHGURH.4 SCHEMATICOF Qw ! / 9

Following mRNA isolation, a higtdlity reverse transcriptase issed to generate a cDNA product.

Thisis subjecttoapely NBI OlGA2y |G GKS 0Q SYyR dzaAy3d GSN¥YAYL €
tail the backbone for an anchor primer ending in GGG. The other primer is specific for the light chain
constant domain or IgG subclass constdoinainas identified by isotypingA nested PCR reaction is

then undertaken to amplify the region of interest befdseing sent forsequencing either directly or
viaToposubcloning vecta:
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We initially transferred the amplified DNA into Topo subcloning vectors for
expansion and sequeimg but given the number of clones we were working with,
this was a time and source intensivePCRproductsbased on the initial primers
could not be sent for direct sequencing as the resulfragmentswere too short
and would notinclude the entire lagth of the variable regions. To imgve
throughputwe designed novel light and heavy chain spegifimers, whichbound
further downstreamwithin the constant domain to allow for nesubclass specific
primer usageThesenew primers were ake to amplify cONAs well as theriginal
primersand whenthe corresponding DNA was sdot sequencingit yielded the

full variable domain of the antibody.

Sequence number 1: J_Kappa

1 "n" nucleotides have been deleted atthe 5 end
from the input sequence

Sequence compared with the (a0 sai from the IMGT rafarancs diraciorny

>J_Kappa

tttnttttttttttttttttccccccccccengggeeeeeseeeeeeeeeeeeegageat
cctctettccageactcagagatggagacagacagactcctgetatgggeactgetgetce
tgeggttccaggctecactggtgacattgtcttgacccagtctectgetttggetgtgtct
gttgegccagagggccacaatctectgtagggccagecaaagtgtcagtatatctagatat
gattttatgcactggtaccaacagaaacccggacagcaacccaaactcctcatctategt
geatccaacctageatctgggatccctgecaggttcagtggcagtgggtctgggacagac
ttcaccctcaccatcaatcctgtgeaggetgatgatattgeaacctattactgtcageag
aatagggagtctccteggacgttcggnggaggcaccaagetggaattgaaacgggetgat

getgeaccaactgta
Result summary: Productive IGK rearranged sequence (no stop codon and in-frame junction)
V-GENE and allele Ratnor IGKV3S19'01 F score = 1372 | identity =97 57% (281/288 nt)
J-GENE and allele Rator IGKJ1"01 F score = 175 identity =07 ,22% (35/36 nt)
FR-IMGT lengths, CDR-IMGT lengths and AA JUNCTION | [25.17.36.10) [103.9) CQQONRESPRTF
HGURH.5 REPRESENTATIMIGTV-QUEST OUTPU

In this examplehe sequence for light chaincloded Sy SN 6 SR G KNRdzZK GKS pQw! /-
the V-Quest database, revealing a productive IgG kappa rearranged sequence with corresponding

homology to a germline rat V geifleighlightedin orangg. This was undertaken follasequencing

results obtained.
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4.1.3.3 Antibody and scFv production and testing

To assess whether the sequences identified led to productiveR@R1
antibodies, the variable regions of the rat light and heavy chains were cloned in
frame with ahuman kappa constant and human lg@ihstantantibody production
plasmids respectively{Cotransfectionof both plasmidsnto HER93T cells resulted
in antibodyproductionthat was secreted into theupernatant Supernatant was

tested against ROR1 positive and negative cells lines as previously described.

Clone Name of Binds as Binds as Clones with Identical IMGT productive sequence Unsucessful
Productive Sequences Antibody scFv Antibody Sequences but no ROR1 Binding 5'RACE
Lambda (1) Yes No G(2) X(3) M (4)
Omega (1) Yes Yes K (2) T(1)
Z(1) Yes No L(2) Zeta (2)
1(8) Yes No Psi (1) Y (3)
F(1) Yes Yes u(2)
B(1) Yes Yes Kappa (1)
A(5) Yes Yes E (1), P (2), Delta (3)
1(3) Yes Yes
0(2) Yes Yes
Pi (1) Yes Yes
Mu (2) Yes Yes
Vi{2) Yes Yes
R(3) Yes Yes
TABLE.1 SUMMARY OF THE Q W IT@ IBENTIFY NOVELTHRORIANTIBODIES

The identityof the solved clones are shown in the first column, along with their ability to bind as
antibody or scFv. Clones with identical amino acid composition ahdigiiged, as well as those

which IMGT revealed to have productive sequences but failed to bind to ROR1. The final column
identifies clones which were single cell sorted and were shown to havdr@Tfi1 antibodies but in
whiOK G KS pQw! /led (niiNé ¢ SuBcttaeB solFell peligoclonal clone)

h@dSNI mpn aAay3atsS OStft KeoNRAR2Yl Of 2y

61 generated PCR bands that we were able to send for sequeitigese 13/27
(48%) ofoligoclonal clones were found to hauaique anttROR1 antibodies based
on composition of the complementary determining regid@PRPf the variable
domains, with4 clones havinglenticalsequences to others. A furthércloneshad

productive sequences as identified by IM®it the resultirg antibodies did not

S

a

RSY2yaidNFGS 6AYRAYI (2 whwm FyYyR n Of2ySsa
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despite being single cell sorteahd having sufficient levels of cDlPable 4.1 and
4.2).

Analysis of the AA sequences showed some to lamgnly a few amio
acids, such as Clone Z and J. To erfseéty of the procesE (G KS pQw! / 9 41 &
repeatedto ensurethere wasno error inthe sequencingeadsor in the PCR
reactionand this confirmediniquesequence identityAs alteration of one amino
acid can have draatic consequences amtibody binding characteristic)ey

were included for furthedownstreamanalysis.

We next generated scFv constructs using overlappusgopnPCR. The
sequences were cloned in a heavy chalmker ¢ light chain format, utilisinghe
GGGGSGGGSGGGHSf as linkerbetween heavy and light chaiithis was
cloned in frame with a signal peptide andirine IgGconstant domain allowng for

a secreted scFv protein that allowed us to assess binding.

10 of the 13 antibodies bound in scfevmat, as assessed by flow
cytometry. Modification of the scFv format from healyker-light to lightlinker-
heavy did notestore bindingdata not shown}uggesting conversion from
antibody to scFv formatbrogated the ability to bind RORQther straegies to try
and overcome this limitatiomcludesubstitutionof the linkerfrom (GGGGsto an
alternative suchthe Whitlow linker which is utilised in the 4A5 scFv format

(Whitlow et al., 1993, Deniger et al., 2015)
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TABLE4.2

The final consensus amino acid sequences of the heavy and light chains of the 13 neR€@Rhtantibodies aprovided and we have also included the sequences for the

Heavy Chain FR1 CDR1 FR2 CDR2 FR3 CDR3 FR4
Lambda [JEVQLQESGPGLVKPAQSLSLTCBNMSITNMYR WNWIRKFPGNKLEWMGKTAGST DYSPSLRGRVSITGDTSKNQFFLHLTSVTTED HAMYRPFDF WGQGVMVTVS
Omega JEVQVVESGGGLVQPGRSLKLSCBPEFNNYW MTWIRQAPGKAPEWVASSNTGGST FYPDSVRGRFSISRDNTKGTLYLHMTSLRSECTRNMDES WGQGTSVTVSY

z GKLVESGGGLLKPGGSLKLSCVASFTFDKYW MHWVRQAPGKGLEWIAEEYDGTET NYAPSIKDRFTISRDNAKNTLYLQMSNVRSEDARERRETTDYYYGFMIGQGTLVTVSS
J DVKLVESGGGLLKPGGSLKLSC\@ESFSKYW MHWVRQAPGQGLEWIAEYDGTET NYAPSIKDRFTISRDNAKNTLYLQMSNVRFEDAREEMETTDYYYGFAGQGTLVTVSS
F EVQLVESGGGLVQPGRSLKLSCSRFSEHN  MAWVRQAPKKGLEWVABDDGRNT YYRDSMRGRFTISRENARSTLYLQLDSLRSECASHRYALFDS  WGQGVMVTVS
B DVQLEESGGGLVRPGRSLKLSCAMSFSNRG MAWVRQAPTKGLEWVATBYDGRII YYRDSVKGRFSISRENAKSTLYLQMDSLRSEDARAPYEADWYFDF WGPGTMVTVSS
A QVQLQQSGTELVKPASSVRISCKASLTTNY  MHWIRQQPGNGLEWIGWPGNGNT KFNHKFDGRTTLTADKSSSIVYMQLSSLTSED$RETFDY WGQGVMXTVS
I EVQLVESGGGSVQPGRSLKLSCBRSFSDYN  MAWVRQAPKKGPEWVATYDVHNA YYRDSVKGRFTISRDDAKSTLYLQMDSLRSEDARPGEAY WGQGTLVTVSS
o) QVRLLQSGAALVKPGASVKMSCEXEFTDYW MSWVKQSHGKSLEWIGEYPNSGAT NFNEKFKDKATLTVDRSTSTAYMELSRLTSEDSRNENNYLSWFAWGQGTLVTVSS
Pi EVQLVESGGGLVQPGRSLTLSCSRIFRDYN MAWVRQAPRKGLEWVASFDDYNT YYRDSVKGRFTISRDDAKSTLYLQMDSLRSEDARPGIY WGQGTLVTVSS
Mu QVQLQQSGAELVKPGSSVRISCIKASITSYD  MHWIKQQPGNGLEGIGWHPGNGKI KYNQKFNGKATLTVDKSSSTAYMQLSSLTSERDSREVAD/FPWFAY WGQGTLVTVSS
v EVQLVESGGGLVQPGRSLKLSCEASFSNYG  MHWIRQAPTKGLEWVASSPTGGNT YYRDSVKGRFTISRDNTKSTLYLQMDSLRSEDAADDYEYSGPFAY WGQGTLVTVSS
R QIQLVQSGPELKKPGESVKISCKSSTFTNYG  MYWVKQAPGQGLQYMGMTETGKP TYADDFKGRFVFFLETSASTAYLQINNLKNEDMREXFGHIGLFHWFAWGQGTLVTVSS
R12 EQLVESGGRLVTPGGSLTLSCKAGFDFSAYY MSWVRQAPGKGLEWIATYPSSGKT YYATWVNGRFTISSDNAQNTVDLQMNSLTAA ARDSYADDGALFNIWGPGTLVTISS
4A5 EVKLVESGGGLVKPGGSLKLSC/ARIFSSYA MSWVRQIPEKRLEWVASSRGGTT YYPDSVKGRFTISRDNVRNILYLQMSSLRSED GRWDHDGYYAMDY WGQGTSVTVSS

Light Chain FR1 CDR1 FR2 CDR2 FR3 CDR3 FR4
Lambda [DVVMTQTPVSLPVSLGGQVSISARBEHSNGDTHWYLQKPGQSPRLLIY RVS NRFSGVPDRFSGSGSGTDFTLKISRIEPEDLGDYSTHFPNT FGAGTKLELK
Omega |DIQLTQSPSTLSASLGERVTISCRASISNS LNWYQQKPDGTVKRLIYSTS TLESGVPSRFSGSGSGTDFSLSISSLESEDFAMYFATYPQVT FGSGTKLEIK

z DIVLTQSPALAVSVGQRATISCRASVSISRYNFMHWYQQKPGQQPKLLIRAS NLASGIPARFSGSGSGTDFTLTINPVQADDIA TS RESPRT FGGGTKLELK
J DIVLTQSPALAVSVGQRATISCRASVSISRYDFMHWYQQKPGQQPKLLIRAS NLASGIPARFSGSGSGTDFTLTINPVQADDIAT@RBIRESPRT FGGGTKLELK
F DIQMTQSPSFLSASVGDRVTINCRNEDRY LNWYQQKLGEAPKRLLYNTN KLQTGIPSRFSGSGSATDFTLTISSLQPEDFATYGENSLPLT FGSGTKLEIK
B DIRMTQSPASLSASLGETVTIECIEBIYSD LAWFQQKPGKSPQLLIYDAN SLQNGVPSRFGGCGSGTQYSLQISSLQSEDVAEHNYPPT FGGGTKLVLK
A DIQMTQSPSSMSASLGDRVTFTGIISNN LIWFQQKPGKSPRPLMYFAT SLANGVPSRFSGSRSGSDYSLTISSLESEDLADYMREYPLT FGSGTKLDLK
I DIQLTQSPSSMSASLGDRVSLTCQSEKY LSWYQHKPGKPPKAMIYYAT KLADGVPSRFSGSRSGSDFSLTISSLESEDIAIY®EDDYPWT FGGGTKLELK
o) DIVLTQSPALAVSLEQRVTIACK TSNVDNHGISWHWYQQKSGQEPKLLIYEGS NLAVGIPARFSGSGSGTDFTLTIDPVEADDIETQQSKDDPRT FGGGTKLELK
Pi DIQLTQSPSSLSASLGDRVSLTCQ&SGKY LSWFQHKPGKPPKPVINYAT NLADGVPSRFSGRRSGSDFSLTISSLESEDTALQRDDFRWT VGGGTKLELK
Mu QFTLTQPKSVSGSLRSTITIPCERSGDIGDNY VSWYQQHLGRPPINVIYADD QRPSEVSDRFSGSIDSSSNSASLTITNLQMDDESBYSSIFDIPY ~ FGGGTKLTVL
v DIKMTQSPSFLSASVGDRVTINCRNSTRF LNWYQQELGEAPTLLIY NTN NLQTGIPSRFSGSGSGTDFTLTISSLQPEDVATYXHIGSRPRT FGGGTKLELK
R QFTLTQPKSVSGSLRSTITIPCERSGDIGDSY VSWYQQHLGRPPINVIYADD QRPSEVSDRFSGSIDSSSNSASLTITNLQMDDESYBREIVDFNTV FGGGTKVTVL
R12 ELVLTQSPSVSAALGSPAKITCTISAHKTDT  IDWYQQLQGEAPRYLMQVQSDGSY TKRPGVPDRFSGSSSGADRYLIIPSVQADDEAGXBEIGGYV FGGGTQLTVT
4A5 DIKMTQSPSSMYASLGERVTITCREENSY LSWFQQKPGKSPKTLIYRAN RLVDGVPSRFSGGGSGQDYSLTINSLEYEDMEGYYDEFPYT FGGGTKLEMK

AMINO ACID SEQUENCEXBNOVEL ANFRORIANTIBODIES

R12 and 4A5 antibodie€omplementary determining regions (CDR) and framework regidt)sviere idetified as perlMGT.

Page |86



4.1.4 Domain binding characterisation

To characterisavhich ofthe three extracellular domains of RORdecific
scFvs boundye generated a panel dupT1 baseded lines expressing truncated
forms of ROR1 (Figure 4.6creening our scFvs against this panel demonstrated 8
bound solely to the membrandistal immunoglobulin domain, whilsione F was
unique inits binding to the fizzled domainClone V bound only when both
immunoglobulin and frizzledomains were presensuggesting the conformation of
the mature protein generated the target epitop@/e also assessed the binding
profile of the previously described R12 and 4A5 scFvs generated by other groups

demonstraingthey both bound the immunoglobulidomain.

We further screened the original oligoclonal hybridoma supernatants
against this panel of cell line€f the 36 clones with ariROR1 antibodies, only 2
bound the Frizzled domain (Clones F and U), one bound the Immunoglobulin
Frizzled domain (Clone V), whilst tleenaining 33 were all directed against the

Immunoglobulin domain.

To better understand this bias we undertook a mpitotein alignment of
human, murine, rabbit and rat ROR4ing deposited sequenceds, assess for
differential amino acid usage in the eatellular domains. The region with the
highest sequence variation occurred within the immunoglobulin domain, thus
providing an explanation of the preferential targeting of this domain. Within the
frizzled domain there were two amino acid substitutionsveeén human and rat

RORZand only one in the Kringle domain (Figure 4.7).

Page |87



Immunoglobulin
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Binding i
FHGURH.6 ScFv DOMAIN MAPPING

The extracellular domains of ROR1 are shown in the schematic (Ig = ImmunoglobukinizEled, Kr

= Kringle). Supernatant containing scFvs fused the murine IgG2a constant domain was incubated
with SUpTINT (ROR1 negative) or a panel of SupT1 cell lines transduced to express various
truncated extracellular domains. Binding was assessedamnitantimurine Fc conjugated secondary
antibody. In addition to the 10 scFv clones we identifigd also included the R12 and 4A5 scFvs
reported by other groupswith the exception of clone F, which binds the frizzled domain and clone
V, which binds onlthe IgFz protein, all other clones bound the immunoglobulin domain.
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HUMAN 1 MHRPRRRGTRPPLLALLAALLLAARGAAAQETELSVSAELVPTSSWNISSELNKDSYLTL
MURINE 1 MHRPRRRGTRPPPLALLAALLLAARGADAQETELSVSAELVPTSSWNTSSEIDKGSYLTL
RABBIT R e s L MFNNALVFLLSETELSVTAELVPTSSWNISSELDKDSYLTL

RAT : lIHRPRRRGTRPPPLALLAALLLAARGAAAQETELSVSAE LVPTSSWNTSSEIDKDSYLTL

ttxxxt kXXX EEEREX x:t x xtttx

HUMAN 61 DEPMNNITTSLGQTAELHCKVSGNPPPTIRWFKNDAPVVQEPRRLSFRSTIYGSRLRIRN
MURINE 61 DEPMNNITTSLGQTAELHCKVSGNPPPSIRWFKNDAPVVQEPRRISFRATNYGSRLRIRN
RABBIT 42 DEPMNNITTSLGQTAELHCKVSGNPPPTIRWFKNDAPVVQEPRRLSFRATNYGSRLRIRN

RAT 61 DEPMNNITTSLGQTAELHCKVSGNPPPNIRWFKNDAPVVQEPRRISFRATNYGSRLRIRN

REXEXEEEXEXEEXEEEXEXEXELEEXXXXRELEEXEE XXX XEXEXXEEELEXEXXERE . XXX . X EXXXXEEXEXX
. H .

HUMAN 121 LDTTDTGYFQCVATNGKEVVSSTGVLFVKFGPPPTASPGYSDEYEEDGFCQPYRGIACAR
MURINE 121 LDTTDTGYFQCVATNGKKVVSTTGVLFVKFGPPPTASPGSSDEYEEDGFCQPYRGIACAR
RABBIT 102 LDTTDTGYFQCVATNGKKVVSTTGVLFVKFGPPPTASPGSSDEYEEDGFCQPYRGIACAR

RAT 121 LDTTDTGYFQCVATSGKKVVSTTGVLFVKFGPPPTASPGSSDEYEEDGFCQPYRGIACAR

EAEEEXXXEEEEXEE XX XXX AXEKXXXXEXXKXXXEERE XX XXX XXXXXXXXXXXERESR

HUMAN 131 FIGNRTVYMESLHMQGEIENQITAAFTMIGTSSHLSDKCSQFAIPSLCHYAFPYCDETSS
MURINE 181 FIGNRTVYMESLHMQGEIENQITAAFTMIGTSSHLSDKCSQFAIPSLCHYAFPYCDETSS
RABBIT 162 FIGNRTVYMESLHMQGEIENQITAAFTMIGTSSHLSDKCSQFAIPSLCHYAFPYCDETSA

RAT 181 FIGNRTVYMESLHMQGEIENQITAAFTMIGTSSHLSDKCSQFAIPSLCHYAFPYCDETSS

EEEEXEEEX XX XX E XXX XA XXX XX EZIXXIXA AR XXAXXLEXXXREEXXXIIER R XXX ERE ,
H

HUMAN 241 VPKPRDLCRDECEILENVLCQTEYIFARSNPMILMRLKLPNCEDLPQPESPEAANCIRIG
MURINE 241 VPKPRDLCRDECEVLENVLCQTEYIFARSNPMILMRLKLPNCEDLPQPESPEAANCIRIG
RABBIT 222 VPKPRDLCRDECEILENVLCQTEYIFARSNPMILMRLKLPNCEDLPQPESPEAASCIRIG

RAT 241 VPKPRDLCRDECEVLENVLCHTEYIFARSNPMILMRLKLPNCEDLPQPESPEAANCIRIG

HEEEEEXEXEEKEE XXX EXXX XXX EXXXAXXLEXXX A XX EXXXEELXXXX AR XX KEX
. . .

HUMAN 301 IPMADPINKNHKCYNSTGVDYRGTVSVTKSGRQCQPWNSQYPHTHTFTALRFPELNGGHS
MURINE 3@1 IPMADPINKNHKCYNSTGVDYRGTVSVTKSGRQCQPWNSQYPHTHSFTALRFPELNGGHS
RABBIT 282 IPMADPINKNHKCYNSTGVDYRGTVSVTKSGRQCQPWNSQYPHTHTFTALRFPELNGGHS

RAT 3@1 IPMADPINKNHKCYNSTGVDYRGTVSVTKSGRQCQPWNSQYPHTHSFTALRFPELNGGHS

EEFEEXXXAXXX XXX A X EXXXXEXEXXEX XX REXEEE R A REEXXEER XXX XX EXXXXERER
.

HUMAN 361 YCRNPGNQKEAPWCFTLDENFKSDLCDIPACDSKDSKEKNKMEILYILVPSVAIPLAIAL
MURINE 361 YCRNPGNQKEAPWCFTLDENFKSDLCDIPACDSKDSKEKNKMEILYILVPSVAIPLAIAF
RABBIT 342 YCRNPGNQKEAPWCFTLDENFKSDLCDIPACDSKDSKEKNKMEILYILVPSVTIPLAIAL

RAT 361 YCRNPGNQKEAPWCFTLDENFKSDLCDIPACDSKDSKEKNKMEILYILVPSVAIPLAIAF

XEXEEEXEXEEEEEXEXX XL EXXXEX LR EXXXEE XL EXXXEEEEXEXELEEXXXEERLER . XXX KK,
H H

HUMAN 421 LFFFICVCRNNQKSSSAPVQRQPKHVRGQNVEMSMLNAYKPKSKAKELPLSAVRFMEELG
MURINE 421 LFFFICVCRNNQKSSSPPVQRQPKPVRGQNVEMSMLNAYKPKSKAKELPLSAVRFMEELG
RABBIT 402 LFFFICVCRNNQKSSSPPVQRQPKHVRGQNVEMSMLNAYKPKSKAKELPLSAVRFMEELG

RAT 421 LFFFICVCRNNQKSPSPPVQRQPKPVRGQNVEMSMLNAYKPKSKAKELPLSAVRFMEELG

REXEEEEXERXEEERE ¥ EXXXXXEX EXXXXXEEXXXXAXXXEXXXAXAXEXXIX XXX R ERER

Signal Peptide Immunoglobulin Frizzled Kringle Transmembrane

HGURH.7 INTERSPECIE®ORIALIGNMENT

Human, murine, rabbit and rdROR1 protein sequences weakgned using Uniproveb based

software fittp://www.uniprot.org/align/). The signal peptide, transmembrane and three
extracellular domains are highlighted. Variation between species is highlighted. Uniprot accession
numbers: Human (Q01973Yurine (Q9Z139) and Rabbit (G1U5L1). For rat R@REedNCBI
reference sequence NP_001102141.1 as the corresponding Uniprot sequence was only partially
complete.
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4.1.5 Section Discussion

Within this section of workve have demonstrated how from 38 oligoclonal
hybridomas we arrived to 13 novel ®ROR1 antibodies and 10 scFvs. Tliesa

the antigen recognition domain critical for the next phase of grigect

At the outsetof the project we were informed that theligoclonal
hybridomascontaineda mixture of clones, with the possibilibf each having
multiple antibodiesof differing specificity and therefor@AAsequenceHowever,
odzNJ p @malysif@undthis to be anincorrect assumption, with all of the
subclones demonstrating a single antibodgquenceHad we had access to this
information at the beginning it would have significantly reduced the amount of

clones that were screened.

Characterisation revealed the majority of antibodiesgeted the
membrane disal immunoglobulin domain, which is in keeping with tbeer
homology between human and rat RORL1 in this regWaidentified 2 oligoclonal
clones with antifrizzled domain antibodie&Clone F and Wut were onlyable to
a2t dS wm dza Ay 3 ipaPpeihtihgad an addimaD khique bidder R
against thefrizzleddomain would havellowedfor an interestingunctional

assessmentespecialljnad there been substantial differences in affinity

We found no binders against theingle domain, likely duto the high
homology of this region between all specieaneshmanesket al. havehowever
developed &ringle specific amROR1 antibody, althougheir strategy involved
using domain specific vaccinatioarapared to use of full length protein thate
undertook(Daneshmanesh et al., 2012hesame groumlsofound that naturally
occurring antibodies against ROR1 preferentially targeted the Kringle domain in CLL
patient samplesand although these were able to mediate some in vitro
cytotoxicity, they were at associatedvith clinically relevant side effec{slojjat

Farsangi et al., 2015)
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Mice are by far theommonestiaboratory animal used to generate
therapeutc antibodiesalthough rats and rabbits can also be us@dothersgroups
utilised murine and rabbit based immunisation programmes we utilised rats in an
attempt to generate novel antibodies. Indeed despite strong similarities across
species, there existunique amino acid differ@es between human and rat ROR1
that are not seen in murine or rabbit ROR1, increasingdik@ihoodof novel

antibody identification.

The method I utilised to identify antibodies, based on screening hybridomas
andsolvinganii 2 Ré &Sl dzSy OS a -establisped pathwayinA & | &St f
antibody discovery. We were able solve 47% (17/36) of the clones of which 4
were identical antibody sequences. Although 19 clomesain unsolvedon
balance it was felprogressing the 10 scFuw& hadalready identified to the next

stage of work took pority over continuing to solve hybridoma clones.

An alternative strategy to solve these would be the use of next generation
sequencing to generate consensus light and heavy chain variable seguenc
gAUK2dzi GKS ySSR FT2NJ YIydzf pQw!/ 9d ¢KAaA
throughout and mass resolution of the antibody repertoire and has been utilised by

other groups(Fischer, 2011)

The use of phage display technology to isolate and characterise novel
antibodiesis standard practice Bacteriophages angruses which infect bacteria
and arecomposed of an extracellular protein core tl@an be engineered to
express Fab or scFv moleculBsiages expressing the antibody fragment of interest
could be selected for through serial panning rounds to lead to a final cohort of
antibodies which are subsequently sequen¢bttCafferty et al., 1990Phaje
display libraries can be generated from naive or immunised cell populations
includingwith ahuman repertoire to abrogate the need fdownstream
humanisation of the sequence. Libraries can include huge numb@tential
binders, with lontas, a commercial antibody discovery company having a

humanised library with 40 billiodistinctbinders(lontas, 2017)

For this procesghe variable light and heavy chains are cloned into the

extracellular protein coat of the bacteriophage, which subsequently expresses the
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scFv on its surface. The nextgtanvolves screening the phages specific binding

to the target antigen; unbound phages are washed off, whilst phages which bind
are enriched. This process is repeated to yield a selection that is highly specific for
the antigen in question and from whithe sequence can be idengfil in a high
throughput automated mannerAn added advantage of this process is that the
phage display antibodies in a scFv format, which is the forewatired for CAR and
BITE production. Screening scFvs atateset, rather than antibodies requiring
conversion to scFwould avoid the loss of bindirdemonstrated with 3 of the
isolatedclones.This process also leads to access to antibodies with a much broader
range of affinities, up to and including into the femtomolar range, unlike that
obtained by tralitional immunisation programmes. In keeping with this all of the
antibodies we isolated had affinities in the nM range as assessed by Biacore analysis
(Ko: 1.55.5nM).

Z 2.037E-9
Lambda 2.450E-9
Omega 2.614E-9

1.809E-9

B 1.505E-9

F 5.460E-9

J 3.351E-9

I 2.436E-9

Pi 1.979E-9

0] 3.501E-9

TABLE4.3 AFFINITY CONSTANTSRA® OF THE IDENTIFIREDRIANTIBODIES

Antibodies for above clones were generated with a human Fc stalk and affinity assessed by Biacore
SPR analysis (Data generated by Solange Pak0gscosso).

Despitebeing unable to solve all of the hybridomas clones generated
sufficient number of scFvs to allayg totransition onto the next phase of the

project and begin construction of RORAR and BiTE
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4.2 RORL1 Chimeric Antigen Receptor T Cells

4.2.1 Introduction

The basic structure of a chimeric antigen recept@asdepictedin Fgure
1.2, with the scFvs identified forming the membranetdlsantigen recognition
domain. W first needed to formalise theiral vector and intracellular signalling
domains to utilisdor our functional assessmen&iven the success of the University
of Pennsylvania group with lentiviral vectors using%g2neration @R with 41BB
as the cestimulatory domairalong with CD3, we sought to use the same
configurationas the starting pait for our CARtudies(Porter et al., 2011, Kalos et
al., 2011)

Theoverallaim of this section of work was to narrow the 10 scFvs identified

above to a final lead scfag aCAR T cell clinical therapeutic.

4.2.2 Initial Assessment

4.2.2.1 Cytotoxicity

The scFsalong with thér nativesignalpeptidewere cloned in frame to a8
generation lentiviral vector backbondownstream of a phosphoglycerate kinase
(PGK) promoterT cellsvere transducedusing lentiviral vectors to generate ROR1
CAR T cellsith a CD8 spacer domain and 41BB and @Bg&nalling domains
(Figure 4.8A)

Expression of CAlRN theT cell surface was assessed by binding to
recombinantROR1, for which we utilised in house generated full length ROR1
protein fused to a murine Ig&alk(Figure 4.8B)}-unctionof the ROR1 CAR T cells

wastypicallyassessed in a flow cytometry based cytotoxicity assay in which T cells
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and target cells were coultured for 24 hours before assessment of target cell

survivd.

We utilised the ROR1 negatifdymphoblastic leukaemigSupTZXell line
(Smith et al., 1984and SupT1 dks transduced to express ROR1 as negative and
positive control{SuUpTANT and SupFRORL1 respectivel{frigures 4.80).We also
included ROR1 CAR T cells utilising the previously publisi2escRl sequence as a
comparator(Berger et al., 2015, Hudecek et al., 2018pnstructsdemonstrated
minimal off target cytotoxicity against SupTT cells, whilst all constructs
generated markeaytotoxicity of SupTIRORL1 cellsvithout clear superiority for

one sckn particular(Figure 4.8E&F)

SupTIRORL1 cells express ROR1 at high levels dergptession being
mediated througtretroviral transductionFigure 4.8CWe thereforeassesed
cytotoxicity againstellswhich constitutively expressd8OR1 at more clirady
relevant levels and chose the EBV transformed SKwBdymphoblasbid cell line
(Saiki and Ralph, 19&8B)gure 4.8% For this work v also included a CD19 CAR as
comparator utilisingthe fmc63 scFv gserthe University of Pennsylvania group
(Khalil et al., 2016)

Unlike the cytotoxicity with SupTROR1 cellsn which the normalised
survival rangavas1.4-20.2%between scFvs, in the assay with SKW6.4 cells, there
was much morevariable cytotoxicity, despitthe same effector to target ratio
being used, with normalised survival from 8.4% to 108Rigure 4.8H)Despite
the minimal cytotoxicity seewith someCAR T cell constructs, wedw the CAR T
cells were active as the sartransgenic Tells were able tdill the SupT/ROR1

population.

Inter-clone variation for some of the constructs, namely clones Omega, A
and B, was likely due to using different donors between experiments with
subsequent variation in donor T céthess, CD8:CD4 ratio and transduction
efficiency. Despite this, there was a clear superiority demonstrated for CD19, with
mean target cell survival of 2.17% (n=2 donors) compared to median survival across
all ROREcFv clones of 85.1% (Range B)8.2%)The one exception was ROR1
CAR T cells expresgithe clone F scFv, with mean surviva8.7% (n=6 donors).
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A.Schematic representation of CAR structure: The signal peptide (SigP) and scFv sequence
comprising W-Linker(L)}VL sequencesvere cloned in frame with a CB&pacer, transmembrane
domain(TM) and 41BB and Cbtracellular signding elements. B. Transductiowas assessed by
incubatingROR1 CAR T cells with RPRiein fused to a murine Fc stalk (ROR1mFc) followed by
staining with antimurine Fcsecondary conjugated to AlexaFluor647. C. StfThnd SupFROR1
cells were stained with isotype control anti-ROR1 antibody (Clone 2A2) to demonstrate ROR1
surface expression. D. Representative flow cytometry plots demonstrating cytotoxicity asgget: Tar
cells (GFP+CB3nd T cells (GRPD3) were cecultured for 24 hours and viableells assessed
compared to uAransduced (UT) T cells. E&F. Cumulative cytotoxiciyiofO novel andhe
previouslypublished R12cFwased ROR1 CAR T cell constragtinst SupFNT and SupFROR1

cell lines at an effector to target ratio of 2:1 following 24 hours etatture (h=number of individual
donors assessed). G. ROR1 expression on the SKW6.4 cell line. H. Cumulative cytotoxicity against
SKW6.4 cell line witinclusion of a CD19 CAR T cell control arm comprising the fmc63 scFv.
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4.2.2.2 CD107a Degranulation

As part of the initial assessment we also analysed CD107a degranulation of
CAR T cells when cultured with SN, SupT-ROR1 and SKW6.4 cell lines.
CD107a olysosomal associated membrane protein 1 (LAMP1) is a component of
the lysosomal membranehich form intracellular vesicles. Upon T and NK cell
activation these cytotoxic vesicles, which contain granzyme and perforins,

translocate to the cell surface, alling CD107a expressido be detected

All CAR T cell constructs led to CD107a degranulation in respoSs@id
RORL1 cell linesvith meanCD107a expression in ROR1 CAR T ca&ls4%o
compared vith 1.33% urrransduced T cells.dwever clone F showeddher
CD107a degranulatian this contexiat 54.3% compared to the neROR1 CAR

construct at29.5%(clone 1).

This was further highlighted at lower antigen densiiyh SKW6.4 cellas
only clone F CAR T cells resultetharkedCD107a degranulatiort 4 hours 47.2%
of T cells were CD107a positiv®mpared with an average of 14.2% for the other
clones and 4.08% for einansduced T cell@-igure 4.9)The corresponding
cytotoxicity assessment at 24 hoursing the same T cellsgpéd at the same time,

correlated with CD107axpression for all cell lines.
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SupTiINT, SupT-ROR1 and SKW6.4 cells werecatiured with Untransduced (UT) or ROR1RCA cells expressing clone F, Pi, Mu, |, O or V scFvs (representative for other
immunoglobulin constructs). Grultures were undertaken at a 2:1 effector to target ratio for 4 hours and resulting T cell degranulation assessed vandstsatface

CD10% by flow cytometry. Corresponding cytotoxicity at 24 hours for the identical cultures represented as histograms undeFeacmstruct. Although significant

CD107a degranulation was seen with all constructs against SRORIL, only clone F led to agrigase against SKW6.4 cells.
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4.2.3 Extracellular Spacer Optimisation

From thisinitial analysisclone Femerged as the lead scHwwever as it
wasthe only scFvitat boundto the frizzled domainve investigated whether
modification ofthe extracellular spacemwhichmodulatesthe distance between

CAR T cell and target ¢ellould enhanceffector function.

We sdecteda panel of extracellular spacers thggnerateda rangeof inter-
cellular distancebetween target and effector T del The largest was the HGER
spacer comprising the hinge and constant regdthe human IgG1 heavy chain
(239 AA). The nextasthe CD& stalk which was used in our initial assessment (81
AA). The third was soletlge hinge region of human IgG19 AA andthe final
spacemwas ashort 15AAsequencehat comprisedthe (GGGG) linker motif
(Figure 4.10A).

To allow for assessment of spacer function in relation to ROR1 binding
domain we selected clone F as thretled binder andelectedClone A to be
representativefor immunoglobulindomain binding scF&igure 4.10BCAR T cells
with these 4 spaceiterations were generatedor eachclone A and Bnd assessed
in a cytotoxicity assay against SUEFROR1 and SKW6.4 cells with correspogdi
analysis of CD107a degranulatighigure 4.10). The spacer made a significant
difference in terms of cytotagity and T cell degranulatio®verallthe hinge
spacer provideaptimal cytotoxicityfor both clone A and Rgainst SupTROR1
(<1% survivaland SKW6.4 (3.1% survivad)l lines

We notedareciprocal relationship between the scFv binding domain, spacer
length and cytotoxicityFa clone Athe longer spacers, botHCHCH and CDa
resulted in lower cytotoxicity compared to the shorter Hinge and Linker spacers
(80% and 45.8% vs 3.6% and 6.7% respective§KW6.4). In comparispn
cytotoxicitywith clone Fmprovedwith shortening thelengthup to the Hinge
spacer but further redwction resulted in a dramatic loss of function (2.5% vs 69.9%

for Hinge vs Linker spacer).
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TheHinge andLinker spacediffer by only 4 amino acidsuggesting thathe
four extra AA modulatea critical distancéor clone F and its epitope. An
alternativeis that the linker spacer does not allow accurate scFv presentation but

this can be discounted as it allowed clone A CAR T cells to function well.

In the context of TCR and peptide:MHC interaction the optimal distance
excludes negative inhibitory phosplaetes such as CD45 and CD148thisdmay
not occurwith a suboptimal spacer lengti-herefore a similar situation likely exists
with CAR T cells such thaitotlong a spacencreases the intecellular distance
allowingthese inhibitory signalling motif®tdominate the immunological synapse,
whilst too short results in suboptimal scFv and antigen bin@8ryastava and
Riddell, 2015)
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A. Schematic of the different extracellular spacers constructed which include the&JHGtemain of human IgGldavy chain, the C@8extracellular stalk, the hinge

region anly of the IgG1 stalk aral short flexible linker. B. Schematic of binding domains for clone A (Immunoglobulin) and clone F (FriZAdRI)T Cells expressing clone
A or F scFvs with all of tispacer domain configurationsere generatecand cocultured withSupTiROR1 and SKW6.4 target sefiytotoxicity andCD1074d cell
degranulationwas assessed at 24 and 4 hours respectively.
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To corirm which CAR structure to take forwardewepeated this
experimentwith the leading spacers for each scFv. For clone Belextedihe
hinge and linker spacer, whilst folone Fwe usedthe CD& and hinge spaceiWe
focused on the SKW6.4 cell liasthis represented a morehallenging targeand
used lowereffector to target ratios tdhighlight functionabifferencesbetween the
spacers This confirmedhat the hinge spaceafforded significant benefifor clone

A over the linker spacer arfdr clone F over the C@8pacer (Figure 4.11).

407 *
©
2
> 301
(% -A Clone F.CD8a
° -#- Clone F.Hinge
$ 20 )
= - Clone A.Hinge
§ -®- Clone A.Linker
S 10
N

0

Effector:Target Ratio
FGur#.11 HINGE SPACERS PROSDEPERIOR CYTOTOXYAGAINSEKW6.4CELLS

CAR T cells expressing the clone A scFv with a hinge spacer or linker splwres BrscFv with the
CD& or hinge spacer were ecultured with SKW6.4 cells at varyiaffector to target ratios for 24
hours in a standard cytotoxicity assdnere was significantly higher cytotoxicity with the hinge
construcs irrespective of scFvidbe A hingesslinker (p=0.004 and 0.002 at 1:4 and 1:2 ratio
respectively) and clone F hinge CBa spacer(p=0.01 and p=0.00004 at 1:4 and 1:2 ratio
respectively). No significant difference was seen between clones A & Fdungeuctsat the 1:1
ratio. Statistical analysisinpairedt-test.

4.2.4 Assessment with Hinge Spacer

Having demonstrated the hinge spacer provided optimal cytotoxicity for
both Immunoglobulin and Frizzled binding s¢kwes substituted the CD8Bspacer
for the hinge spacefor all 10 scFyin the CAR formatRepeat assessmewnith the
hinge spacedemonstrated improvedaytotoxicity compared wittCD& spacer

(Figure 4.12)
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RORXAR T cells were generated for all 10 scFvs we had identified as well as the previously
published R12 scFv but in which the @BPacer has been replaced by the hinge spaCé&RR T cells
were cacultured with A. SUpTNT and SupFROR1 cells in a 2:1 effer to target ratia At 24

hours ro off target cytotoxicity was seeagainstSupTINT cell linecompared to almost complete
eradiation of SUupTARORL1 cells, witthe exception of clone MB.Cytotoxicity against SK@v4 cells
ata 1:1 and 1:2 effector tatget ratio showed more variable cytotoxicity with clones A, F and Mu
demonstratingthe highest levels of cytotoxicity.

As before the SUpTRORL1 cell line was highly sensitive to CAR T cell
mediated killing with almost complete eradication of target €ellhe one exception
was with clone V which showed incomplete killing of SUBORL1 cells, suggesting
the unique epitope it binds to limits cytotoxicity in this format. It is possible that
alternate spacers may improve function of clone V CAR T cellgyglitthis was

not assessed (Figure 4.12A).

When we assessed CAR T cells with a hinge spacer against the SKW6.4 cells, we
saw improved killing compared to the corresponding constructs with aaCD8

spacer. Clones A, F and Mu provided the highest leveldabgycity (at 1:1
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effector to target ratio normalised survival of 3.14%, 4.8% and 9.85% respectively)

(Figure 4.12B).

In view of this, epeat assessment was undertakesing T cells comprising
these scFvs against SKW6.4 d@ligure 4.13Aand also primay CLL cells (Figure
4.13B).Cytotoxicity was similar and not statistically different between constructs,
but cytokine secretion in CLL celigs significantly enhanced with clone A and
clone F cecultures compared to those with clone Mihese constructs were

therefore selected to take forward for more detailed analysis.
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A.CAR T cellsxpressinghe clone A, clone F and clone Mu scFvs wereuttured with SKW6.4 cell
line in a 1:1 effector to target ratio and cytotoxicity;dland IFg cytokine secretion assessed at 24
hours.B. Healthy donor T cells were transducedyemerateclone A, F and MCAR T cellsnd
cultured against primary CLL cells. Flow cytometry plots demonstrate ROR1 expoesSibh cells.
Cytotoxicity at 24 hours at 2:1 effectdo target ratio demonstrates significacytotoxicitywith all
constructs compared to utransduced T cells.2 and IFlg cytokine secretion at 24 hours was also
assessedStatisticalanalysis One way ANOVA with Mu CAR T cells as control arm comparator.
Figure representative of 2 independent experiments.
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4.2.5 CAR construct optimisation

Whenusing shorter spacer sequences, sucliheshinge or linkerthe
apparenttransduction efficiencyTE)as determined by binding to ROREowas
consistently lowethanwith longer spacergFigure 4.14). For clone Athe CD&
spacer routinely gavapparenttransduction efficiencies the region of70-80%
but this dropped to10-20%with the linker spaceiWe hypothesied thiswas an
artefactualdue to steric hindrancandinefficientbinding of ROR1mHRo the scFv
when located more membrane proximaltyaCAR format, as opposed to actually

representing true TE

To better define this we transferred the CAR sequences into a bicistronic
construct which included the blue fluorescent protéBFPyene separated bthe
foot and mouth disease virus Z¥eptide (FMD2A) The former acted as an
independent and inherent transduction marker, whilst the lattea iselfcleaving
small peptideallowingequimolar expression of both transgenism a single
construct(Figure 4.14B)'ransduction efficiencies were compatalwith these
constructs when assessing BFP expression but shorter spacers showed significantly

lower ROR1mFc bindirfgigure 4.4C) confirming our earlier hypothesis.

Accurate assessment dEprovides critical information with regards to the
fidelity of vector production, T cetransduction functional readoutsnd
subsequent data interpretatiaiToovercome this limitationywe assessed whether
an antiNJ (i sgetifitc @ntibodylirected against the framework regions of the
clone A and BcFwvould provide an accurate measure of CAR expressiomvever,
we were only able to detectexpression othe clone FscFwut not clone A on the
surface of trasduced T cellsherebylimiting the utility of thisapproach(Figure
4.14D)

In parallel,we alsoas®ssed whether CAR expression could be enhanced by
substitution of the parental signal peptide from the rat hybridoma library to the
human albumin oiL-2 signal peptides. We found that for a given level of

transduction as measured by BFP expression theakjgeptide had no bearing on
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CAR expressioithis provided valuable information with respect to the design of

our subsequent lentiviral vectors.
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A.Flowcytometry plots demonstrating lower levels of ROR1eFc expression with linker spacer
compared to CBa spacerdespite usingdenticallysynthesises viral vectors, representative of
multiple repeats B. Schematic of adistronic plasmid in whitthe CAR is separated from tlg-P

open reading frame by a FN2B skipping element. C. CAR T cells were generated for clones A & F
with the CD@&, hinge and linkespacer, all of whicincludedthe BFP marker gene pparent
transduction, @ measured by RORIEc bnding was lowewith shorter spacer domais despite
equivalent expression of BFBP. Assessment with ariat Fab directed antibodp detect CAR
expression compared with ROREC bindinglemonstrated ability to detect clone F but not clone A
scF\E. Assesment of the parental rat derived antibody signal peptide with the albumin-@rdignal
peptides showingdentical levels of expression irrespective of signal peptide.
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A. Schematic of optimised CAR transgene used for functional assessment. The CAR sequence
comprising scFv, spacer domain and intracellular signalling domain fresnewith the human
albumin signal peptide which is within a btoigic constructseparated by the FMEA peptide
allowing expression of CAR and mCherry in a 1:1 ratio. B. Example ofisatima of CAR
populations CAR T cells for Clone A and F were generated and transduction efficiency abgessed
mCherry expressiorRost transductiorthere was a difference itransducedT cells within the bulk
population(57.5 vs 40.4%)Untransduced T cells were added back resulting in more comparable
populations (46.8 vs 42.9%) Normalised coulture against SK@/4 cells demonstrates significant
cytotoxicitycompared with mCherry alone cells for SUFRQR1 and SKW6.4 cell lines with
corresponding IFfsecretion.Statistical Analysis: One wANOVA with GD2 CAR T cells as the
control group.

We therefore generated a bicistronic construct in whtbe CAR and
fluorescent protein mCherrgShaner et al., 2004yvere separated by a FMD2A
peptide. All constructs utilised the human albumin signal peptide due to ease of
cloning and restriction site usage. This also removed the rat derived sigrtadgep
limiting immunogenicity. Inclusion of mCherry allowed for a simple flow cytometry
based method to delineate transduction efficiency without affecting T cell function.

It also allowed for normalisation of different CAR populations to enable a more
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meaningful comparisons between different constructs, by decreasing bias
introduced by variation in transduction efficiencies. We also incorporated the
previously published antlisialoganglioside (GD2) sqPule et al., 2008pto this
backbone to act as a more suitable and representative negative control as opposed
to un-transduced T cells. GD2 is expressed on a range of tumours with
neuroectodermal origin and GD2 CAR T cells are being developed for

neuroblastomaPule et al., 2008)

4.2.6 Jekol Model

We nextassessed the poteidl of clone A and EAR T cellsgainst the
Jekol cell line, which was originadlgrived from a patient with mantle cell
lymphoma(Jeon et al., 1998)his cell line expresses RQRhigher levels
compared to SKW6.4 cellthough ROR1 expression is still lower than CD19
(Figure 4.16AWe also includedmc63CD19 CAR T cells within this comparison to
provide an insight into functional differences of targeting these common
haematologicahntigens.Our control was CAR T cells expressing a GD2 specific scFv.
In a standard o-culture assaygytotoxicity was seen with CD19 fmc63 as well as
RORZXloneA andclone F CAR T cells with simifelkg secretion.However [E2
secretionwas significantly enhancaslith CD19CART cellco-culturesabove that
for the comparator ROR1 CARtatgs (Mean I:2 10807pg/ml for CD19 vs 1532
and 2812 for clones A and F respectiypky0.001)

We nextundertooka murine modebased on the published work of the
Riddell grougHudecek et al., 2013Mice were injected with firefly luciferase
transduced Jekol cells and allowed to establistoteetreatment withCAR Tells
Control T cells expressed anti-GD2 scFased CARs a negative controlhere
was a cleareduction in the tumour burden imicetreated with Clone A and F CAR
T cells although disease was still present at Day 21. In @mpn the CD19 CAR
treated animals were virtually tumour free as assessed by biolumimescenaging

at the same time pointWe noted a spontaneous decreaseiioluminescence
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signal from day 1onwardsin the control animalsind this is in keeping with

previous reports with thedlekol mode{Hudecek et al., 2013)
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RGURH.16 IN VITRO AND IN VIV@EKA MODEIWITHRORIANDCD19CART CELLS

A. Comparison of CD19 and ROR1 expression in SKW6.4 and Jekol cell linadtiBe@b Jekol
cells with CAR T cells expressing the CD19fn@68e A and Clone F scFv at 2:1 effector to target
ratio, resultedin significant cytotoxicity andytokine secretion compared to T cellansducedo
express just mCherrgtatistical analysis: One way ANOVA with GD2 as the comparato€arm .
Mouse modelNod SCID gamrma micewere injected with 0.5x10Jekol cedlvia tail vein

transduced to express firefly luciferase and allowed to engraft. Gn@aice were treated with
4x10 GD2, Clone A, Clone F or CD19 CAR TTe#issD2 CAR was used as a negabtntrol and
CD19 CAR as a positive control. Mice treated with clone A andEIBAR T cells demonstrated
lower tumour burden compared toontrol mice at day 21, however mice treated with CD19 CAR T
cells demonstratedimost completdoss of bioluminesence signal.
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4.2.7 ROR1 CAR T cells demonstrate cytotoxigaynsta range osolid tumour
cell lines

As discussed earlier, a wide variety of cancer subtgxpsess RORAnd ce
culture of clone Aor F CAR T cells with the pancreatic adenocarcinoma BAMCT
line demonstratedT cell activation as evidenced by clustering and expansion. This
was not seen with CD19 CAR T ottnamsduced T cells under the same conditions

(Figure 4.17).

We therefore asessed whether they could target a panel of solid tumour
cell lines andncluded pancreatiadenocarcinomaRANCY, breast cancefDA
MB-231), ovarian cancer (SK&/HOC7 & HEYjepaticorigin cances (SkHep1 &
HUH7, glioblastoma (U251 & A172)elaroma(T168A) and prostate cancer
(DU145 & PC3n the analysis. Cytotoxicity was seen with clone A and F CAR T cells
but not control CD19 CAR T cellglitt nothowevercorrelate with ROR1
expression, implying intrinsic cell line mediators modulate sus#ipt. In keeping
with this cytokine secretion was variable between cell lines, despite being cultured
with identical CAR T cells from the same donor. Onlguttureswith PANC1,

DU145, PC3ral MDAMB-2331 cell lines showeharked IFlgand Il-2 secretim
(Figure 4.18)Although done Abased CAR T cells tended to lead to higher rates of
cytotoxicity compared with Clone fhis was not statisticallgignificant and so we

took both clone A and F forward for humanisation.
CD19 A F

uT

HGURH.17 CGLONEAANDFCART CELLS SHOW ACTIVATI® COGCULTURES WITRORIPOSITIVE
TARGETS

Representative photographs of @ultures between uftransduced (UT) and CD19, clone A and
clone F CAR@ells with PANGQ cell lines. Clona and F T cells demonstrate expansion and
clustering with loss of background PAMEells unlike CD19 and UT controls.
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RGURH.18 RORICART CELLS MEDIATE CYTRITITY AGAINST A FRINOF SOLID TUMOURLC
LINES

Solid tumour cell lines expressing RO&Iresentingpancreatic, ovarian, hepatiglioblastoma,
melanomaprostate, and breast cancer were-caoltured with ROR1 CARcglls at8:1 effector to
target ratio and srvival assessed via a MTS asse84 hoursin triplicate ROR1 CAR T cells
mediated significant cytotoxicity against all cell linieespective of ROR1 expression. Cytokine
secretiondid not correlate with killing with only PANC1, DU145, PC3 and-MDA231 cells
demonstrating significanincrease.
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4.2.8 Epitope Discovery

To better characterise clone A and F, we wanted to delineate the exact

epitopeof ROR1 whicthey bound, whilst ensuring no cross reactivity to ROR2.

4.2.8.1 Clone A and F do not cross react with human ROR2

HumanROR1 shasb8%homology with ROR@Eigure 4.19A3nd o ensure
there was naunintendednon-specific bindingve transduced the SupT1 cell line to
expresshuman ROR2 (SupTROR2)Using clone A and F seflgG fusion proteins

we confirmed no cross reative bindingby flow cytometry (Figure 4.19B)
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ROR1 296 CIRIGIPMADPINKNHKCYNSTGVDYRGTVSVTKSGRQCQPWNSQYPHTHTFTALRFPEL
ROR2 300  CMRIGIPA- ERLGRYHQCVNGSGMDYRGTASTTKSGHQCQPwALQHPHSHHLSSTDFPEL

x:*xx*x 8 e e x:*xx x *xx*x * ix** X XK XK X X LR oe EEE 2 -
ROR1 356 NGGHSYCRNPGNQKEAPWCFTLDENFKSDLCDIPACDSKDSKEKNKMEILYILVPSVAIP SUpTl-RORZ
ROR2 359 GGGHAYCRNPGGQMEGPWCFTQNKNVRMELCDVPSCSPRDS---SKMGILYILVPSIAIP i

*** **xx** * *.**x** 3 * G x** :*. s X% ** **xx**xx * X%k
RORL 416  LAIALLFFFICVCRNNQKSSSAPVQ-RQPKHVRGQNVEMSMLNAYKPKSKAKELPLSAVR
ROR2 416 LVIACLrFLVCMCRNKQKASASTPQRRQLMASPSQDMEMPLINQH KQAKLKEISLSAVR v v

x *x **x * EEX . ** s .:* ** XK KKK o

ROR2 Binding
Immunoglobulin Frizzled Kringle
HGURH.19 ASSESSMENT RORZBINDING

A.Alignment of human ROR1 and ROR2 withdignal peptide highlighted by shaded red and transmembrane domaihdnedyellow: Uniprot accessions Q01973 and
Q01974 respectivel\B. We generated a SupT1 cell line expressing REOIRI IROR2)n addition to our established SupRIOR1 cell line€Clone A and BcFg werefused
to murine 1gG stalland produced, followedby incubatiorwith either SupTAROR1 or SupTRORZells. Bndingwasdetected with an antimurine 1gG antibody buteither
clone Aor Fboundto SupTiROR2 cells.
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4.2.8.2 Epitope mapping

To better characterise the exact epitap@rgetedwe panned the
extracellular domain of ROR1 with clone A arahfibodies This was undertaken
with a panel ohinety 11 amino acid peptide fragments representing the
immunoglobulin and frizzledomairs of ROR1Protein fragments overlappedy 8
amino acidsn order to take into account conformational change and maximise
potential epitope expressiofto allow detection of bindingvith clone A and F

antibodies

For done A the ELISA readings were highest for protein fragments at the
beginning of the immunogbulin domain, just after the signal peptidEigure
4.20QA). In keeping with this a SupT1 cell line transduced to express a truncated
immunoglobulin domaimlemonstrated loss of binding with clone &though both
competitorR12 and 4A&ntibodieswere stil able to bind(data not shown) This
provided evidence thatlone A boundan epitopedistinct from other reported anti

immunoglobulin domairROR1 antibodies.

Within the region highlighted there was a single #Aoosition 48hat
differed betweenhumanand rat ROR Ivhichwasisoleucine and threonine
respectively. To confirm that clone A bound to this epitope nextgenerated a
panel of SupTiRORZXell lineswith single amino acids substitutions at positstv,
48 and50. substitutionof isoleucineat position 48of RORTesulted in complete loss
of bindingwith clone A The adjacet asparagine at position 47 watso required
for bindingbut was not as critical. This was in comparison withgbene at positon

50, modification ofwhichdid not disrup binding.
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A.11 amino acid peptide fragments corresponding to the signal peptide and immunoglobulin
domain of ROR1 were panned with a clone A antibeily a human IgG1 stalBinding was

detected usin@anti-human HRP conjugated secondary. Peptide fragmbétd5 and 16

demonstrating a positiveignal. B. SupT1 cells transduced to express a trunéal1l proteishow

no binding with a Clone A antibodies compared to full lerR@®R1. C. Single amino acid
substitutionswithin human ROR1 were undertakahpositions 47, 48 and 50hese modified
proteinsweretransduced into SupT1 celisid demonstrated the binding epitope focused on
isoleucine at positon 48. 1 amino acid pepde fragments corresponding to the linker between

the Immunoglobulin domain and frizzled domain as well as the entire frizzled domain were panned
with a Clone F antibodyas aboveA positive signal was detected with peptide fragmedésand 67
and90. Diferences in amino acid sequences between human and rat was only seen within peptide
fragment90. E. Single amino acid substitutions at position 254, 261 or both of ROR1 were
undertakenand SupT1 celtsansdu@d to express these modified RORbteins. Modfication of
glutamineat postion 261 showed complete loss of binding to Clonkighlighingits target epitope.
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We undertook the same process for Clonevkh the ELISA highlighting
potential binding sites within twoegions of the frizzled proteifhe first was with
peptides 66 and 67but as here was complete homology between human and rat
ROR1 within the amino acid sequence representethbge fragments, thisvas felt
to be a false positiveBycomparison peptide 90 corresponded to ILENVLCQ in
humans and/LENVLEIn rats and contained the 2 AA different between human
and rat We therefore created 3 SupFRORL1 clones with substitutions within these

amino acids and found that glutamine at pait 261.

We had therefore identified the epitopes targeted by both scFvs of interest.

4.2.9 Humanisation

One of the rationales falargetingROR1 as opposed to CD1%paringof
the normalROR1 negativB cell populationHowever at the same time, continued
presence ohormalCD19+B cells allowfor immune responsedirectedagainst a
rat derived scFVThis has been seen withurine scFvandhave led to clinically
significant outcomesincluding anaphylaxiwith mMRNA modifieanesothelinCAR T
cells(Maus et al., 2013)r antibody responsesyith a-folate receptoror carbonic
anhydrase IX specifi€AR T celld.amers et al., 2006, Kersh et al., 2006)T cell
mediatedimmune responses are also possible due to cpssesentationof
components of the CAR dviHC.

CD19 CAR T cdilg comparisoninherently neutraliseghe risk of antibody
based immune responses by eradicating the normal B cell population B¢l

recurrence associatewith a higher risk of relapse.

Humanisation othe antigen binding arms @ntibodieswasfirst described
in 1986 when the complaentary determining regions of the BAmurine antibody
were grafted onto the frameworkegion of a human antibody, whilst preserving

the binding characteristicflones et al., 1986)
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We attempted to undertake this in house and grafted CDR from clone F onto
ahomologoushuman framework identified by IgBLAST softw@fe et al., 2013)
but the resultinghumanisedscFv lost its ability to bind RORIata not shown)We
therefore outsourcedsequene design tadGenscriptLimited who provided 5
potential humanised sequences fboth the heavy and light chains folones A and

F, resulting inpotentially 25 novel humanised scFHim each clone

4.2.9.1 Generation and screening of humanised scFv constructs

To screen which of the humanised scFvs retained binding we cloned all 50
constructs in a secreted scFv format fused to a murine IgG stalk. We chose to
screen scFvs rather than full length antibodies as this was the final configuration we
required for the CR structure. All 50 scFv constructs were tested against SupT1
cells expressing either the Ig domain (to screen for Clone A) or Fz domain (for Clone
F). 3 of 25 scFvs bound for clone F, and in all cases the scFv utilised humanised light
chain 1, suggestintpe other light chans disrupted antigen bindindror Clone A
there were 17 binders which utilised a more varied heavy and light chain mix, but
all constructs incorporating heavy chain 3 and light chain 1 demonstrating binding

to ROR1.
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RGurRH.21 SCREENING OF HUMANISEEY

5 humanised heavy and 5 light chain sequences were design&enscriptesulting in 25 potential
scFvs eacfor clone A and FAll 50 scFvs were generatby Phusion PCR fro@blocksand cloned
in frame with a murine 1gG stallsecretedscFviFcwas produced in HEK293dlls and spernatant
screened against SupT1 cell lines expressitingr the immunoglobulin domain (BFP negative) or
frizzled domain (BFP positive). Bindingswigtected with an antinurine IgGsecondary Of the
potential 25 binders3 humanised scF¥esr clone F and 17 for cloneb®dund their respective target
scFv. Heavy chain/Light Chammbinationghat bound are highlighted with green underscore.
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4.2.9.2 Runctional screening of humanised CAR constructs

Asbindingdoes notnecessarilyorrelate with function the 20scFv
sequences that bountbr both clone A and ®were clonednto our CAR backbone
Initial assessment was based on CD107a degranulatitth dl 3 humanised Clone
Fconstructsbeingcomparableo the parentalF. For éone Ahowever,only
constructs incorporatinumanised light chain affordedCD107a degranulation
aganst target cells, implyinthe framework sequence imparted by this variant
contributed to the stability and/or affinity of the scFandits subsequent
interaction with ROR1 (Figure 4.22).

Importantly we saw higher levels of background CD107a degranulation with
certain clone Aonstructs (1x1, 1x3 and 4x1) whenadtured with the ROR1
negative SUpT-NT cell line. To further investigate this we assessed cytotoxicity with
humanised clone A and F constructs. For clone F, cytotoxicity and cytokine secretion
was similar between pantal and humanised constructs, although there was a

trend for higher IE2 secretim with the humanised construct

In comparisorfor clone A constructsye saw norspecific cytotoxicity
against SUpTNT cells, especially witBX1) and (4x1). This wasccompanied by

significantly enhanced Ifg$ecretion,irrespective of ROR1 expressidiigure 4.22).
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CD10A DEGRANULATION SEREOF HUMANISED BIERS

SFsidentified to bind ROR1 were clodiénto a CAR format and CAR T cells generated and cultured
with target cells for 4 hours before assessment of CD107a expression by flow cytobhatmgnised
constructs labelled heavy chain number x light chain numhe€D107a degranulation with
humanisedclone F scFvs was similar to the parental scFv. B. Humanised clone A constructs
demonstratedvariation indegranulation with only those incorporating the humanised light chain 1
showing comparabl€D107a expression to the parental construct. We noteddripackground
CD107a degranulation with humanised constryétsl), (1x3 and (4x1).
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HGURH.23 CyTOTOXICITY ANBNSECRETION OF LEADMANISED CONSTRUCTS

CAR T cells expressing humanised scFvs for Clone F (shaded red) or clone A (shaded green) were
cultured with SupTANT or SupTROR1 at a 2:1 effector to target ratio and cytotoxicity assessed at
24 hours. Humanised clone F constructs showed no signifigaotoxicity against SupTdT cell

lines and similar cytotoxicity against SUFROR1. For Clone A constructs +specific cytotoxicity

was seen with A(3x1) and A(4x1) with corresponding-syecific IFRysecretion.Representative of 2
independent experimets.

We nextassessed cytotoxicity mther ROR1 negative cell linesbetter
interpret the CD107aesults. The K562 cell line, which was originddsived from a
patientwith chronic myeloid leukaemi@.ozzio and Lozzio, 1978) ROR1 negative
Despite this, o-culture withall humanised clone B8AR T cetlonstructsresulted in

cytotoxicity at 24 and 96 houl&igire 4.24A-B).

We expanded upon this finding and us&@lx1)as a representative
humanised clone A CAR T cell againsiRidR1 negativeICF7breast cancer cell
line, which also demonstrated nespecific cytotoxicity and IFéecretion (Figure

4.24GD).
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CLONEA MEDIATES NOISPECIFIC KILLINGR®R INEGATIVE TARGET GELL

A. The K562hronic myeloid leukaemieell line does not express ROR1. B. ROR1 CAR T cells
expressing humanised clones8Fvs were coultured with K562 cells with resultant cytotoxicity at

96 hourscompared to a CD19 CAR control constrirc® independent donorsEffector to target

ratio 2:1 C. The MCF7 breast cancer cell line lacks ROR1-cDlt@e of MCF7 cells wit CAR T cells
expressing the humanised clone A construct 1x1 resulted in significant cytotoxicity at 24 hours based
on a MTS assay with correspondingdBbicretion. This was not seen with the humanised F

construct 1x1Statistical analysis: One way ANOMth CD19 CAR T cells as control arm.

The nonspecific killingseen with clone Aould have been a re#t of the

humanisation process. We-assessegarental clone ACAR T cellsith K562 and

MCF7 cellinesbut still demonstrated off target toxicitgdata not shown),

suggesting inherent neapecific binding with this scFvhishad not envisaged

based on our earliescreen with SupFNT cell lines andhihindsight, a more

detailedcrossexaminationwith apanel of ROR1 negative cell lines, muchthia

undertakenwith panel of solid tumour cell linemayhave deected this at an

earlier stage.
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These findings led us excluding clone A constructs fronfiubure work plan
and promotedhumanised clone F(1x1g the lead construct, to be taken forward
Further analysis with BR T cellexpressing F(1x1did not show any evidence of
spontaneous cytokine secretion restingcultures,nor anyfeatures of tonic T cell
activation or exhaustion as measured by-PBxpression compared to tin

transduced or CD1GAR T cellglata not shown)

4.2.9.3 Affinity of parental and humanised clone F scFv

Parental Clone F scFv

ka (1/Ms) kd(1/s) KD (M)

87428.08 0.000178 2.03E-09

[«8)
(%]
c
@]
o
v
[} .
o« Humanised Clone F(1x1) scFv
ka (1/Ms) kd (1/s) KD (M)
—_— 93119.97 0.000681 7.31E-09
Time
FHGURH.25 SURFACIPPLASMON RESONANCE TES FOR PARENTALNEBAND HUMANISEB (1X1)
CONSTRUCT

Affinity of clone F and hurmésedhF(1x1) was undertaken with a Biacore X100. $chvas
immobilised on a CM5 chip using a mouse antibody capture kitracdsobtained by passing
across varying concentrations of RGHR (1.5625nM to 100nMka = association rate constant, kd
= disociation rate constant anck equilibrium dissociation constant.
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To better characterise our lead and parental clone F scFv we undertook
surface plasmon resonance to define affinity constants for their interaction with
ROR1. This was especially tagemodification of the framework region can affect
affinity. The reported Kfor parental F was 2.03x2M compared with 7.31x10M
for the humanised scFv. This alteration in affinity did not result in differential
cytotoxicity but may have accounted ftire slightly higher H2 secretion seen with
the humanised construcAlthough not undertaken SPR analysisilef3x1) and
hF(4x1) would have demonstrated whether their inferiority with respedifg1x1)

was secondary to differences in affinity.

4.2.9.4 Assessrant of lead humaniseB, hF(1x1)¢constructagainst a panel of

haematological cell lines

Having selected ouead constructwe next assessedsitytotoxic potential
along with IFlgand IL-2 secretion against range ohaematologicatell lines
constitutivelyexpressng ROR1Within this screen we compared CAR T cells
expressing the hEx1)construct with previously published R12 and 445V
constructs To allow direct comparison, all constructs sharedgame lentiviral
vector backbone includg signal peptidehinge spacer domaiand41BBCDZ
intracellularsignallingdomairs. As before wencluded the fmc63D19 CARs
control ashaematological malignancies che targeted by both ROR1 and CD19
CAR T cells. The CD19 construct was identitatetROR1 CAR construct except it

contained the CDé spacer.
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A. ROR1 and CD19 expression for Raji, PCL12, 697 and Kasumi2 cell lines was undédaken by
cytometry, compared to an isotype control. B-RTR using ROR1 and GAPDH specific primers in the
above cell lines as well & Jekol, SKW6.4 and SupVT.

Our panel included Kasumi2 and 697 ALL cel;IRaf. dzNJ A G G Qa f & Y LJK
cell line and BL12, a CD5+ EBV transformed CLL cell line along with SKW6.4 cells

that we had used from the outset of the project.

PCL12 and Raiji cells demonstrated only a minor shift by flow cytometry
(Figure 4.24A) and to confirthis expression we undertook RACR deonstrating
a band for ROR1 at the correct size. This was especially important for the Raiji cell
line, as it had previously been reported to be ROR1 negéBaskar et al., 2012)

but in keeping with our findings a an independent group has also reported Raji cells
to be ROR1 positivg.i et al., 2013)

With regards to ROR1 CAR T cells, across 2 don¢i1jlEd to
significantly higher cytotoxicity against SKW6.4, Raji, PCL12 and Kasumi2 cells
compared to both R12 and 4A5g#&inst 697cells cytotoxicity with hfx1)was
comparable with R12 butill superior to 4A5.IFNgysecretion was variable between

donors and ROR1 CAR T cell constructs, howev2més consistently higher with
hH1x1)overR12 or 4A5.
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Inclusion of CD19 CAR T selllowed a more complete comparison and
demonstrated both cytotoxicity and cytokine secretion was superior with CD19 CAR
T cells as opposed to ROR1 CAR T cells when targeting haematologicaiscislati

express both antigens, although at markedly d#f& levels.
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CAR T celkxpressing the CD19 fmc63 scFv or ROR1 CAR constructs expressing either the R12, 4A5 of hF scFv were generatedhiom2atieadrisased on mCherry

expression and cultured with a panel of haematological cell lines (SKW6.4, Raji,

PCL12, 697 an)l &asarhi2ffector to target ratio and cytotoxicity and ¢ed 11-2

secretion assessed at 24 hours. Statistical analysis undertaken with two way ANBYIA as the comparator arm
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4.2.10 Cytotoxicity against primary CLL cells

We next tested cytotoxicitygainst primary patient samples. Althoug®OR1
is expressed on CLL, ALL and M@.best describeth CLL cells where it is
expressed in greater than 95% of patie(f®ui et al., 2016)lo better understand
our target we assessethe antigen density of ROR1 and CD19 in 20 CLL patients.
Median antigen binding capacity (ABC) for ROR1 was 2304 molecules/cell with a
range of 8084828, whilst CD19 was expressed at significantly higher levels: median
12583 molecules/cell (Range 5823652). This level of ROR1 expression is in
keeping with a rore limited assessment undertakeémonly 5 CLL sampléBaskar
et al., 2008) OurcalculatedCD1%ntigen densitywas alsccomparablewith other
published seriesn CLI(Ginaldi et al., 1998, Cabezudo et al., 1999)

We next cecultured primary CLL cells from 6 patients with CAR T cells
generated from healthy donors expressing the CD19 fmc63 scFv or the ROR1 R12,
4A5 or hF constructs. In keeping with the cell line dat§lxBprovided higher
levels of cytotoxicity ampared to R12 and 4A5 but was inferior to CD19 CAR T cells.
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FGURH.28 RORIANDCD19ANTIGEN DENSITY ORIMARYCLLCELLS AND CYTOTOKYCI

A. Antigen binding capacity assessment in 20 primary CLL samples demonstrated a log lower
expression of ROR1 compared to CD19. B. CAR T cells expressing the CD19 fmc63 scFv or ROR1 R12
4A5 and hflx1)scFvs were coultured with 6 CLL samples.(fikl)resuted in higher cytotoxicity

compared to R12 andA5,whilst CD19 showed enhanced cytotoxicity. Statistical analysis: one way
ANOVARepresentative of 2 independent experiments.
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4.2.11 3" Generation and costimulatory CAR T Cells

We hypothesised that the loantigen densityof ROR1 on cell lines and CLL
cellscontributed to reduced effector functiom comparison to CD19In an
attempt to enhance function we generated a panel of alternative intracellular
signalling domains. This included addition of eit@&28 or OX40, both of which
are involved with T cell estimulation and activatiorn a third generation CAR
format. We also generated a further two variants, one with an addition 41BB

domain and one with a further 41BB and CD3z domain (Figure 4.27A).

Degite these additional intracellular signalling modules there was no clear
improvement in cytotoxicity or cytokine secreticompared tathe original 2
generation construc{Figure 4.27BAlthough we did not compare these constructs
with CD19 CAR T cetisuse primary CLL cells for cytotoxicitye lack of enhanced
cytotoxicity orcytokine secretion, especially-2suggested that these would be no

better than the original 2 generation construct

As an alternativeT cells can be made to expressraworedistinct CARs on
their surface, either through multipleectors orwithin a single vector. CoCAR
constructs were initially designed to limit off target toxicity by delivering thezZCD3
throughone CAR and cetimulatory signat1BB or CD28 throughsgcond CAR
(Kloss et al., 2013We modified thisapproachby leaving the ROR1 scFv coupled
with both 41BB and CR23ut introduced a CD19 CAR that provided additional CD28
stimulation(Figure 4.27B

The aim of this approach was to lower the activation threshold and nullify
the limitation of low ROR1 densityhere was noff target toxicity against SupT1
NT celland showedomparable killing of SupFIRORL1 cells in a 4 hour chromium
cytotoxicity assayHowever, o-culture of the CoCAR construct with Sugd19
cells demonstreed high levels of cytotoxicity, which wast initially envisagedWe
hypothesised thaCD28stimulation through a CD19 CA#buld not lead to killing

without a correspondingCDZ signal Possible reasons faiytotoxicity of CD19
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targets with a CD1ZD28 CoCARcludecrosspairing of the intracellular signalling
domains such that CDX®ARco-optsthe ROR1 CABRDZ domain which we can
investigate with the use of a nesignallingCDZ. Alternatively aberrant clustering
induced by multiple CARm the T cell surfacmaylead to nonspecific activation

via tonic signallingnd exhaustiorfLong et al., 2015)
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AGURH.29 3RPGENERATIOBIGNALLING DOMAINSIBCOCARONSTRUCTS DO NOHENCERORICART CELL FUNCTION

A. We generated a panel oFgeneration signalling domains that included CD28 or OX40 in addition te@DEBAlternative constructs idaded an addition 41BB or
41BBCDZ domain. ROR1 CAR T cells with the hF scFv were generated-amtuced with SKW6.4 cells at a 2:1 effector to target ratio and cytotoxicity and cytokine
secretion assessed at 24 hours. There was no significant diffieregtotoxicity between the ® generation construcand 3™ generation signalling domains. B. CoOCAR T
cells expressing d@%@generation hF based ROR1 CAR aA@R19 fmc63 CAR signalling to CD28 were generated and compared with traditional ROR&ISARA hour
chromium release assay demonstrated comparable cytotoxicity of SR®IR1 cells with both constructs but high levels of CD19 toxicity with the CoCAR construct.
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4.2.12 CARSection Discussion

Within this section of workve detailed how startingrom 10 scFva/e
reached our final humanisdaH1x1)construct with theaim of incorporation into

CAR T cellef the treatmentof ROR1 positive malignancies, specifically CLL.

4.2.12.1ScFselection and comparison

Initial screeningof the differentscFg followed byiterative optimisation of
spacer lengttallowed us tacomparedifferent RORIkcFvsThe extracellular spacer
was a key factoin improving efficacy of CAR T cells, with fleAAhinge spacer of
humanlgG1lleading to optimal cytotoxicityrrespective whether the scHvound to
the immunoglobulin o frizzled domain of ROR1. The importance of spacer length
hasalso been demonstrated for a rangeather scFvsncluding the R12 scFv that

also targets RORJames et al., 2B, Hudecek et al., 2013)

TheintroductionmCherry, as &eliable and easy to detettansduction
marker allowed us to undertake accurate comparison between constructs
Although this was suitable for pi@inical assessment,ig unsuitable for clinical
translation die to immunogenicityOther strategiesto allow accurate assessment
of TE include the inclusioRQR&r tEGFRboth of which can be stained for with
monoclonal antibodies. An addddnctionality of these marker proteins that they
can also be targetedsasuicide system for therapeutic purgioQCAR T cells as a

strategy to minimise toxicityPhilip et al., 2014, Paszkiewicz et al., 2016)

An alternative is the inclusion ofpaotein tag within the structure of the
CARsuch as StrepTagll, although this inherently increases immunogenicity and is

therefore unsuitable for clinical ugkiu et al., 2016)

Toallow for accurate detection of transduced cells in vitro andfiidure
clinical trials we havembarked on the generation ofraonoclonal type Znti-

idiotype antibodythrough collaboration with Bio&d Limited, that specifically
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detects humanised clone F on the surface of T cells, irrespective of whether it has

bound to RORWJena et al., 2013)

4.2.12.2Humanisation as a mechanism to decrease immunogenicity and enhance

persistence

Our?2 lead candidatefom initial selectionclones A and Ryere subgcted
to a humanisation process decrease the risk of immune responses directed
against the rat derived scFv. These can be antibody mediated resulting in decreased
persistence of transgenic T cellsamers et al., 2006, Kershaw et al., 2006)
espedally when there igetention of the normal B cell populatices occurs with the
majority of CAR T cells not targeting C[PR6rger et al., 2015pPersistence camlso
be limited by T celmmune responses, even for CD19RCRcell§Turtle et al.,
2016)

Humanisationistherefore an integral compnent of CAR desigandin
keeping with thishumanised CD19 CAR T cells have led to clinical responses in
patients previously treated with murin€ED19CAR T cells who h#abkt expression
of transduced cell§Maude et al., 2016a, Maude et al., 2018pre recent
humanisation strategies aim to minimise immunogenitiigther by modification of
the of the intracellular signalling domains, such as ti&idn site between 41BB and

CDg&, due to potential presentation on MHC clagSémmermeyer et al., 2017)

The innate arm of the immune system can also limit persistence, as CAR T
cells incorporating fulllgG stalkspacer bind to Fayreceptors on monocytes and
NK cells. This however can be abrogated by introducing mutations residues amino
acids within the IgG required for R engagementHombach et al., 2010although

this is not seen with the hinggpacer we have selected.

Humanisation itselfloes not guarantee a lack mhmunogenicity To model
this CAR constructsan be screenedgainst a large panel of donor derived

dendritic, B and T cells to assess for immune responses in the coftextide
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range of MHC classesjch as that provided by Lonza through their Epibase in vitro

platform.

4.2.12.3hH1x1)provides superior cytotoxicity of low density antigen targets
compared to R12 and 4A5 CAR T cells

Comparison of ounH1x1)scFv demonstrateduperiorcytotoxicity against
a panel of haem@logically derived cell lines and primary CLL cells compared with
comparator non humanised ROR1 CAR T @112 and 4A5), with the added

advantage of having a humanised binder

The affinity of hF and 4A5 s&Fare similarfp 7nM and 4nM respectively)
and thus the difference in effector function is likely due te #pitopespacer
dynamic. The value for the R12 Fab is 0.56 nM but is unknown for R12 in the scFv
format, thus rot allowing a direct comparisoiNeverthelesshF(1x1) imparted
superior cytotoxicity and cytane secretion compared to R12. Overall | believe that
the superior efficacy seen with hF(1x1) was in part due to it targeting the more
membrane proximal frizzled domain rather tharetaffinityof the scFv per se
although generation of affinity matured or limited variants would allow for

interesting functional assessments to be made.

A consequence of the humanisation process is the potential alteration of
scFv affinity, due to modification ilé framework region. Our humanised hF(1x1)
construct showedigheraffinity comparedto the parental rat scFv (7nM vs 2nM

andthis difference may have mediated higher levels e Becretion we saw.

Affinity can have significant conggences on CAR T kkinction.For
example, with EGFRvVIII CAR T cells, higher affinity variants induce gregaandFN
IL-2 secretion, as well as being able to successfully target lower antigen density cells
(Liu et al., 2015a)n keeping with this, and in relation to ROR1, the high affinity R12
demonstrated tumour eradication in vitro and in vivo compared to lower affinity
2A2 bearing CAR T cdludecek et al., 2013There is however a limit to affinity,

as excessively high affinity levels ¢aad to activation induced cell death and

Page |133



decreased effector functioWatanabe et al., 2014Yhis finding is inantrast to
TCR gene modified cells in which the converse is true, with high affinity TCR peptide
interactions limiting killing of low peptide targets and increasing the risk of non

specific activatiorfThomas et al., 2011)

One of the major limitations dhis aspectof the projectwas therelatively
narrow assesment of effector function, as onlyytotoxicity and cytokine secretion
at 24 hourswas assessedProlonged ceultures, in vitro rechallenge, assessment
of T cell proliferation and exhaustion profiles as well as wider cytokine secretion are

vital in understanding difference in biology.

Moreover more complein vivo modet may allowfor difference in survival,
disease burden and T cell expansion to be better defiesgecially betweethe
parental and humanised F s¢cRBverebyassesmgthe wider functional

consequences dhe higher IL2 secretion seen.

Analysis wasbbreviatedin part,based on the comp#&on of ROR1 and
CD19 CAR T cells, focusing our efforts on improving ROR1 CAR T cell function before

more detailed assessment.

4.2.12.4Antigen density limits efficacy of ROR1 CAR T cells in compatis@D19
for the treatment of CLL

Our primary focus was the development of ROR1 CAR T cells as a
therapeutic for patients with CLDne of the challenges ike low antigen density
of RORlespecially compared with CD19. Thereforgh@ugh hE1x1)was the
leading ROR1 CAR construct agawagmatological cell lines ar@LL cells, it was
inferior to a CD1ZAR T cellsyhichrepresentsthe gold standard in current clinical

trials.

This orroborates the work of others anklighlights that although
cytotoxicity can be preserved at a low antigen densitgevertheless limitshe
necessaryytokineproduction and proliferation required teupportprolonged

tumour eradcation. Forexample for a CD20 CAR encompassing a CD28 and CD3
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intracellular signalling domains, approximately 200 molecules/target was needed
for lysis but around 2000 needed for cytokine product{gvatanabe eal., 2015)
This has been confirndeby a group targeting CD123 who found similar findings,
such that approximatel§600 CD123 molecules were able to lead to target cell
killing and cytokine secretion, but approximately0BOvere needed for robust
proliferation (Arcangeli et al., 201 @nd wnsurprisingly a similar finding occurs with
normal TCR signallirfyalitutti et al., 1996)Given that the mean ROR1 antigen
densty on CLL cells is approximately 2000 molecules, thisepts a limitation with

standard 29 generation CAR T cells.

One of the theoretical advantages of targeting ROR1 as opposed to CD19 is
the sparing of the normatell populationthuslimiting hypog@mmaglobulinaemia
secondanyto B cell aplasiaDespite initial concerns, this has reoherged as a
limiting factor withCD19CART celltherapy, as routine infusion of intravenous
immunoglobulin nmimises associated risks. In addition for those patients who
achieve prolongedisease eradicatigrthe inclusion of suicide systems allow for
purging of the transduced T cell population and reversal of B cell aplasia

(Paszkiewicz et al., 2016)

A potential contributing factor to the succesd C19 CAR' celltherapy
may be due tdhe continued production of B19+ B cells within the marrowhese
act to stimulate andpromote ongoingturnover of CD19 CAR T cells, thnkancing
persistenceln comparisonROR1 CAR T cells would noteree this continued drive
for proliferation within the marrow and is unliketg receive this from normal

tissue expressing RORL1.

This brings us to the inhent paradox of targeting RORith CAR T cells.
We require them to effectivelyargetlow levels of ROR1 on CLL but thigeases
the inherent risk of targeting normal tissues such as pancreatic islets cells, areas of
the gastrointestinal tract and parathyrowklls which also express ROR1 at low

levels.Indeedgiven thatR12basedCAR T cells become activated and relekbg |
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in co-cultures with adipocytes and pancreatic islet c@alakrishnan et al., 201,7)

we would expect a similar finding with hF(1<JAR T cells

ROR1 CAR T cells expressing the R12 CARdkatety in norhuman
primates, despite them having a similar expression profile of ROR1 with no
gastrointestinal or pancreatic toxicity notediggesting ROR1 expression at these
sites may be shielded from circulating CAR T,adtlsough whether this wald still
be the case following systemic prenflammatory state such asytokine release

syndrome is unknowfBerger et al., 2015)

CRS is a limiting feature 6D19 CAR T cell therapyth sometimes fatal
consequenceslthough algorithms to guide its managementeabeen refined
with increasing knowledge of the biology and kinetics drivirf@etachey et al.,
2016, Lee et al., 20140ROR1 therapy, secondary to lower antigen density may
limit severe CR¥)ereby improving safety for patients with Clig majority of
whom are elderly and have emorbidities thus allowing expansion of CAR T cell
therapy. This has to be balanced against the slower rate of killing and cytokine
secretion, which increasegsk of T cell exhaustigmlue tochronic stimulation
through the CAR, feature common in chronic viral infections and can@&therry
and Kurachi, 2015)

4.2.12.5Strategies to enhance ROR1 CAR T cell

Despite the above, ROR1 remains an attractive target for QleLp@ssible
method to circumvenlimitation of low antigen densitywould beto
pharmacologicallyncrease RORgvels, thus modulatingnhanced cytotoxicity
Proof of this approach comes from evidence wd#dtabine, which increases CD33
expression on AML blastsensitising thento amonoclonal antibodyVasu et al.,
2016) Dasatinibhas been shown to increases ROR1 gene expression in t(1;19) cell
lines(Bicocca et al., 2012butwe found no increase in ROR1 in CLL celigred!
with dasatinib.Other platforms screenglarge numbers of drug candidatés

assess foenhanced ROR1 expression may yield an alternative candidate.
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In an attempt to enhancéhe inherent function of hF(IXIJAR T cells we
assessed a variety of3jeneration signalling domainisut did not see convincm
evidence of improved function. This is in comparisont@8anerationCD19 CAR
constructs where they have demonstrated higher cytokine secretion and
persistencgPule et al.2005) Whether this isalsodue to antigen density or the
specific combination of scFv epite@and affinity remains unknown but requires
further validation.Although2"d generationCARconstructs remain the gold
standard in clinical trig, investigation ofhird generation constructs with a CD19
targeting scFv are underwdyang et al., 2016 he most interesting the SAGAN
trial which undertakego-infusion of 29 generation and 8 generation CAR T cells
with an aimto map fate and persistenda arange of lymphoid malignancies

includingALL, NHL and CINGT01853631).

A further method to try and improve ROR1 CAR T cell inmetas the
introduction of a costimulatorCAR tdower the activation thresholdAssessment
of this was terminatediue to wnintended cytotoxicityagainst CD19+RORargets,
which was not the aim of when solely supplying a CD28 dilgraigh the CoCAR.

Had this shown more promise, an additioaalvantage of utilising the
CoCAR was that egimulation through CD1fayallow the CAR T cell population
to be preservedevenin the absence of ROR1 targets in the bone marrow, leading

to prolongedpersistence

We arecurrentlyrefining this approach with the substitutioof the CD19
with a CD5 CoCARiking advantage of thaberrant CD5expression on CLL celfss
part of this we have undertaken adlification of the spacer and transmembrane
domain to limit cytotoxicity to sely ROR1+CD5+ CLlscand not normal CD5+ T
cells. Proof of using CD5 as a target comes from the treatwfehtcell
leukaemia/lymphomaand @ncerns with regards to elimination of the entire
normal and CAR T cell population was reztlisedas fratricide was limited,

although it is yet to be tested in clinical trigddamonkin et al., 2015)
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The use of mitiple CAR on the surface of the same T cell can be
manipulated in a variety of ways using Boolean logic. For example the use of 2 CARS
targeting different antigens on the surface of tumour cells, with both leading to a
full activation signal is an exam@e¥ 'y WhwQ 31 4G4S GKIFG OlFy o
negative escap€Zah et al., 2016)As described by Kloss et al. this can be modified
G2 0SS Iy W b5Q 3II0S NBIldZANBE GKS LINKaSyoSs
thus acting as a safety systgiloss et al., 2013The costimulatory CAR can be
switched to having minhibitory effectsuch that T cell activationy normal tissues

is limited even in the presence of a tumour antigéedorov et al., 2013)

Otherstrategies to enhance CAR T cells is throughrelease of pre
inflammatory cytokines to enhance functigoneru et al., 2015pccessoryrans
co-stimulation through 41BB{Zhao et al., 2015nd intrinsic PDiL checkpoint
inhibition (Cherkassky et al., 201@)lore advanced gene editing has allowed
expression of the CAR to be driven by the adidtus as opposetb a constitutive
promoter, further enhancing CAR T cell function by allowing physiological recycling
of the CAR on and off the cell surface, thereby limiting tonic signalling and

preventing exhaustioifEyquem et al., 2017)

Furthermore the entire design and manufacturgrocesscan be
manipulated to enhance CAR T cell functibar exampleellsmanufacturedwith
CD3/CD2&ctivationbeads demonstratsuperior functioncompaed to those
activated withanti-CD3 antibodies and-B.(Barrett et al., 2014)althoughthis has
been further refined to demonstratémited stimulation leads t@ superiolCAR T
cell product compared to continuous stimulatiikagoya et al., 2017Additionally,
the use of It7 and IE15improve T cell fitnesdyincreasing the percentage of T
memory stem cell§Xu et al., 2014)Other strategies include the selection and
transduction of specific T cell subsets with high atfeand proliferation peential,
such as memory T celBerger et al., 2008, Wang et al., 201,1b)the use of
defined subsets of CD4 and CD8 T teligenerate a more consistent T cell product
between patientfSommermeyer et al., 2015)hese manufacturing variations
have to be balanced against the need éxtra manipulation of cell fractions in a

GMP environmentwith associated costs arldngerturnaround times.
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Within the clinical trial setting, optimisation of conditioning regimens,
management of CRRuella et al., 2016, Lee et al., 2014b, Lee et al., 2@i#h)
combinational therapy or small molecule inhibitors are allowing for enhanced
response ratesGiven the success of checkpoint inhibitors with solid malignancies,
natural synergy between these and CAR T cells are bgpigieed with co
administration(Chong et al., 2017CAR R cells can also be manipulated to secrete
checkpoint inhibitorgLi et al., 2017byr through CRISPR/Cas9 mediated disruption
of the PD1 locuswithin T cell{Rupp et al., 2017)

All of the above strategies could be utilised to enhance ROR1 CAR T cell
therapy, butit is unclear whether these modifications would make them
comparale to existing 2 generation CD19 CAR T cellsjchithemselves can be

improved withthese modifications.

This does raise the question as to whether there is a role for ROR1 CAR T
cells for CLLIHowever given that response rates for CLL are lower than for ALL
(Fraietta et al., 2016bjlevelopment of ROR1 CAR T cells as a therapeutic remains a
valid aimwith optimisation beyond the traditional"?/3' generation format
required.Additionally,patients whofail CD19 CAR therapy, thghua variety of
escape mechanisms includiatiernative splicingSotillo et al., 2015)
differentiation to other phenotypeg¢Gardner et al., 2016, Evans et aD13)or loss

of persistence, ray kenefitwith ROR1 CAR T cell challenger

Although we have focused on CRIOR1 is expressed on Mantle Cell and
ALL put characterisation has not been dstailedas CLLIn ALL, its expression is
limited to 5% of patients with t(1;19) translocation, buigttohorttend to dowell

with intensive chemotherapy, limiting their potential.

Furthermore, &ey advantage of developing ROR1 CAR T cells i$ ihabt
limited to haematological malignancies and the ideal therapeutic setting may
therefore be insolidcancerswhere CD19 is not expressétle have demonstrated
proof of concept with this approach against a panel of solid tumour cell lines and

have expanded this more recently to focus on neuroblastoma cell lines with the aim
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of undertaking assessmeagainst primary human tumour samples via patient

derived xenograft (PDX) modelling.

Despite this, demonstrating efficacy with CAR T cell theagaynstsolid
malignancies has been more difficudespite a range of target antigens being
investigated(Gilham et al., 2012)here is however sonevidence of progress,
such as with the HL2 receptora2 CAR for glioblastom@rown et al., 2016)out
more in order to achieve succeshetimmunosuppressiveimour
microenvironment in solid malignancies has to be overcoAtea starting point
however, transition of our hF(1x1) ROR1 CAR, in a stanthgeé@eration format,
for the treatment of high risk tumours with unmet need (such as pancreatic cancer)
would allow us to demonstrate initial safety and feasibility, which can be built upon
with novel CAR architectures, advanced genetic engineering and combinational

therapy.
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4.3 RORL1 Bpecific T Cell Engager

4.3.1 Introduction

The basic structure of a BITE comprises two single chain variable fragments
joinedin tandemwith a flexible linkerWe consulted the IMGT database of
antibodies ad utilisedthe deposited sequence fd@linatumomab ashe basic
structure of our ROR1 BiTEefranc et al., 19997 his comprisethe fmc63CD19
scFv in a light chailinker-heavy chain format, followed by theKT3CD3 scFv in a
heavy chaidinker-light chain formatWe substituted theCD19 scFv for oganel of
ROR1 scFamnd utilised the same CD3 sche OKT3 CD3 antibody was the first
monoclonal antibodyicensed for use in humans prevent transplant rejection
and is a potent activator of T ce(lSmith, 1996)It is unlikely this is the actual
sequence of Blinatumomab usetinically which has nevelneen published in any
scientific papers anth hidden within the patent filings made by Micromet and

subsequently Amgen.

DIOLTQSPASLAVSLGORATISCKASQSVDYDGDSY LNWYQQIPGOPPKLLIYDASHLY SGIPFRFSG5G5GTDFT LNIHPVER VDAATY
JLINKER (112-12
HCQQSTEDPWTFGGETKLEIKGGGGSGEGESGEGASOVOLOQSGAELVEPGS SVKISCRASGY AR SSYIWMNWVEKQRPGOGLEWIGQIPG
JLINKE
DEDTNYNGKFKGRATLTADESSSTAYMOLSSLASEDSAVYFCARRET TTVGRY Y Y AMDYWGOGT TWTVS5GGGGSDIE LOQSGAELARPG

ASVKMSCKT SGYTFTRY TMHWVKQRPGOGLEWIGY INPSRGY T YNQKFKDEATLTTDRSSSTAYMOLSSL TSEDSAVYYCARYYDDHYC
ILIMKER (375-393) [D
LDYWEQGTT L TVSSVEGGSGGE5GG5GG5G0VDDI L TOSPATMSASPGEKNVTMTCRASSSVYSYMUWYQOKSGTSPKRWIYDTSKEVASGYP

]
YRFSGSGSGTSYSLTISSMEAEDAATYYCQQWSSNPLTFGAGTH LELKHHHHHH

HGURH.30 BLINATUMOMAB SEQUENSE PERMGT

The amino acid sequence and structure of Blinatumomatiep®sitedwith IMGT. The&€D19 scFv is
joined to the CD3 scFv with a GGGGS linker. It also comprises-hist@diae tag to allow for
purification.
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4.3.2 Construct and initiadeneration

We generatedROR1 BiBEhrough overlapping PQlsing Gblocks that
were codon optimisedAsthe structure of our scFvs was heavy chianker-light
chain we maintained this in the BITE configuration. We also maintained the
GGGGSGGGGGSGGGGES linkers between the heavy and light chains of the scFv but
wobbledthem to limit the potential of homologous recombination in viral vectors.
As with the IMGT sequence of Blinatumomab waintained the GGGS linker
betweenthe CD19 and CD2B\s.

In keeping with other reported BiTE®wncluded a hexdistidine &g at the
N terminus of the BiT# allow for detectionand purification (Figure 4.25A)hi$
did not affect binding compared to BiTE without a &dstidine tag (data not

shown).

The construct was transferred into a retroviral vector and BiTE produced in
HEK293T cells through either transient transfection or retroviral transduction to
generate a stabl@roducercell line. Supernatant containing either ROR1 or CD19
BiTE, demonstrated binding to target cells and T cells (Figure 4.25B) and cytotoxicity
against RORtarget cells in the presence of effector T cells (Figure 4.25C), although
this was only a crude assessment as BiTE was not quantified or purified in these

samples.
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FGur#.31 STRUCTURBINDING AND INITIAZYTOTOXICITY OBRRORIBITE

A.The basic schematic of our RORIERi®nstruct which comprises &0R1 scHa tandem with a

CD3 scFv with an N terminal hexatidine tag. B. Supernatant from HE83T transduced cells
comprising either CD19 BIiTE (CD19xCD3) or a ROR1 BiTE (ROR1xCD3) was incubated with target
cells. This was followed by incubat with an antiHis secondary and assessmentflioyv cytometry.
SupTIWT cellswhich lack CD19, ROR1 and CD3 showed no bindlimngither CD19 or ROR1 BITE.
SupT1CD19 and SupTRORZXellsshowed specific binding the CD19 and ROR1 BIiTE respectively

T cells bound boti£D19 and ROR1 BstRrough CD3C. Supernatant from CD19 BiTE or ROR1 BIiTE
producing HE#93T cells was cultad with SupTIROR1 cells with PMBCs in adffector to target

ratio. ROR1 BIiTE mediated significant cytotoxicity of target cells compared to CD19 BiTE.

4.3.3 BITE Purificatio& Characterisation

We nextfocused on developing methodto purify and charactesethe
producedBiTEto allow fordirect comparisorbased orequivalentconcentratiors.
Our final protocoltilised FRCHiTrapTALONvindingcolumns Thesecontaina
mixture of agarose beads with immobilised cobalt which binds to the testadine
tag and provided superior purification compared to nickel based coluEingon
was undertaken using an Imidazole gradient. The resulting elution fractions
contained twopeaks, the first of which corresponded to nepecific protein
binding at low concentrations of Imidazole whilst the second peak contained the
BiTE asdemonstratedby Coomasie stain of eluted fractionsThe corresponding
Western ot demonstrates a highdegree of purify, although this was under
reducing conditionsThe purified BITEs were quantified using a standard curve
generated with diluions of a BSA protein standard aBl Es werstored at £€,
with 1% BSA. Storage at lower temperatuoesvithout of BSA as stabiliser,

resulted inloss of functionlikely secondary to aggregation.
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FGURH.32 BITE PURIFICATION ARDANTIFICATION

Supernatant from HER93T cells producing Bt was passed throughHisTALOKolumn using an
AKTA FPLC system with elutisgaan Imidazole gradient.

A. UV chromatography (blue line) of the elution phase of purification with two peaks. The first
corresponds to elution of nospeciifc binding proteins, whilst the secoodnatins the BIiTE. The

green line corresponds to the Imidazole concentraion and dashed residindne bottonthe

fractions collected. B. Coomas stain demonstrating that thérst peak is norspecific protein

eluted at a lower imidazole concentratiowhilst thesecond peak corresponds to fractions with

BIiTE. C. Western blot using an aftsHRP secondary demonstrates His portein at the expected size
with significant purity. D. Quantification was based on the generation of a BSA protein standard
curveas analysed on @oomasie using ImageJ software to generate a standard curve.
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4.3.4 ROR1 BIiTE binding epitope dictates effector function

Once we were able teeliably purify and quanty BITE across multiple runs,
we werein a position tocompareBiTEs withdifferent ROR1 scFvs. We found that
against a panel of pancreatic adenocarcinoma cell JinEOR1 BIiTE targeting the
frizzled domain (Clone F, as used in the CAR) provided enhanced killing at lower
concentrations copared to BITEs targeting the immunolgldin domain At
0.1ng/ml cytotoxicity with clone F was 23.5% and 4.2% for MiaPaCa2 and SUIT2
cells respectively with clone F compared with 56.4 and71.5% for clone omega
(Figure 4.31)

T
>
s
5 125 1 control
2 100 B F1.000ug/ml
& 75 M F0.100 ug/m!
S 50 B omega 1.000 ug/iml
E 25 [ | Omega 0.100 ug/ml
° 0
=z
< o & < he & <
S > R &K S v N
Q‘? @\Qg @) Q Q\Q =)
HGURH.33 SCREENINRORIBITEBASED ON TARGET EME

A panel of pancreatic adenocarcinoma cell lines were cultured with peripheral blood mononuclear
cells at a 1:T cellto target ratio in the presence of a frizzled targeting BITE (F) or an
Immunoglobulin targeting BiTE (Omega) at 1ug/ml or 0.1ug/ml. Cytotoxicity between F and Omega
BIiTEs was similar for Pancl, CFPACZL) B&INHPAH cell lines but against MiaPaCa2 T2 we

saw superior killing with F BiTiRepresentative of 2 independent experiments.

BiTEs bring T cells and target cells into close proximity to allow for MHC
independent activation. The intezellular distance between T cell and target cell is
vital for effector function, akin to that seen with CAR T catid physiological TCR
signalling. The importance of this aspect of immunotherapgalsobeen
demonstrated forboth BiTEsnd bispecific antibodied@luemel et al., 2010, Li et
al., 2017a)We therefore sedcted clone F as our lead BITE, in keeping witlstfes
chosen for theCAR.

Page |145



4.3.5 RORI1 BIiTE Mediatésxicity againstmultiple solid tumour cell lines

At this stage the primary focus of the ROR1 @wlect was haematological
malignanciesTo diversify the range of potential therapeutic targetsinclude non

CD19 targetswe chose to focusur BiTE characterisation on solid tumours.

4.3.5.1 Pancreatic Adenocanoma

Pancreatic adenocarcinoma is one of thading causes of cancer deaths
with overall 5 year survival of less than 10%, despite significant invesimentel
therapies Major advances have been lackingoart due to late presentation,
inherent resistance to chemotherapy and a lack of targets amenable to therapeutic
intervention. In addition there is alearlack ofefficacy withimmune checkpoint
inhibitors (Kleeff et al., 2016)

A proportion of pancreatic cancers express ROR1randder to assess
whether our ROR1iBEcould be used as a potential therapeutize assessed

function againsthe PANCL1 cell linavhichexpresses RORlLieber et al., 1975)

Coculture of T cell andnmg/ml ROR1 BIiTE withARIA cells results in
significant cytotoxicity at 24 hours compared to T cell cultured with a GDIR
with resultingT cellclustering and proliferation. This was aksssociatedvith

significant IE2 and IFNgrelease.

BIiTEs are active at extremely low concentrations and we therefore assessed
cytotoxicity against a panel of pancreatic adenocarcinomdioel from
1000ng/ml to 0.1ng/ml. There was variation in target cell susceptibility highlighte
by the difference between PANG@nNnd MiaPaCaz2 cell lines, which cannot be
explained by target cell expression. We nevertheless demonstrated cytotoxicity at
0.1ng/ml of BiTE compared to control cultures with no BiTE across the panel of cell

lines.
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RORIBITE MEDIATES CYTOTTXY AGAINST A PANBF PANCREATIC ADEMRCINOMA CELLESN

PANCL1 cells cultured with T cells and ROR1 BIiTE in a 1:1 effector to target ratio demoAssigtecant toxicity compared to control BiTE Itis associated with T cell
clustering and results i6.significant IL2 and IFlgsecretion. D. A panel of pancreatic adenocarcinoma were cultured with T cells and ROR1 BiTE from 1000ng/ml to
0.1ng/ml, demonstrating cytotoxicitst low concentrations, but which did not correlad®ROR1 expression levels (inset flow cytometry plots).

Page 147



4.3.5.1.1 In vivo evaluation of ROR1 Baffainst PANCL1 cell lines

We next undertookwo distinctmouse modes. In the first mice were
injectedintraperitoneallywith PANQ cellsasndhuman T cellalong withCD19 BIiTE
or ROR1 BiTBiTHreatment wasadministered for 5 daymtraperitoneally with
RORL1 BITE treated animals showarmgduction in thebioluminescencaignalat 1:4
and 1:2 target to effector ratiopoompared with CD19 BITE treated animals (Figure
4.33A).

We next undertook anore challenging subcutaneous model in which
PANQ tumourswere established in the flank of mice until average volume were
100mn®. Control mice weretreated with a single infusion of T cells and 7 days of
PBS or CD19 Bidkd compared with mice treated viitROR1 BiTHEhere was a
significant decrease in tumour size in ROR1 BIiTE treated animals compared to
control mice cohortsAt a longerfollow up at day 28ROR1 BITE treated mice had

smaller tumoursdue to areduced growth rate.
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AGURH.35 RORIBITEREDUCES TUMOUR BURDE MURINE MODEL$ ®ANCREATIC

ADENOCARCINOMA

A. Intraperitoneal Engraftment: 2x3$@ANEL luciferase cells were administered @hymic nude

mouse followed by a single dose of purifiedman T cells injection intraperitoneally (8%T0cells

for the CD19 BIiTE group; 8>¥dhd 4x16T cells for theROR1 BIiTE groufsyield 1:4 and 1:2 target

to effector ratio. BiTEs were injectedda® | & wmn >3k | 3 k ¥FANGreraffneN p RI & a
was assessed by vivo bioluminescent imaging (BLI) with decreased BLI signals at day 8.

B. Established xenograft model: PANECell lines (5x19) were injected in the right flank of
immunocompromised athymic nude mice and xenografts were establishadimimum size of 100

mm?. Mice then received a single intravenous injection of purified T cells §patfl were treated

gAGK whwwm . AC93 / 5wmdayintraverusigdhily for.7 flayd aid the sizesfdhe { 3k R
tumour measured by a caliper. kal-up of these animals at day 28 showed that ROR1 BiTE treated
mice had lower tumour volumes compared with the control cohorts despite no additional ROR1 BiTE
administration.
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4.3.5.2 ROR1 Mediatesytotoxicity against a broad range of solid tumour cell lines

Having established proof of concepgainstpancreaticadenocarcinoma we
next assesselreast and ovarian canceell lines Although treatments for both of
these has advancegatients with resistant and metastatic disease have an unmet

therapeutic needand may benefit from RORL1 targeted therapy

We therefore assessed RORL1 expression in breast {MB231 and MCF7)
and ovarian (SB\+3, HOE7 and HEY) cell lines. We tamttvantage of the lack of
expression of ROR1 on MCF7 cell lines to act as a camtiabh-specific activation
and killing. Our ROR1 BIiTE mediated significant toxicity of NMUBA231 cell line
with resulting cytokine secretion but not the MCF7 cell line. Importantly, there was
no significant cytokine secretion above background witkcalure of T cells and
RORBITE in the absence of tiROR1 on the cell surfadgéytotoxicityand IFNjand
IL-2 secretionwas also seen against SKOV3, HOC7 anddiitivies. A in vivo
model using SKOV3 aatixpressing firefly luciferase, injected intragieneally with
T cells and ROR1 BiGEmonstratedthe potential to reduce disease burden in

mice.

We nextassessedaytotoxicity with ROR1 BIiTE against hepatic origin cancers
(SKHep1 and HUH7), glioblastoma (U251 and A172), melanoma (T618A) and
prostatecancer (DU145 and X} and demonstrated significant cytotoxicity
compared with CD19 BITE. As before target cell killing was associated vgantFN
IL-2 secretion, but thisvas variable and nerelated to ROR1 expression, as seen

with CAR T cells.
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A.ROR1 expression was assessed oH&K, HUH7, U251, A172, T618A, DU145 argl ¢4l lines
representative of hepatic, glioblastoma, melanoma and prostate cancer; vaiditieis plotsindicate
fold increase of MFI compared to isotypentrol. B. Significanttytotoxicity againsRORJositive
cell lines compared withontrol CD19 BIiTE (1:1 effectorttrget ratio; Irg/ml BiTE).

Page |152



4.3.6 Humanisation of our ROR1 BIiTE

4.3.6.1 ROR1 scFv humanisation

The next step, as with the CARas to undertakdhumanisationof the ROR1
BiTEGiven that we were using clone F as our scFv we substituted tlea{arat

sequence with the8 humanised binderglentified earlier.

We confirmed thatthe hF(1x1) provided superior cytotoxicitpmpared to
the other humanised constructd his wasot apparent at high concentration of
BiTE (from 1000 to 100ng/ml) but became pronounced at 1ng/ml where mean
survival for parental F and F(1x1) was 5.3% and 9.7% respectively compared with

78.4% and 105.8% for F(3x1) and F(4x1).
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RGURH.38 ASSESSMENT &FTECONSTRUCTS WITH HWMI®ED RORIsdv

The humanised clone F scFv constriigtsx1), F(3x1) and F(4xigre cloned into the ROR1 BIiTE
backbonewith OKT3 CD3 scBmd producedn HEK293T cells followed by purification witf tdp
TALONyravity columnsConcentrationsvere normalised and cytotoxicity assessed against SKW6.4
cell line with T cell to target ratio of 1:1. The construct with humanised F(1x1) provided similar
cytotoxcity to the parental clone, unlike clones F(3x1) and F(4xiich althoughretained function

at BiTEconcentrationsup to 100ng/ml, lost function at further dilutions.
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4.3.6.2 CD3 scFv Humanisation

To maximise the utility of humanised the ROR1 scFuexéundertook
humanisation othe CD3 scRw further decrease immunogenicitgenscript
provided 5 humanised heavy and 5 humanised light chamsed on the parental
OKT3 antibody sequenc&hese were combined ascFv formatand12 of the 25
constructsretained binding to CDi® a secreted scFv format, as previously

demonstrated(data not shown).

All 12 of theseCD3binders were transitioned into our BiTE format with
hF(1x1) as the partner scFv. Supernatants were purified using gravity columns and
coneentrationsnormalised as before.y@toxicity was similar witfall ofthese
constructs compared to the parent@KT3 scHor SKW6.4 an®@ANC1 cell lines.
However, highecytokine secretion wasonsistentlyseen withhumanised
constructs that included th&ght chain 5 sequence CD3 sequefm&responding to
nx5) Overall, the ROR1 BITE containing@88x5 scFwesulted in higher

cytokine secretion and was selected as our lead humanised CD3 binder.

Thefully humanised ROR1 Bifi{1x1) and CD3(3kShowed a similar
bindingprofile to the parental constructin an in vie intraperitoneal modelit

retained effector functioras before.

Compared to the prioPANC1 in vivo intraperitoneal mogéhere superior
tumour eradicationvas seeras assesed by bdluminescence imagg. However
direct comparison wasot possible as mice were treated with 3 injections of T cells
and weekly BiTE compared with a single T cell administratidrb consecutive
days of BiTE in order to demonstrate the potential for enleahtimour
eradication, using a treatment regimen that would be more clinically relevant that

just a single administration of BiTE.
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12 humanised CD3 scFvs were combined with our humahis€ikl) scFv to generate a panel of

fully humanised ROR1 BIiTEs. Following purification the concentration of BITE was normalised to
5.5ng/ml and functional differences with regartbscytotoxicity and cytokine secretion assessed

with SKW6.4 (A) and PANCL1 (B) cell lines. Humanised constructs with light chain 5 showed higher
cytokine secretion, with CD3(3x5) showing consistently higher secretion. C. Binding of the fully
humanisechF(14)xCD3(3x5) BITE was comparable with the-mamanised BiTE by flow cytometry

at identical concentrationsD. Mice received 2x$®ANEL.Luc cells/mouse intraperitoneally

followed by three doses of purified human T cells (£xI8umanisd BiTE was injeadeonce per

week at 10 pg/kg/mouse and PANC uc engraftment was assessed by in vivo bioluminescent
imaging.
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4.3.6.3 Size Exclusion High Pressure Liquid Chromatography

Coomassi@andwestern bloting demonstrateda single band at the correct
size for the BiTRAlthough this may represent a pure product, trezlucing
conditionsmeans that we are unable comment on the formation of Bagj§regates

which can due tanteractions of the scFv arnf&il and Schrum, 201.3)

To elucidate whetherttis was an issusye undertook size exclusion high
pressurdiquid chromatographythrough Bio-Analysis Centre, London. This
demonstrated at the highestconcentrationsof 10ug/ml therewas a small peak
suggestive of aggregatidqfigure 4.40depicted by * and enlarged view
underneath), but this corresponded tode than 5% of the total BiTia addition,
the main BiTE peak was preceded by a-speacific double peak. Here, the
chromatogram trace for the BiTE runs overlapped with that of buffer alone and

hencewas a buffer artefact as opposed to aggregation.
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B Fxco3 5 g/ml
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HGURH.40 SZE EXCLUSION CHRAMGRAPHY DEMONSTRATND SIGNIFICANT AREGATION OF
OURRORIBITE

Purified fully humanised ROR1 BIiTE was subjected to size exclusion HPLC at 10y@#rahant
compared with buffer alone. There was a small aggregation peak (* and magnified in the lower
panel, which corresponded to <5% of total protein ab@nl. Assessment of the double peak
before the main BIiTE peak (magnified figure) overlap with the baffene, confirming this is not

due to aggregation.
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4.3.7 BITE mediates significant cytotoxicity against haematological cell lines

Having demonstrated the potential to target a range of solid malignancy cell
lines we next assessed function againgematological cell lineNe confirmed
cytotoxicityat low concentrations against SKW6.4, Jekol and Kasumi2 cell lines

(Normalised survive®.7%, 20.1% and 31.3% at 1ng/ml respectively).

In an in vivo modeNod-SCID ILg / mice received SKW6.4 cells
intravenously and were monitored until systemic disease establisDadlay 4 lhey
were treated with a single dose of T cells and 5 days of ROR1 BIiTE or B@tol
RORL1 BITE treated animdklmonstrateda significant survival advantage (Log Rank
test, p=0.025)
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RGurH#.41 RORIBITEEVALUATION IN HAEMABIOGICAL CELL LINES

A. Ceculture of target cell linewith T-cells at a 3:1 effector ttarget ratio with ROR1 BIiTE at various
concentrations leads tagnificant cytotoxicity of SKW6.4, Jekol and Kasumi2 cell lines at 24 hours
based on a FACS based killing assay. Data representative of at least 2 independent experiments. B.
ROR1 BITE improves survival in an in vivo model of disseminatltl@ikaemia0.5x1¢ SKW6.4

cells were engrafted in NOD SCID gamma mice for 4 days before infusion Witkel® and 5 days

of ROR1 BIiTE or PBS. Mice treated with ROR1 BITE had significantly enhanced survival compared to
control mice (p=0.025, n=6 in total).
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4.3.8 hF(1x1) mediates cytotoxicity in a BiTE format but not as a bispecific
antibody.

BiTEs are small 55kDa proteins, freely filtered by the kidneys and therefore
have a short halfife necessitating continuous infusions. Bispecific antibodies aim to
harnesghe dual targeting properties of BITEs but in a conventional antibody
format with anFc stalk. These do howevee)y on the correct pairing of heavy and
light chainarms to ensure preserved amsgpecific antigen bindingvhich can be a

limiting feature ofmanufacture and purification.

Anumber of full bispecific antibodies in this format are being tested in
clinical trials including Catumaxomab, which binds EpCAM andStd8lein and
Heiss, 2010, Heiss et al., 2040 Lymphomun, which binds CD20 and CD3
(Schuser et al., 2015)These classify themselves as trifunctional antibodies as the
Fc stalk allows recruitment of FCR bearing effector cells. Bispecific antibody
manufacture has beemade more commercially viable through the knabshole
modification, which intoduced mutations into each heavy chain CH3 domain to

force heteraedimerisation of the correct arm@idgway et al., 1996)

A simplerconstruct sthe scFvc format, here the individual scFvs are
continuous with heavy chain CH2 and CH3 domé&imserisation occurshrough
disulphide binds between the heavy chains as wethesugh use oknobs in hole
modification of the CB domain (Figure 4.42 The finabcFvFc bispecific antibody
has a molecular weight of 110kDa as opposed to 55kDa for the BITE and 150kDa for

a full antibody format.

We assessed whether the humanised scFe$had generated for ROR1 and
CD3would function asascFvFc. This was produced, purified and characteritsgd
Absolute Antibody.imited Functional comparison between the BIiTE and the
bispecificscFvFcantibodydemonstratedthat althoughthe BITE mediated
significant cytotoxicity of SKW6.4 and Kasumi2 cell lsgsreviouslythe bigecific
scFvFcshowed noappreciable cytotoxicitat the same molar concentrations,

despiteboth armsbinding to theirrespective targets (Figure 4 42Me hypothesise
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that the bispecific scFkc formatinhibits T cell and target cell interactions due to
inappropriateinter-cellular distance or secondary to a lack of flexibility that allows

optimal binding to both antigens.

SUPT1 SKweé.4 Kasumi2
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- ROR1 BiTE
-+ ROR1 Bispecific Antibody

HGURH.42 RORIBITEPROVIDES ENHANCEOD@YOXICITY COMPARED'H AROR IBISPECIFIC
ANTIBODY IN THE BEGFCFORMAT

Structure of conventiondROR1 BIiTE and the corresponding de¢-hispecific antibody which utilises

the same scFv sequences. Association of heterodimers occurs through disulphide bonds and knobs
in hole modification of the CH3 domain. No off targell killing was seen with ROR1 BIiTE or

bispecific antibody against SupT1 cells. ROR1 BIiTE but not bispecific antibody mediated cytotoxicity
of SKW6.4 and Kasumi2 cell lines with an IC50 of 0.002nM.Representative of 2 independent
experiments.

4.3.9 Ibrutinib enhances ROR1 BIiTE mediated cytotoxicity against primary CLL

We nextassessed the potential of our ROBILE to target primary CLL cells
which provides a more challenging target compared to cell limisal assessment
with allogeneic healthy donor @ells,co-cultured with CLL cells in the presence of
1ng/ml ROR1 BIiTE resattin decrease CLLviability at 24 hourswith normalised
survival of 32.3% (Figure 443

In comparison, Wwen we used T celisolatedfrom CLL patients, we saw no
cytotoxicity at 24 hours under identical conditiofiSgure 4.4B). In these

experiments,T cellavere from patients with untreated Cldr from
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relapsed/refractory patients withelativelyhigh circulating lymphocyte counts
although we adjusted for this by using a constant effector to target ratio.
We hypothesised that the lactf RORBITEmediated killingvas dueto
inherentT cell dysfunctionin CLLthisis multifactorial in origin and includes
abnormalT cellsynapse famation, increased levels of inhibitory signalling
molecules and an exhausted phenotyfitiches et al., 2013, Ramsay et2008,
Brusa et al., 2013}t alsoexplainsthe higher risk of infections and secondary

malignanciegMorrison, 2009, Tsimberidou et al., 2009)

Ibrutinib, a first in class Brut@yayrosine Kinase (BTK) inhibitor,
demonstrates impressive efficacy in front line, relapsed/refractory and p53 deleted
patients(Byrd et al., 2014, O'Brien et al., 2014, Burger et al., 201baddition to
the direct anti-leukemic effecmediated by BTK inhibition, modulates the tumour
micro-environment, skews T cells to a Thl phenotype, reduce$ EXpression and
reverses pseudexhaustion(Podhorecka et al., 2017, Yin et al., 2017, Niemann et
al., 2016, Natarajan et al., 2016a, Natarajan et al., 2016b, Long et al., 20is7)
may be in part due to the off target effects of Ibrutinib on other kinases, as the
above T cell modulation is less apparent with the much more BTK specific
Acalabrutinib(Long et al., 2017)

Wethereforeisolated T cells from patients receiving Ibnitbifor at least 3
monthsand cultured them with autologous CLL cellkisdemonstrated
significantly enhanced cytotoxicity compared to riimutinib treated patiens
(survival rate 43% vs 85éspectively p=0.012) (Figure 2C). This cohort included
patients who had failed multiple previous lines of therapytlasse with 17p
deletions Ibrutinib treatment was associated with enhanced secretion of a range of
pro-inflammatoryT cell mediatoréncluding TN&, IFNy, Granzyme A and perforin
(Figure 2D).

To ensure this effect was neecondary to enhanced Céénsitivity, we

analysed matched samples fraime same patienpre and post Ibrutinib treatment.

Post Ibrutinib T cells were able to kiilkaemic cells irrespective of whethikre
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CLL cells had been exposedhautinib, confirming improved T cell functiomas

driving force of impoved BIiTE function (Figude418.
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AGURH.43 IBRUTINIB PREREATMENT ENHANAJROR IBITEMEDIATERCYTOTOXICITY AND OKINE SECRETION AGRT PRIMARELLCELLS

A. Caculture of primary CLL cells (n=4) with allogeneic healthy dometl3 (3:1 effector to target ratio) and RORITEat 1ng/ml results in marked cytotoxicity (p<0.0001
One sample-test). Data representative of 3 independent experiments. B. T cells isolated froAbnatimib treated patients showed minimal cytotoxicity when-co

cultured with RORBITE and autologous CLL cells (n=9) whitsil$ isolated from patients on Ibrutinib and-caltured with autologous CLL cells and ROR1 BiTE showed
markedly impraed cytotoxicity (n=6, p=0.012) and perforin, granzyme Ag #fd TNB secretion. CMatched pre and post Ibrutibi T-cells from the same patienwere
co-cultured with CLL cell isolated at the same time pdiorutinib treatment significantly improves ROR1 BiTE mediatgdtoxicityirrespective of the Cldellsexposure

to Ibrutinib.
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The above experiments were undertakeith high effector to target ratio
of 3:1 which was fixed to allow for comparison between patients. Tlosrtainly
higher than would be encountered in patients and better define if o uURORBITE
retained function witha morephysiological T cell artdrget cell numbers we
isolated PBMCs from a patient with Qiut did not undertake T cell and CLL
separation Despite the patient being on Ibrutinib for over 6 months 47.4% of
PBMCs were CD19+CD5+ leukaemic cells and expressed weak levels oCB®R1. C
T cells accounted for 26.88 of the total Addition of ROR1 BITE to cultures without
further manipulation demonstratediose dependentytotoxicity at 24 hours.
Although preliminary,his has to be further corroborated with a larger cohort of
sampledrom paients onlbrutinib, with a more focused assessment of T cell

phenotype.
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PBMCs from a patient with CLL who had beeitboutinib for greater than 6 months were isolated

and characterised and demonstrated 47.4% residual CLL at this time point (CD19+CD5+ cells), which
were weakly RORdositive. CD3+ T cells accounted for 25% of the total PBMC population with

17.1% CD4+ and®% CD8+. Addition of ROR1 BIiTE from 1000ng/ml to 0.0001ng/ml demonstrated
effective cytotoxicity ata T cell to CLL

Given the immunosuppressive nature of the CLL, especially in untreated
patients or those with high burden relapsed disease, the userafittib to de-bulk
disease and reset T cell function allows a rationale context to maximise efficacy

with BITE therapy. In additigmalthoughwe had planned to undertake a comparison
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of Blinatumomab against our humanised ROR1 BITE but due to limited hewess

been unable to undertake this yet.

4.3.10 ImmunohistochemistrfiIHC)sing clone F antibody

Targeting of ROR1 witmaffinity matured antibody has been proven safe in
patients with CLL and ROR1 CAR T cells incorporating the R12 scFv showed no
toxicity in norhuman primatesThe R12 sckhas been transitioned to a clinical

trial targeting a range of malignancies, inchugliCLL

Given the unique nature of our scFv in terms of the epitope it binds, it is
essential we exclude nespecific binding. Wtherefore undertook
immunohistochemistry in collaboration with Dr Claudio Sorio atUnéversityof

Verona, wio has providedhe images for thisection of the thesis.

Afull conventionalantibody with the same variable regions as in the
humanisedhF(1x1) scFv, as used in both the CAR and BaEggenerated by
Absolute Antibody Limitedith a murine IgG1 Fc stalkdiCagainsta panel of
normal tissues as well as pancreatic carneas undertaken with this but was
limited by quality of the tissue microarray®/e nevertheless demonstratestrong
staining in pancreatic cancer samples, which was not seen in normal paneitnas,
the exception opancreatic islet cells, as previously repor{@&alakrishnan et al.,
2017) Extended staining against normal humigssues comprising brain, kidney,
heart, liver and lung showed no staining buirse staining was seen in stomach

tissue, which is again in keeping with Balakrishnan et al.

In order to progress this we are in discussion with Propath limited to
undertake aissue cross reactivity study with our ROR1 antibody, comprising

hF(1x1) to better define any nespecific binding.
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HGURH.45 IMMUNOHISTOCHEMISTBRYAINING OF HUMANSBUES

Tissue microarrayseave stained with anthuman ROR1 antibody with the same specificity and

antigen binding arms as the BIiTE. (A) and (B) Normal pancreas, with pancreatic islet cells highlighted
(arrow); (C) and (D) pancreatic cancer from two independent patients; (E) nbraiaj (F) normal

kidney; (G) normal heart; (H) normal liver; (I) normal lung, and (J) normal stomach. Scale bars: 100

>Y o
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4.3.11 BiTESection Discussion

4.3.11.1ROR1 BIiTE generation and assessment

Within this section of work we have detailed how we have generated a
RORL1 BITE for the treatment of solid and haematological malignandigsctipns
both at a low concentratiomandat a loweffector to target ratiq leadngto
cytotoxicity and resultanpro-inflammatory cytokine releasin vitro and in mouse
models.We developed a simple FPLC protocol using an imidazole graesetting
in reproducible purificatiorprocess with the final product not demonstrating
significant levels of aggregation byesexclusion HPLC, a peguisite for clinical

translation.

Asper CAR T cellshe distance between target areffector cell as
mediated by the BiTHs critical foroptimal effector function. ABiTRargetingthe
frizzled domain demonstratesuperia cytotoxicitythan those targeting the more
membrane distal immunoglobulin domaifhe ratimmunisation programme did
not unfortunatelygenerate ay antibodies specific for thieringledomain, athough
it would have been oihterest to assess the functiosf a BiTE targeting this most

membrane proximal domain.

Other strategies to enhance BIiTE function include modification of the linker
between each scFv arms. We utilised the GGGGS linker but we have seen improved
function with other BITE constructs witbriger linkers, such as (GGG{Z&ata not

shown) and deserves consideration.

We substituted the parental rat scFv with the humanised bindenrserated
earlier and demonstrated theF(1x1) provided comparable ogbxicity, evenat
low concentrations. This was thereforelsctedas the humanised scFv for the
RORZarm of theBiTE and it is likely that the distance we generated between

effector and target cell was key to efficacy.

Tofully humanise the BITE, westeda panel o25humanised CD3 scFv
sequences based on OKT3, of which 12 bound. Head to head assessment led to a

lead candidate CD3(3x5)whichshowed comparable cytotoxicity but enhanced
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cytokinesecretion Thisfully humanised BITE retained in vivo function in mine,
one limitationof this statement, was th&ack of comparisobetween the fully
humanisedBIiTE and th&iTEcontaining the murine OKT3 scFv. BiacdRR
assessmentf these differentCD3 scFusould also add valuable information as to
whether the humarsation pocess had modified the affinity and accounted for the

higher cytokine secretion seen.

We utilised the OKT3 scFv based on the availability of the sequence, the lack
of intellectual property restrictiorassociated with its usand the ability to ativate
T cells. It is likely that the final Blinatumomab construct does not utilise the OKT3
sequencebut one which balances affinity with T cell activatichn early report
with a CD19 BIiTE, which may not be representative of Blinatumomab demonstrated
arelatively low affinity for CD3 and a higher affinity for CD19 (2.6°4*M@nd 1.49
x 13° M respectively as assessedftyw cytometryScratchard analysisther than
SPRDreier et al., 2002}t is thought that thdower affinity of the CD3 arnallows T
cells to receive serial triggering 0Dg thus leadngto activation It may also
explain how a single T cell can engage multiple target cells with @ioEsann et
al., 2005)

Our humanisd scFv has an affinity of 7nM, which is comparable to the
affinity of the anttCD19 fmc63 scFv of around 5fbmmermeyer et al., 2017)
although both othese are mucliower than that reported for Blinatumomalblo
assess whether increasing the affinity of hF(1x1) would allow enhdnoetion we
require a panel of antibodies that target the same epitope, maintain specificity and
have a higher affinity. T& can be achieved by screening phage display libraries
against the known epitope of clone F or undertaking error prone PCR or alanine
substitution to gaerate a high affinity variant although the latter two options have

no guarantee of success and haveboscreened to ensure no loss of specificity.

A further iteration would be the identification of a panel of novel CD3 scFvs
through phage display, which are able to activate T cells and have differing affinities
to assess the optimal configuration of ROR1 and CD3 scFv with in vitro and in vivo
function and specificityGetting these correct is importanas abispecific antibody

targeting Gtype lectinlike moleculel and CD3 emonstrated higher levels of in
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vitro cytotoxicity with a very high affinity CBBinder, but significant spontaneous

T cell ativation and resultant toxicityn nonthuman primategLeong et al., 2017)

OurBIiTE demonstrated no autonomous activation and cytokine secretion of
T cellgnin vitro in cultures. Importantly we saw no toxicity associated with human
T cell and ROR1 BERdministration in mice, despite high doses of both being used
and the ability of clone F to cross react with murine ROR1 based on the target

epitope being shared betwedmimans and mice

4.3.11.20ther Bispecific ROR1 Formats

One of the limitations of BiTEsther relatively short haHife, necessitating
continuous infusions. This howevéantroduces an inherent safety advantage in that
ceasing infusion limits adverse evenise to rapid clearance of circulating BIiTE
Modification of the BiTE through pegyion or addition of albumin binding moieties
are strategies to incise the haHife (Kontermann, 2009)Another strategy is the
use of bspecific antibodies, which incorporate &g stalkand also bring into play

FcR receptor bearing immune cells such as NK cells.

We assessed whether ohumanisedhF(1x1) and CD3(3x5) ssknction in
a more antibody lig configuration as a sciRc Although binding to each target
antigen was retainedhe scFvc format did not show demonstrable cytotoxicity
against cell linesThere are a number of potential causes for this, including the
distance introduced on the sciAc format creates a suboptimal distance between
target and effector cell, or alternatively the presence of the Fc domain inhibits
interactions between the cellSubstitution of the Frizzled binding clone F with one
of the Immunoglobulin binding construgtmay have led to enhanced function in
this format but was not tested due to the complexity of manufacture of these

antibodies.

A range of ther antibody constructs have been designed to bring T cells and

target cells in close proximignd includedual affinity retargeting antibodies
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(DARTs)Johnson et al., 2010PAR$ aresimilar to BITEs but differ in that the
variable domains of heavy and light chains of the 2 antigen biratimgare on 2
separate polypeptide chainghich interactcovalently, with further stabilisation

through a C terminladisulphide bridg€Figure 4.46§Rader, 2011)

A CD19 DART has demonstrated superiority over a corresponding CD19 BIiTE
in vitro (Moore et al., 2011put this has not been transitioned to clinical trials. A
CD123 DARhasdemonstratel in vivo eradtation of AML blasts in e,
eradication of CD123+ cellsnon-human primategChichili et al., 2019nd has
beensafetyadministeredin a Phase I clinical trial (NCT021529%6¢ DART format
was created to overcome limitations of commercialising BiTiestal patents iled

by Micromet, which wasubsequentlyacquired byAmgen.
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A. Schematic of a CD19 DART, in which two separate proteins interact through covalent hetero
dimerisation to generate a bispecific binding protein in comparison with B. A CD19 BIiTE which is
composed of a single protein chain. Fr¢ihoore et al., 2011)

A ROR1 DART, combinamgROR%cFv with a CD3 sc&lng with a Fc
domain to extend hatffife has been generatedly Macrogenicand demonstrates in
vitro and in vivo efficacgcross a range aimour subtypesincluding agaist the
PC3 cell line we used in our solid malignancy péelat et al., 2016)Direct
comparison of our BiTE and the DART is diffidule to differences irthe scF,
additional Fc domain and theell linesused Howeve, as BITEs and DARTSs are

similar in sizend structure combined withour finding thattargeting frizzledyive
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superior cytotoxicity a comparison of the R12 DARTHi{dx1) DART would make

an interesting comparison.

4.3.11.3ROR1 BIiTE mediates cytotoxicity against CLL in Ibrutinib treated patients

Assessment of primary CLL cells is difficult due to inhecefitdeathex vivo,
especially in the absence of feeder cells and exogenous cytokines that provide a

favourablemicroenvironment(Collins et al., 1989, Burger et al., 2000)

An initialCD19 BITE arslibsequentlyclinical grade Blinatumomab have
both been ested against primary C(Wong et al., 2013, Loffler et al., 2003)
Within these assays BiTE waded to peripheral blood mononuclear cells
containingboth CLL andféector cells, at effector to target ratios comparable to
peripheral blood. Functional cytotoxicity reawts were undertaken 510days later
thus representingrolonged cecultures. We assume earlier time points were not
reported because evidence of cell death wolldve been limitedThis would have
been because of a disadvantageaifector to target ratio combined withmpaired
T cell functionTherefore, ahough these studies demonstrated cytotoxicity, these
results have to b taken in relation to the high rates of spontaneous cell death at
this time point, especially as the mechanism of BITE activation and resultant

cytotoxicity is rapidDreier et al., 2002)

We chose to assess purified T cells and CLL cells in a fixed ratio to overcome
variability introduced by diffeng effector to target rations, although we note that
the purification process may hawadfected T cell function. We demonstrated
healthy donor T cells were able to mediate cytotoxicity against CLL cells but T cells
from patients were not. Although these patients had CLL, the majority were Binet
stage A patients and in otherwise good general health implying a direct role of the
immunosuppressive nature of CLL in limiting ROR1 BIiTE mediated fu(Rtohes
et al., 2013, Ramsay et al., 2008, Brusa eR@all 3) We nexidemonstrated that
Ibrutinib treatment normalises T cell function in terms of BiTE mediated cytotoxicity

and cytokine secretion, with this effect being T cell dependérginitially usinga
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higher efector to target ratio of 3:1 to make this assessment comparable with the
non-lbrutinib samples butve havealso demonstrated retained effector function at
physiological levels of CLL and T cells in a patieAtreated with Ibrutinib.This is
being expanded upon in a wider cohort of Ibrutinib treated patients to ensure

reproducibility.

Althoughlbrutinib monotherapyhas resulted in improved outcomes for
relapsed/refractory and newly diagnosed patients, with prolonged responses for a
number of years, itarely leads to disease eradication in the form\RD
negativity. This is nassociged with a poor responsg as disease burden can

improve slowly with timgBarr et al., 2016)

This provides insight into the optimal sequencing of BiTE therapy for CLL.
Based on thelaove ROR1 BITE administratiomuirireated patients or those with
high disease burden with suboptii@ cellfunction will lead to inadequate
responses, whilst treatment following Ibrutinib would be the ideal context to utilise
improved T cell function to eradicate residual disease and aim for a MRD negative
status.In addition, regulatory T cell numbers corrgavith function of
Blinatumomab in ALL, with a cut off of 8.525% FoxP3+ T cells discriminating
responders from nosiespondergDuell et al., 2017and Ibrutinb decreases the
ratio of Treg cellen CLL patientd_ong et al., 2017A study investigating combined
use of Ibrutinib and Blinatumomaih relapsed/refractory ALL is ongoing
(NCT02997761).

Ibrutinib is not theonly pharmacological agent that can reverse T cell
dysfunction in CLL, with lenalidomide also demonstrating repair of the
immunological synapse and ability to mount immune respor{Resnsay et al.,
2008, Lapalombella et al., 201@yestigation of T cell function with ROR1 BIiTE in
this patient cohort is also of interest, although high rates of toxicity with its use in
CLL patients may preclude future combination therapy with BiTEanarKhan et
al., 2017)

Beyond CLlUbrutinibis being invetigated in solid malignancies as it inhibits
mast cellsdecreasedibrosis and altershe stroma in pancreatic cancer with

beneficial effecin mouse modelgMasseValles et al., 2015A trial of Ibrutinib in
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combinationwith chemotherapyfor pancreatic cancer is recruiting patients
currently (NCT02562898) and could be combined with RBIRE therapin the

future.

Overall, the use of ROR1 (or CD19) BIiTE post Ibrutinib represents the clinical
context best suited to test their efficacy within CLL and other haematological

malignancies.

4.3.11.4ROR1 BITE for solid malignancy

We have demonstrated that our ROR1 BIiTE can mediate cytotoxicity of a range
of solid tumour cell lines including pancreatic cancer, breast canceonian
cancer.We demonstrate in vivo ability to reduce disease burded limit tumour
growth but at a fixed and relatively high BiTE dose. These models could be further
refined with the use of lower concentrations to delineate dose response

assessment.

Nevertheless, the combined dapaiovides proof of concept of this appeich
and is in keeping with other BiTHsat target solid tumour antigens including
EpCAMENglish et al., 2015, Cioffi et al., 2012, Salnikov et al., 208¥Osada et
al., 2010)and PSMAFriedrich ¢al., 2012)

Despite this, efficacy of BiTEs in solid malignancies has been lacking even when
safely administered and tolerated, such as with the CEA(Bi$Skvaian et al.,
2016) Interestingly, with regards to EpCAMatumaxomatla trifunctional, full
bispecificantibodyhas been licensed for the treatment wfalignant ascite§Berek
et al., 2014)whilst Solitomab, the EpCAM BITE equivalent, has had development
paused. It is the context of ascites and inpraritoneal treatment that is of interest
as detectable responses against solid lesions have not beenBd@&slsohave a
theoretical advantage of better tumour penetration given their smaller size

compared to antibodiesalthough this has not been conclusively derstrated.

As with CAR T celBiTE functiortan beenhanced withcheckpoint inhibitors,
as demonstrated with £EAargetingBiTHOsada et al., 2015)n addition PDil
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upregulation has bagseen as an escape mechanism follovBtigatumomab
(Kohnke et al., 2015ith non-responders having higher levels of-R[Duell et al.,
2017) A number otlinical trials with checkpoint inhibition with Blinatumomab are

underway NCT03160079 &CT03160079).

A potential method to circumvent current limitations is through the synergistic
use of ionising radiation, to induce immune cell infiltration, reprograartime
tumour microenvironment and allow enhanced function with

immunotherapeutics, including BITEs and CAR T(védgchselbaum et al., 2017)

Other methods to enhance BITEs include the transduction of T celidit@r
BIiTE to tumour targets, with the rationale of the BIiTE simulating both the
transduced T cell and bystander T cells, whilst also driving enhanced mRNA
expression of the BITE following activat{delasquez et al., 2016, lwahori et al.,
2015) Oncolytic viruses can also be modified to deliver BITEs to combine viral

induced cell damage with local production of B(FEeedman et al., 2017)

Taken togetherpur ROR1 BITE represents a novel therapeutic for a range of
solid tumour subtypes, lduo ensure successful clinical translation, the context in
which they are used is equally important. The FDA approv@abaimaxomalior
malignant ascites, provides an interesting therapeutic indication in which to
possibly test our ROR1 BIiTE. More widefysolid tumours in general, combination
with other modalities and agents will likely be neededealise their potential but
in the interim a phase | trial to assess safety and feasibility is the next step for

targeting solid malignancies.
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5 OverallDiscussio& Future Work

RORL1 is an attractive therapeutic target due to its expression haematological
and solid malignancies, making it a rationale chéaceCAR T cell and BIiTE therapy
More importantly ROR1 expressionsolid tumourscorrelateswith aggressive
disease and an invasive phenotype and teek-selects for high risk patients, who
have limited therapeutic options. Expression on a cancer stem cell like cells, in
ovarian cancer and glioblastoma, add to its appeal and is in keepihgtsvi

embryonic nature.

From an initial hybridoma library we have undertaletiensivepre-clinical
evaluation of a novel humanisd®lOR1 CAR celland BiTEEonstructs to generate
lead versions for each format. Within the CAR domain, this competes hatR12
CAR which is already being assessed in clinical trials, but ours has the advantage of
being humanised as well as demonstrating enhanced cytotoxicity and cytokine
secretion against a panel of cell lines. The different ROR1 domain hF(1x1) binds to
along with the above functional differences warrant assessment in clinical trials to

assess for safety and efficacy.

In addition our BITE is the first published bispecific against ROR1 that functions
as low effector to target ratios and low concentrationglasimilarly deserves

assessment in clinical trigl&ohil et al., 2017)

These also compete with Cirmtuzumab, which is being investigated in CLL, with
planned expansion in trials with Ibrutinib and paclitaxel combination therapy. The
low antigen density on CLL, however precludes utility of using cytotoxic antibodies
for CLLAspart of our screening process we assessed the ability our 13 ROR1
antibodies to mediate ADCC, CDC, direct cytotoxicity or internalisation but saw no
evidence of this, thus highlighting a limitation of their use in an unarmed format

(data not shown)
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5.1 BITE vSCART Cells

Althoughboth CAR T cells and BITEs utilise the potential of endogenous T cells,
direct comparison between them is fraught witHfaiulty becauseof the different
mechanismdpy which they functionDespite this, atudy using the same scFv in a
BIiTE and CAR format, demonstrated CAR T cells, specifically CD8+ subtype, have a
greater sensitivity to low antigen targets compared with the corresponding BiTE
(Stone et al., 2012However this study had a number of limitatiofiisstly the
affinity of both scFvs was not defined abdth CAR and BIiTE construct were not
optimised in terms of extracellular spacer and affinitykeeping with this a BITE
targeting the intracellular oncoprotein WT1, with a TCR mimic antibody converted
into a scFv formatsiable to recognise ultrepw copies of the antigen on target

cellsdue to enhanced affinity for the targéDao et al., 2015)

Proof of concept wittboth CAR T cells and BITEs has been uakienby
targetingCD19n haematological maligmeies, with significant success leading to
FDA approval of bottCAR T cellsave seermajor commercial interest with the
formation ofalarge number of pharmaceutical compankesen to maximise on
their potential. The eventual aim being incorporation@AR T cell therapy as a
standard @ care,which is likely given current response rates and progress within
the field. In relation to BiTE® number oftompanies and academic grouge
developingdiffering bispecific T cell engaging antibodisach as DART®)
challenge he patent portfolio ofAmgen, which can onlgxpard their clinical use

and offer widertherapy optiors.

Despite the potentiaand succesef CAR T cells there are significant logistical
consicerationsassociated with their wider us@ cell engineeringequireslarge
guantities of validated viral vectors, with associafgdduction and qualification
costs, especially for those based on a lentiviral platfama stable producer cell

lineis not a viable option. In additiothe need to undertake leukapheresis can only
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be undertakerat specialist unitend manufacturing at central sites has associated
shipping and processing requirements and costs. Novantionjunction with the
Universty of Pennsylvania hawgone some way in demonstratirige feasibility of
this approach with the ELIANA trialhich includedcentralmanufacturingunit,

with worldwide shipping not seeming to affect response rg@sechner et al.,

2017) Thecost oftheir CAR T cell product, known asagenlecleucglCTLO19)s
approximately $475,000 per infusigmvhilst Yescarta, the CD19 CAR generated by
Kite Pharma costs $373,00i§ comparesvith $178,000/yearfor Blinatumomab

when initially launched

Apart from lower costs, IBEsare suitable forlarge scale batch production
allowing generation o&n off the shelf producivhich is not patient specificThere is
no need forassociated T cell isolatiomector production and manipulatign

therefore reducescostsand expands potential therapy

CAR T cells raise tpessibility ofachievingong term disease control
following a single infusion of T celtkie to persistence of the CAR T cell population
Although BIiTEs can induce remissamd MRD negatityy, CAR T cellppear to

provide a more durable response.

One common feature of both is the risk @RSwhich can be fatal and
requires close clinical monitoring and early intervention with sterdiols/izumab
and multrorgan support. One benefit o BEs in this regard is their short hafé,
with cessation of the infusion leading to rdpdecrease in circulating BiTEseroids
are routinely used with BiTE administratito prevent CRS, with minimal loss of
effector function but are notypicallyused with CAR T cells due to limiting effects

on efficacy and persistence of the transduced population.

One current limitation of both CAR T cell and BIiTEs is the disappointing
respon®s seen with solid malignancieBargeting ROR1 would allow for critical
analysis of targeting the same antigen in haematological and solid malignancies to
better define tumour and T ceflictors that nediate response or resistance and
initial assessment in phase 1 clinical trials teess safety can be then built upon

using additional synergistic therapies.
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5.2 Further Preclinical Assessment

5.2.1 Immunohistochemistry

Although the expression of ROR1 has been documented, we need to ensure
tissue binding with our scFvas expected, whiclsespeciallytrue givenour
experience with lIone A.To better address this we are in discussion with Propath
Limited,to undertakea GLP qualifieégnd FDA and EMEA compliant tissue cross
reactivity study withboth humanised hF(1x1) and CD3(3a8Yull antbodies This
comprises two phases, an initial optimisation phase to ensure reproducible staining
and detection with the antibody followed by staining of good quality tissue sections

and independent histopathology review to determine specificity.

For the BMEA the following tissues are required: Tonsil, thymus, lymph
node, Bone marrow, blood cellung, liver, kidney, bladder, spleen, stomach
including underling smooth muscle, intestine apcreas, parotid, thyroid,
parahyroid, adrenal, pituitary; kain, peripheral neve, heart, striated muscle,
ovary, testis,Skinand blood vesselEMA/CHMP/BWIB32517/2008) and FDA
panel which includes all target organs/tissues, bone, bone marrow, fip&ren
adrenal, kidney, lung, heart, urinary bladder, gallbladdeyroid, brain, gonads,

gastrointestinal tracnd adjacent organs of interegFDA, 1997)

In addition to the above we are in collaboration with the Royal Marsden
bl { ¢N¥zaG YR {G WdIdzRS / KAf RNByQa | 2aLA0L
haematological and solid malignancies respectively to add to the body of evidence

with regards to ROR1 expressj especially with our antibody.
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