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Abstract

Myeloma remaingdargelyincurable and there is an unmet ngdor new therapies. Bell maturation
antigen(BCMA) is an attractive therapeutic target due to its restricted expression on normal and
malignant plasma cells(PC). A natural ligand for BCMA is a proliferating ligand(APRIL) which also
naturally binds anotheantigen expressed on myeloma cellsansmembrane activator and CAML
interactor(TACI). APRIL is an attractive binder as it is a compaepretdfn which binds both BCMA

and TACI with high affinity.

BCMA and TACI expression was quantified on tumdls ftem a large number of patients to explore

the clinical utility of targeting these antigens. Tumour BCMA expression was found in all patients,
persisted with relapse and extramedullary spread and low levels was associated with improved patient
outcome.However BCMA expression was variable, often low and TACI wageEssed on tumour

from 78% of patients.

Recognising that dual antigen targeting of BCMA and TACI may increase target antigens on tumour
and reduce the risk of antigen negative disease escagn APRIL based chimeric antigen
receptor(ACAR) was optimised and in vitro activity against BCMA and TACI targets demonstrated.
Target kill was seen at low levels of antigen and low effector to target ratios and further, potent ACAR

efficacy was demonstited in vivo in an intramedullary murine myeloma model.

A targeted mutagenesis strategy was also used to generate a BCMA specific APRIL mutant. When
APRIL mutant was used in a CAR(AQAR specificity was confirmed for BCMA targets, however

there was nasignificant T cell expansion against primary tumour.

In a second strategy, APRIL based bispecific molecules were engineered consisting of a CD3 specific
single chain variable fragment linked to an ARRRAPRILITE). Preliminary studies using unpurified an
unquantified protein in cecultures of target and activated T cells, demonstrated cytolysis of BCMA

expressing cells and primary myeloma cells using APRILITE.

Therefore, APRIL based therapeutic strategies provide a novel and promising approach to

immunotherapy in myeloma.
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P P P e e e e e e e Pooled patient plasma
TP TP PPPOPPPPPPPRPP Partial response
SOV Single chain variable fragment
S I SRR Cs1
TACL .o ] FTANSMEMDrane activator and CAML interactor
1= 2 PP PEPP P POPPPRRPPR Terrific broth
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1 Introduction

1.1 Unmet need for new therapeutics in myeloma

Multiple myeloma (MM is a cacer of plasma cells (,Gs the second most common haematological
malignancy in the Ug], and within the top 20 causes ofrezer deaths in the UR]. The treatment of
multiple myeloma has evolved sifjoantly over he last decades from alkylating agents and steroids
to an increasing availability of agerssch as proteasome inhibitors and immunomodulatory drugs,
and the use of extended treatment protocols. This lekto the improved the &ear overall survival

(OS)f patients from 29.7% in 1990 to 45.1% in 2207

However,these improvements in outcome have failed to benefit around 15% of patients who have
primary refractory disease, and/or adverse géog5, 6]. Moreover, MM remains incurable, so for
the vast majority of patients, relapse is inevitable and theyeviéntually die of their cancer. Disease
heterogeneity, the sulzlonal nature of MM, and the inherent genetic instability of high risk disease,
not to mention the older patient age, pose considerable challenges to the development of curative

strategies.

In this chapter, | will summarise the therapies commonly used in the treatment of myeloma and then
outline the immure suppressive factors in this cancer atte current immunotherapies under

investigation before outlining the aims of this project.
1.2 Commonly used anti myeloma agents

1.2.1 Alkylating agents

Alkylating agents attach an alkyl group to guanine bases of DNA causing linkages between strands of
DNA, inhibiting DNA and RNA synthesis. Melphalan was the first active alkylating agent used to treat
MM. Melphalan and prednisolone was the standard of care for over 30 years yielding a partial
response (PRin 4060% of patients, a complete response Y@RRless than 5%, progression free
survival (PRSf approximately 18 monthand overall survival (Q8f 2-3 year$7]. Although no longer

the mainstay of treatment, melphalan and prednisolone still forms the backbone for other agents (eg
melphalan, prednisolone and thalidomideind melphalan is used for myeloablatigrior to

autologous stem cell transplant.
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Cyclophosphaide has also had pwen efficacy in myeloma and has been successfully used in

conjunction with IMiDEB] and proteasome inhibitof9)].

1.2.2 Immunomodulatory drugs (IMiDs)

The first IMiDin clinical use was thalidomidehich appeared to haventi-angiogenic and oxidative
stressinducing effectglQ]. IMiDs do also havenmunomodulatory affects including cytotoxic T cell
stimulation, increased natural killer (IN&ell activity and altered cytokine productidd, 12]. Several
studies have now shown that the mechanism of action for IMiDs involves binding to the
proteincereblon a ubiquitin ligase substrate adapter proteumich is important in limb
formationand the poliferative capacity of myeloma cdlls8, 14]. Specifically, cereblon is a
component ofthe ubiquitin E3 4ring ligase (CRL4) complex, transcription factors Ikaros and Aiolos are
substrates for the CRL4/CerebltviD drug complex and their degradation by ubiquitination in both
myeloma cells and T cells results in the therapeutic affects seen with IMiDs. In myelomkaeds

and Aiolos knockdown results in reduction in IRF4 and decreased tumour viability and in T cells, these

transcription factors are known repressors of interleuRithl-2) transcriptiorl5].

Thalidomide and dexamethasone used in combination has been reported to result in an overall
response rate (ORRf 46% in patients who have not previously had an [iPand indeed response

in patients who have already been exposed to IMiDs is lirfiitdd

IMiDs can also have direct cytotoxic affects by inhibition of nuclear factory kappa B),(bédfRse
8[18, 19]. Myeloma cell proliferation and survival is largely unaffected by thalidomide but
lenalidomide and pomalidomide cause cell cycle arrest and apof20sigl]. Lenalidomide and
dexamethasone is becoming a mainstay of treatnji28}t and a usé&l addition to other agents

including proteasome inhibitof23-25](see section4.2.3 1.4.1).

Pomalidomide is a third generation IMiD and mole for mole, is said to be 100 times the strength of
lenalidomide and 10 times the strength of thalidom[i@é, 27]. Pomaildomide can also inhibit C&X

so therefore has an anthflammatory affect, inhibits prostaglandin generation in lipopolysaccharide
stimulated monocyte28] and downregulates the transcription factor PU.1 resulting in reduced
osteoclast production and differentiation therefore reducing the burden of lytic bone di§2gise
Indeed decreased cereblon expression has been associated with lenalidomide resistance and
pomalidomide appears to remain effective in lenalidomide resistant [88lls Clinically,
pomalidomide has also been shown to have some activity in patients with high risk cytogenetic

feature431] and refractory to both bortezomib and lenalidom[8&].
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1.2.3 Proteasome Inhibitors

Proteasome inhibitors (Pl)@ashort peptides containing pharmacophore or a group of atoms that bind

to the catalytic sites of proteasomes (summarisef@8h). Normal and malignant P@squire a well
developed endoplasmic reticulum (ERexpansion of secretory appars and production of
chaperone proteins that ensure proper immunoglobulin (lganslation and folding. The unfolded
protein response (UPR), a stress signalling pathway, ensures that the PCs can handle the proper folding
of proteins and preveinthe aggregation of accumulating misfolded proteins. Misfolded proteins are
then transported out of the ER and degraded by proteasome. It was shown that treatment of MM
cells with Pls to inhibit proteasome function, thus leading to accumulation of mésfdigiwithin the

ER, induced cell death. Such stress activates the UPR pathway, which is mediated by activation or
translational repression of several transcription factors, such asskBP ! ¢ Cc | yYR4 t 9wYk S

leading to apoptosis preferentially in cells with high Ig production such as MM PCs.

Bortezomib is a first generation Phigh is thought to form reversiblé 2 Yy R4 A GK YI Ay f &
subunit of the proteasomer LMP7 subunit of the immunoproteasome where it inhibits activity by a
boronic acid moiet}85]. Bortezomib has several downstream effects including the stabilization of |
kB ,and this was thougto inhibit the NFkB pathway which is involved in tumour pathogenesis such
as angiogenesis diction, proliferation and migratidi36] as well as various immune and
inflammatory responses However there is some evidence that NFkB is not downregulated
myeloma cells with bortezomib theraf87, 38]. Inhibition of proteasomehoweveralso results in the
accumulation of preapoptotic regulator proteins, thus promoting programmed cell death of tumour
cells as bortezomib is a potent activator of caspases 9, 8 §8@].dn replicating cells in vitro,
bortezomib seems to cause cell cycle arrest attthasition of the G2/M phase which also leads to
apoptosis of tumour cell89]. In addition, bortezomib causes the accumulation ofinygependent
kinase inhibitos and disrupting cell cycle progression. In another consequence of proteasome
inhibition, microRNA expression is altered with increase in-28iRand downregulation of miR5a

and miR16 which collectively support tumour grow#n, 41]. Adling to the list of downstream
effects of proteasome inhibition, bortezomib inhibits mitogen activated protein kinase (MAPK)
preventing DNA repair and inhibiting tumour angiogeng&®. Bortezomib also participates in

osteoclast apoptosis and osteoblast differentiafid8.

Carfilzomib is a second generation Pl and targets haemopoietic specific inmunoproteasome, binding
ip ANNBOSNBAGEE YR 640K [4N&tomib iNbomgafisérdditle dist( & § K

orally available PI and is immediately hydrolysed in water into its active form and like bortezomib,
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OAYRA GUKS | p A& dedelgibldt). BoiNdariitomih dnd ixazoyhiR are licensed for use
in relapsed MM.

1.2.4 Bendamustine

Bendamustine combines alkylator and antimetabolite propertiesiarassociated with extensive and
durable DNA damagi6]. The extent of DNA damage far exceeds that seen with cyclophosphamide
and the damage appears more durabidich, in turn, initiates a p58ependent stress response,

apoptosis and a state of mitotic catastrophe resulting from inappropriate entry of cell into ndsis

1.2.5 Histone deacetylase inhibitors

Histone deacetylase (HDA@emove terminal acetyl groups from lysine residues of histone proteins
yielding a condensed form of chromatin, limiting transcription and silencing §&8jesHDAC
inhibitors, however, inhibit the deacetylation of histone proteins aslvasl a larger number nen
histoneproteins including alph#ubulin, p53, steroid receptors, B6| Hsp 90 and HIE The result is

an alterationin expression of a large number of genes with potential impact on cell development,
proliferation and surviv§dt9]. Increased levels of p21, for example, inhilbigslin dependent kinases
which in turn results in cell cycle arrest. Vorinostat was one of the first drugs in this class used in
myeloma. Panobinostat is a potent pan deacetylase inhibitor with a 10 fold greater potency compared

to vorinosta{48§].

1.3 Immunosuppression in myeloma

It has become increasingly clear that the immunosuppression seen in myeloma patients aids tumour
persistence as well as progresqdv@. While newer anti myeloma agents such as Pls and IMiDs include
immunomodulatory mechanisms of action, it has long been postulated that the direct targeting of the

immune response in myeloma could achievprofound tumour suppressi¢al].

1.3.1 Defective antigen presentation

Although MM cells express HLA class Il so thus are capable of direct presentation, cross presentation
is the main mechnism of tumour antigen primif§2]. However, cells capable of antigen presentation
such as dendritic cel(®Q from myeloma are fewer in number driunctionally impaired, expressing
reduced levels of L2, HLADR, CD40, CD86 and CD80 resulting in decreasedatination and co
stimulation53, 54).
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1.3.2 T cell dysregulation

The T cell population in myeloma patients is abnormal. It has been observed that myeloma patients

have reduced numbers of CD4+ T cells and that disease progression may be essadiaturther

reduction of the CD4/CD8 raft6b]. There is also an alteration of Regulatory T cells/ T helper 17 ratios
resulting in a suppressive st§&6] YR NBLRZ NI SR Ff G4SNIdA2ya G2 yI Gd:
cell§57].

Regulatory T cells (Trégare present in myeloma patients and function to suppress T cell responses
by the production of immune suppressive cytokines such-asiL | Y R ¢-B d@pletidnjideed, [
there is a reorted increase in BM Tregs in patients witlsadise progressi¢hd]. It has also been
reported that a regulatory T cgdhenotype can be acquired by gjogytosis which involves transfer of
membrane from myeloma cell to T cells resulting in the transfer of immunosuppressive molecules

such as HL-&[58].

Moreover, therehas been the report of cytotoxic T cell clones that are directly related to presence of
tumour and convey a favourable prognosis, being evident in the blood of long term survivors of
myelomd59]. Interestingly, Suen et ahtegorises dysfunctional T cells into three t)[6€6 Anergic

cell are hyperesponsive, so not secrete-2Land display reduced CD®8diated cestimulation on

TCR binding. T cell exhaustion is the consequence of T cell overstimulago®,ilo 8 SONBGS Ay i
gamma and are typified by increased inhibitory receptors (eg @TBBR1). Thirdly, exhausted T cells

are late differentiated T cells, are associated with aging, lack CD28 and secrete inflammatory
cytokines. This last category ofllseexpress low levels of checkpoint proteins. Suen asatibed a
senescent phenotype to thesgonogenicT cells as opposed to an exhausted one, with a low levels of
PD1, CD28, CTEA LAG3 and TIMB1]. It is assumed these clonogenic T cells are myelspezific

and the authorghussuggest a poor likelihood that the checkpoint inhibitors in clinical use will be able
to mobilise these cells in myeloma patief@g]. However in the same work, these Isalvere observed

to be stimulated with thalidomide therapynd interestinglywhile PB1 inhibitors had limited single
agent efficacy in MN§B3], more promisingresults have been attained in combination with

lenalidomidg64] (see sectiori.4.1).

1.3.3 Bone marrow microenvironment
Cells in the bone marrow microenvironment alsontribute to the immune suppression which

supports tumour growth.
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Osteoclasts secrete APRIL and have been found to directly inhibit CD4 and CD8 T cells. T cell mediated
cytotoxicity is reduced by the upregulation of checkpoint inhibitors such as1P& well as T cell

metabolism regulators indoleamine 2¢oxygeenase (ID{B5].

Macrophages have two phenotypes in vitro. M1 is-prilammatory, tumoricidal and stiodates T and

NK cells. In comparison the M2 phenotype has a low capacity for antigen presentation and produces
reactive oxygen and nitrogen sped@§]. The M2 phaotype is the predominant phenotype in the
bone marrow of myeloma patients and was shown in vivo and in vitro to have tumour supporting

capabilitie$67].

Myeloid derived suppressor celldDSCp are a heterogenous, immature population that are

increased in patients with myeloma and suppress T cell function througiireae dependent arginine

depletion that impairs production of T cellagptors and affects cell cycle regulat@®]. MDSCs also

produce reactive nitrogen and oxygen species increasing T cell apoptosis and antagonising the affects

of IL-2 by inhibiting phosphorylation of downstream-2Lpathway$69]. MDCSs promote Treg

SELI yairzy (KNP dz3 K-10AIBNQan by \CHACDAF intara@tidifOF In doffitrast,
YSYONIYS 62dzy R ¢DCi m A& AY@PR MOSCRhaveylsovéeRdbseivedy 3 b Y

to recruit Th17 cells and increaselll productiori72].

1.4 Immunotherapy in myeloma
This growing understanding of MM immune dysregulation together with the development of several
technological advances has led to a growingriegein the clinical potential almmunotherapy fothe

treatment of myeloma

1.4.1 Monoclonal antibodies
Monoclonal antibodiegMoAb) have had a significant impact in cancer treatment and bind target

antigen resulting in one of the followifigg].

1 Directly targeting receptor and its downstream activity

1 Antibody dependent cell mediated cytotoxicity (AD@@d antibody dependent cellular
phagocytosis (ADEBYy the recruitment of effector cells such as NK cells and macrophages

1 Complement dependent cytotoxicity (CPy fixing complement

91 Delivery of a drug, toxin or radioisotope

9 Bispecific moleculewith dual CD3 and tumour antigen spigty to direct T cells to

tumour.

20



Surface tumour antigens can be targeted with MoAbs and examples include SLAMF7 (C&1), CD3
CD40, CD138, CD56, ChEB/4, CD162, Hnicroglobulin, BCMA and GR[51]. Growth factors and
their receptors can also be targeted such as5,IUL-6R, insulin like growth factek, vascular
endothelial growth factor (VEGF), B cell activating factor (BAFF), a proliferating ligand[{8PR]L)

Two monoclonal antibodies developed for usemyeloma have been licensethese target CS1

(elotuzomab) and CD38aratumumnab) and early results have shown promising clinical responses.

CS1is a cell surface glycoprotein and member of the signalling lymphocyte activating molecule related
receptor family (SLAMFFand is expressed on plasma cells and to a lessenie€D8 T cells and NK

cells. Small interfering RNA mediated knockdown of CS1 reduced MM cell adhesion to bone marrow
stromal cells indicating role of this antigen in myeloma cell pathoggiéisElotuzomab, a
humanised CS1 targeting MoAb has been developed and mediates tumour death by ADCC but not CDC
while seemingly activating NK kthereby enhancing their antiimour activityf75, 76]. Despite
disappointing response as a single ageént elotuzomab has shown remarkable activity in

combination with lenalidomide and dexamethasonith an ORR of 79% in Phase Il tf2dk

CD38 is a transmembrane glycoprotein and has a role in modulating adhesion and migration between
circulating lymphocytes. It also functions as an ectoenzyme through hydrolase and cyclase activity
which mobilizes intracellular calcium stores for downstream signfll@jgDaratumumab binding to

CD38 expressing tumour cells results in CD38-eesyme itibition, CDCADCC, ADCP and apoptosis
through crosslinking of bound antibody by(R8]. Daratumumab has also been shown to reduce
Treg numbersincreaseCD8:CD4 ratio and cytotoxic function of effector T E&ls Treatmen with a
combination of daratummab, lenalidomide and dexamethasone has yielded partigularpressive

results with an ORR of 92.9% and a CR rate of 435180)].

Checkpoint inhibitors such aPR. antibodies reverse T cell repression caused by binding -flRin
tumour cells to PEL on effector T and NK cells thus augmenting T cell response against cancer
cell§81]. Nivolumab showed modest clinical activity as a single agent in MM. But a phase 1 trial of
pembrolizumablenalidomideanddexamethasoneesulted in a 50% OR3Z] in relapsed patients and
included a high percentage oéfients double refractory to INDIs and Pls. Furthéiials assessing PD

1 and PBDL1 Durvalumab and Atezolizumaimhibitors containing combinations are underw@].

A phase 1 clinical trial of a BCMA specific immunoconjugate (GSK285916) consisting of rabnoclon
antibody linked to a microtubule disrupting agent MMAF is showing promise with a single agent ORR

in relapsed myeloma of 67% at the higher dose r§@dje
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A type of bispecific molecule are bispecific T cell engagerss)BBIEEs are bivalent molecules
combining specificities for two separate targets and d¢gfly consist of two ScFvs in tandem and
fAY1SR o0& | avltf FTtSEA0fS tAYy1SNI GKSNBoe O2YoA
antiger{85]. For myeloma, there has been reports of a BiTE based on thel\WWasmoclonal antibody

which binds an unidentified antigen on normal and malignant plasmd&@llsr that bind CD1387].

The results from the first BCMA targeting BiTElinical trials, BI836909, aasvaited88].

1.4.2 Vaccines

Vaccines aim to mount an antigen specific response through in vivo priming and developing vaccines
for myeloma treatment has been challenging. Firstly the global immune suppression outlined
previously resiis in suboptimal immune responshj particularly in the presence of active disease.
Myeloma antigens are also poorly immunogenic and there is often downregulation of target on

tumour[89].

Myeloma cells express immunoglobulins containing somatically mutated variable regions which can
serve as a unique and tumour specific antigen or idiotype. These antigens are expressed on MHC
molecules on the tumour surface allowing themaale serve as antigen presenting cells (8P€@r T
cell§90]. However despite conjugation with strong adjuvants, the idiotype containing vaccines were

found to be poorly immunogenic and did not yield clinical bef@fit

A second approach attepts to utilise the efficient antigen presenting capabilities of DCs by either
pulsing cells ex vivo with idiotype or fusing DC with patient derived tumour to maximise the repertoire
of tumour antigens presented to T cells. A phase 1 trial administeringdbeine post autologous

stem cell transplant (ASTdescribed disease stabilization in 3 of 17 patif92s

Cancer testis antigens (also debed in chapter 4) are germ line antigens that are abnormally
upregulated on tumour cells. A vaccine administered post ASCT and consisting ofAg/A6iide
augmented with a TL-R agonist, GMCSF and ex vivo activated autologous T cells did yield an immune

but not clinical respong83].

A third off the shelf approach is a vaccine consisting of@G# secreting bystander cells mixed with
two myeloma cell lines (H® and U266) has been tested in patients post ASCT in a phase 1 trial and

appears to prolong PFS when administevéith maintenance lenalidomid@4].
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1.4.3 Adoptive T cells

1.4.3.1 Allogeneic bone marrow transplantation and donor lymphocyte infusion

The role of allogeneic bone marrow transplantation in myeloma continues to be debated with a meta
analysis of 6 trials showing higher CR rates with ASIBWéal by allogeneic transplant compared to
tandem autografts but failed to show a difference in PFS and only a trend[85]OSllotransplant

does offer a cure and chance of long term remission in a subset of patients but in contrast there is a
significant transplant related mortalif RV of allografts which in the best scenarfoantline therapy

with reduced intensity conditioning) still ranges from-28%496]. TRMis significantly higher in the

myeloablative setting (summarised[®6]) and this offsets any benefit from long term disease control.

Donor lymphocyte infusionsan induce a clinically meaningful grafersus myeloma effect with
prolonged remissions in some patients relapsing aftéogahft. Indeed the efficacy of graft in
maintaining these remissions is also suggested by the association of graft versus host(@sét3e

and respons@7].

1.4.3.2 Marrow infiltrating lymphocytes

It has also been described that lymphocytes residing in the bone marrowandvereased proportion

of central memory as well asmbur specificT cells2 factors that enhance efficacy of adoptive T cells.

In addition, marrow infiltrating lymphocytes (M)Lare more cytotoxic and express CXCR4 which
enhances trafficking to the bone marr@®8]. A phase 1 trial has established that transfer of ex vivo
activated and expanded MILs is feasible but as of yet significant clinical responses have yet to be

demonstrated99].

1.4.3.3 T cell receptor modified T cells
The transfeof tumour specific T cell receptors (T8 Benerates tumour killing T celiswever antigen

recognition is MHC restiiied limiting the widespread use of this technology.

The first TCRhodified T cellsised in MM involvecadministeringT cells engineered to express an
affinity-enhanced TCRrecognizingNY-ESGL and LAGE in HLAA*0201cpositive patients The
authors desdbed their results as showirgromise as in the heavily pretreated group of patigrds

PFS and OS of 19 and 36 months were reported respe¢fidglyHoweverthe patients on this trial

also received maintenance lenalidomide and the outcomes wetdetter to patients receiving ASCT

and maintenance lenalidomide alone with Gay et al reporting a 20month PFS of 53% and a 40 month

OS of 6594.01]. Interestingl, patients thatreceived T cells specific for fE6CL exhibited PRs and
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those who eventually relapsed were found to have R@1 antigennegative disease, indicatirtije

presence of antigeescape variants.

1.4.3.4 Chimeric antigen receptors

Chimeic antigen receptors (CARg)aft tumour antigenspecificityto a modified TCRTypically a

tumour specifianonoclonal antibody is used to bind target cells énelseengineeredCARconstructs

are thentransferred toT cells thereby redirecting tlvecytolytic potentialspecifically to tumourThe

CAR T cell can persist in patients long term and also binds in a manner independent of MHC class
restriction102).

The remarkabl@otential of this technology is being realised wiitle CD19 CAR in acute lymphoblastic
leukemia (ALLWwhich has become the benchmark for adoptive T cell therapy. Despite study cohorts
consisting of multiply relapsed and chemotherapy refractory patients including individuals who had
undergone previous allogeneic bone marrow transplantation, respenof up to 90% have been
observed103-105]. Furthermore, T cell persistence and corresponding contindisdase remission,

even without further therapy, has beereported 103].

1.5 Paucity of tumour antigens in myeloma

Plasma cells do naypically express th® cell markers CD19 and CD20 so the therapeutics which
target these antigens and have revolutionised the treatment of B cell malignancies are not applicable
to MM [106, 107]. Having said thig CD19 CAR has been used in myeloma with a widely reported case
report of response in a patiewith MM[108]. This respons@as attributed to the expression of a
CD19 in a tiny syimpulation of tumour cellsvhich have stercell or clonogenic propertieso
therefore serve aa reservoir of resistant precursotdoweverconsistent clinical benefit has not been
established in myeloma patientsstated with the CD19 CAR post autogirb®9]. This would support

the necessitylo target selectively expressl plasma cell antigens. These are rare araghy potential
targets areexpressed on nohaemopoietic (CD38, CBA) or other haemopoietic lineages (HM1.24,
CS1n10, 117 thus therapeutic strategies specific for thesetigens are likely to incur etarget off-

tumour toxicity.

Target antigens in myeloma are discussed @atgr detail in Chapted.

1.6 BCMA is a promising therapeutic target for myeloma
Given the paucity of selectively expressed plasma cell antigend] Biatgiration antigen (BCMA
CD269 or TNFRSF17), a member of the TNF receptor famiharticularly attractive target due to its

apparent selectivity of expression. A GenBank expression analysis of BCMA mRNA across a large
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number of normatissues demonstrates expression isolated to the B cell lineage. Specifically, BCMA is
predominantly expressed on differentiated plasma ¢&l®] and plasmablst§113 114], not

expressed in naive and memory B d&lls, 116], and absent from nofaemopoietic tissues.

It appears that BCMA is expressed in the majority of patients but expression level is variable and
sometimes lod]. But as of yet, surface expression on tumour has not been quantified. Further,
clinical corréates with levels of BCMA expression have not yet been investigated although an
understanding of this is crucial to discerning the groups of patients that would most benefit from

therapeutic strategies targeting this antigen.

The known expressionf BCMAand its biological function will bdiscussed in further detail in

Chapters 3 and 4.

1.7 Binding myeloma cells with APRIL

The classical means of binding tumour antigen is udflog\bs or derived single chain variable
fragments (ScFV)A natural ligand for BCM#s a proliferating ligand (APRIL), which also binds
proteoglycanand Transmembrane activator and CAML interadf6AC), another receptor expressed

on myeloma cells (see FigureR Binding to proteoglycan can be overcome by truncating timina
terminug117] and this truncated ligand is an attractive binder for myeloma cells. APRIL naturally
trimerizes on binding to its receptdkl8] which ishypothesizel should amplify target recognition
particularly when antigen expression is I0APRIL also binds both antigewith low nanomolar
affinity[119], is a mall single domain protein arabes not requirecomplex assembly into a functional

protein and furthermorebeing a human ligand it immunogenic

In this projeck G KS SELINBaaiAzy 2F !twL[ Q& yliadaNFt NBOSL
tumour cells to explore the clinical utility of targeting these antigens in myeloma patients and two

immunotherapeutic strategies are developed using APRIL for antigen gindin

Furthermore, although TACI is a lymphoid antigen, its expression is less restricted than BCMA
(discussed in more detail later) so a BCMA specific APRIL mutant was generated. While use of a BCMA
specific binder would reduce the risk of possible off targeicity, there is also an advantage to
targeting both BCMA and TACI as the number of target tumour antigens is increased and the risk of

antigen negative disease escape may be reduced.
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1.8 Summary

In summary, there remains an unmet need for therapieat thchieve durable disease responses in
myeloma. An understanding of the role of immune suppression in myeloma pathogenesis, as well as
key technologicadevelopments, has resulted in the rapid development of immunotherapeutic
strategies in myelomadowe\er, despite early promise particularly oAb containingcombination
therapies, currently cure can only be achieved with allogeneic bone marrow transplant but this

strategy incurs a significant mortality rate and risk of GvHD.

With the growing realisatio that T cell activity can be directed to tumour with clinical responses, this
work aims to direct the potentcytolytic capability ofT cells specifically to tumour. BCMA is a
promising therapeutic target due to its restricted expression to plasma cellsexpression on
myeloma cells. A natural binder for BCMA is APRIL which also binds another myeloma cell antigen,
TACI. APRIL is an attractive binder as it is a compact, self, trimerizing ligand which binds both myeloma

cell receptors with high affinity.

This work is based upon the hypothesis that immunotherapeutic strategies can be developed to direct

T cell activitto myeloma cells using APRIL.

1.9 Aims

1 To investigate the expression of BCMA and TACI on myeloma cells from myeloma patients
to explore the cliical uility of targeting these antigens

1 Engineer a CAR using APRIL for antigen binding (ACAR) and evaluate its function against
BCMA and TACI expressing catld primary tumour cells in vitro as well &san in vivo
myeloma model.

1 Engineer a bispeaifimolecule using APRIL for tumour binding (APRILITE) and evaluate its
function in vitro and in vivo.

I Using a targeted mutagenessirategy generate a BCMA specific APRIL mutamd

investigate its use in a CAR.
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2 Materials and Methods

2.1 Molecular bio logy

2.1.1 Buffers and bacterial media

Table2-1: Composition of buffers and bacterial media for molecular biology

Buffers/media

Composition

Phosphate buffered saline (PBS

137mM NaCl, 2.7mM KCI, 10mM aNPQ, 2mM
KHPQ(dibasic) pH 7.4

Tris, Boric Acid, EDTABE

54q of Tris base, 27.5g of boric acid, 20ml of 0.5M EDTA

to 5L with deionised water

Terrific Broth (TBnedia)

12g tryptone, 24g yeast extract, 4ml glyceral31 g of
KH2PQs and 12.54 g of K 2HPQs. Made up to 1000m

deionized with water, mixed and autoclaved on liquid cy

(20min at 15psi)

Luria Bertani (LBnedia)

10g tryptone, 10g NaCl, 5g yeast extract, to pH7 with
NaOH, made up to 1000ml with deiized water, sterilized ol

liquid cycle of autoclave.

LB plates (ampicillin)

To the above media 159 agar added and autoclaved on i
setting. On cooling carbenicillin added to a concentratior

100pg/ml), stirred and poured onto sterile petri dishes

2.1.2 Cloning by overlap extension PCR

Cloning transgenes were modular typically involving the hybridisation of 2 or more subunits by 2 or

more PCR reactions. Primary PCR amplified desired components using primers complementary to

flanking sequences as well aesired sequence from parent plasmids. Typically 35 cycles of

amplification were performed consisting of meltingf@8 for 120s; annealing: B5 for 42s; extension:

72RC for Phusion polymerase (calculated at 60s per 1000bp amplicon). PCR product was then

separated by gel electrophoresis and amplicon excised and putified) aQlAquick Gel Extraction

1A0® ¢KS t/w LINRRdzOG 6SNB G(KSYy YAESR 6AGK

and a secondary PCR performed as above.
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The synthesisedho NA R & S1ljdzSy0Sa ¢SNBE Ffaz2z SyaaySSNBR G2
facilitated insertion into a plasmid (typically Ncol and Mlul respectively in the SFG pld&stiaying

secondary PCR and verification of successful amplification oneggtaghoresis, Qiagen QIAquick

cleartup kit was used to purify amplification before restriction digest with Ncol and Mlul and ligation

into suitable destination vector that had been similarly digested. Ligated plasmid would then be
transfected into bacted as below, plated and single colonies picked. These in turn would be grown

dzLJ ' YR WYAYALINBLILISRQ a4 06St260 I LILINP LINRA F S NEB 3

transgene and DNA sequencing by Beckman Coulter confirmed cloning.

2.1.3 Restriction Endonuclease Digestion

All the restriction enzymes were obtained from New England Biolabs (NEB). Restriction digests were
LISNF2NYSR F2NJ RAFIYy220GA0 LIzN1LIR2aSa 2N F2NJ LINRPGSAY
SyrRaQ Oly 6S tA3FGSR®

For diagnosic purposes, DNA was incubated feB2ours at 3RC as pemanufacture@instructions
(0.5ul each enzyme, 3ul 10x buffer, 1ug DNA, made up to 3@plskérile nuclease free water by
Gibco). The product was the mixed with loading buffer and run on Hosg gel with 1:20000 SYBR

Safe(Invitrogen) before being visualised under UV light.

Larger amounts of DNA were digested prior to ligation and a mix of 5ug plasmid DNA or the entire PCR
reaction, 5ul each enzyme, 10ul 10x buffer made up to 100ul witreasel free water was incubated
for 3 hours at 3RC. This was then run on 1.5% agarose gel, band visualised with dark reader blue light

box and excised with a clean scalpel prior to purification with QIAquick Gel Extraction Kit.

In both cases where buffersere incompatible, serial digests were used with samples processed with

Qiagen QIAquick cleaup kit.

2.1.4 DNA ligation
NEB quick ligase kits were used for ligations. For this 1.5ul quick ligh&gil Higested plasmid, 10pl
buffer made up to 2@l with nuclease free water and incubated at room temperature for 5 minutes,

transferred to ice and then 2ul transformed into high efficiency C2987 (NEB) bacteria.

2.1.5 Small scale DNA preparation
WaAyALINBLIQ +Ffft26SR (GKS SEGNI OGA2Yy nesfto éoitnt £ | Y2
successful cloning by restriction digest or sequencing. Following bacterial transformation, cells were

plated on LB agar and individual colonies picked and grown overnight in 4ml LB with 100pg/mi
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carbenicillin or other appropriate antibimt A Qiagen miniprep kit was then used as per
Y|y dzF | OnstdaNi@nslD &

2.1.6 Large scale DNA preparation

hyOS adz00S&aa¥dzZ Of2yAy3d KIR 0SSy OSNAFASRI WaAR]
higher purity DNA for downstream applications sashtransient transfection of cell lines or for virus
production. Fifty millilitres of TB mixed with appropriate antibiotic was inoculated withSZ&ul

bacterial culture and then incubated in a bacterial shaking incubator overnight at 220RPN&at 37
Macherey Nagel midiprep kits were then used as per manufacturers instructions for DNA extraction.

The purified product was then verified by restriction digest by an enzyme selected to have restriction

sites in the vector backbone as well as transgene.

2.1.7 Measurement of DNA concentration

DNA concentration was defined by Thermo Scientific Nanodrop 1000 spectrophotometer.

2.1.8 Gel Electrophoresis

Gel electrophoresis allowed an assessment of fragment size following PCR or restriction digest and at
the same time, separain of DNA fragments to allow excision of specific bands. Typically, 1% agarose
was made by adding 100ug of agarose to 10ml TBE buffer, heating briefly in microwave to dissolve
agarose and on cooling addition of 5ul SYBR Safe to enable visualisation hdN#as then poured

into appropriate moulds.

DNA samples were loaded with loading buffer (1:5, Bioline DNA Loading Buffer Blue) and inserted into
a gel electrophoresis tank filled with TBS buffer at 130V till appropriate separation.

2.1.9 Plasmids

The gammaregoviral vector SF[320] was used for all constructs in this work. This plasmid is based
on the Moloney murine leukemia virus withé start codon located at the start of the deleted viral
envelope gene. Bicistronic transgene expression was achieved by addition of an intervening
encephalomyocarditis internal ribosomal entry site (IRESyroinframe footand-mouthglike 2A
peptide, Tay121].
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2.2 Bacterial Manipulation

2.2.1 Growth of E coli

51 ph 9 O2fA $SNB LIz2NOKIF &SR FTNRBY b9. YR H aidNIA
efficiency so was therefore used for transformation of ligation mix or C2988 for retransformation.

These cé$ were grown in LuriBertani(LB or Terrific broth (TBfor miniprep or midiprep cultures
respectively and cultured at B with agitationat 220rpm ina bacterial shaker incubator.

Alternatively, cells were spread on LB agar plates and placed inverted in a static incubator.

2.2.2 Transformation of E coli

Typically, 2pl of ligation mix or 1ul of mimiep DNA added to bacteria and incubated o& fier 30
minutes followed by heat shock by rapidly transferring to a water bath aC4fr 35 seconds and

then immediate transfer back to ice. Bacteria was then added to 250ul SOC media from NEB for 30

minutes in a shaking incubator and then spread oB adlar plate inoculated with relevant antibiotic.
2.3 Tissue Culture

2.3.1 Maintenance of cell lines

2.3.1.1 Cell count and assessment of viability

Trypan blue is a vital stain or diazo dye which is unable to traverse intact membranes but can pass
through the membrane ofeld cells allowing these stained and ngable cells to be easily visualised
microscopically. A Neubauer counting chamber is a thick glass slide with a central gridded gbrt

a known volume allowin@n assessment of concentration. In the central gmrtiof a counting

OKI YOSNI Aa SUOKSR o aljdzr NB&a oWt NBS aljdzZd NBaQu S
OWaYltf &aljdz NBaQo o

Cellswere counted in a Neubauer counting chamber by resuspending the cells in solution to ensure
equal distribution. Avzolume of cell solution was then mixed with an appropriate volume of Trypan
blue. For example, for 1:4 dilution, 5ul cells was mixed with 15ul of Trypan blue and for 1:1 dilution,
10pl of each. This Trypan blue/cell solution was then loaded into the cayntiamber. Dilution was
chosen to ensure between 10 and 100 cells per large square. Live (non blue) cells were then
enumerated and concentration (in &lls/ml)determined by the equation (average number of cells

per large square x dilution)/100. Typilyalcells in 4 large squares were counted for accuracy. A

percentage viability was determined by dividing live cells by total number of cells in a large square.
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2.3.1.2 Adherent cell lines

HEK 293T cells were cultureccompletelscove's Modified Dulbecco's Mia (IMDM) purchasedrom
Lonzaand supplemented with 50ml filtered and heat inactivated foetal bovine serum fRomabs

and 5ml dutamax from Gibco. Cells were culturedimn175cnt tissue culture coated flasks at RZ

with a 5% C@atmosphee and were passaged twice a week when cells had reache®080
confluency At each passage, edia was pipetted off, cells washed with 10ml sterile PBS and coated
with 5ml warmed trypsin (Lonza) and incubated for 5 minutes. Flask was then agitated asid tryp
neutralised with 5ml complete media before mechanical disruption of cell clumps with repeated
pipetting. Cells were then washed by transferring into a 50ml Falcon, adding a further 20ml complete
IMDM and centrifugation at 400g for 5 minutes. Supernataas decanted and celtesuspended in

further complete media, cells were split 1:10 and added back into flask.

2.3.1.3 Non adherent cell lines

Jurkat, SUPT1, MM.1s, KMS12BM and U266 cells were cultured in coRpatell Park Memorial
Institute medium (RPM) in 75cnf tissue culture flasks and maintained at a confluency between 0.2
1x1C®/ml for human myeloma cell linéBiIMCI. and between 0.08x1¢/ml for Jurkat and SUPT1 cells.
This involved a 1:5 and 1:20 dilution for HMCLs and othitices respectively.

2.3.1.4 Single cell cloning by limiting dilution

This was achieved by repeated counts of cells to obtain an accurate calculation of concentration and
diluted to achieve a dilution of 1 cell per 600ul which equates to a single cell pelis3oiva 96 well

plate ensuringsingle colonies cultured in each well. After a prolonged culture, coloméze then

sampled and tested for the desired phenotype.

2.3.1.5 Cryopreservation of cells

Cell lines in the exponential phase of growth were resuspendedtiiited cryopreservation media

(Lonza) and 10%imethylsulfoxide PMSOxnd a minimum concentration of 5x%énl and aliquoted

AyiG2 ONB2@AIt&a 0ST2NB o0SAy3 LX-80RSrRezek 4 endlifeNadS ST &
controlled drop intemperature of RC/minute before transfer to liquid nitrogen the following day for

longer term storage.

Primary cells were cryopreserved in filtered B8 10% DMSO in the same manner as above due to
the slightly improved recovery rate fromyapreservation, but increased cost, with FBS compared to

freezing medium.

31



2.3.1.6 Recovery of cryopreserved cells

In contrast to slow freezing, as DMSO is toxic to cells, cell recovery had to be rapid with transfer of
cryovials to a water bath at . Once thedls had defrostedthe contents ofthe cryovial was
immediately pipetted into 30ml of warmed complete media. Cells were then centrifuged at 400g for
5 minutes, supernatant decanted and cells resuspended in an appropriate volume of complete media

before bengtransferred toan appropriate sized tissue culture flask and into an incubator.
2.4 Primary cell culture

2.4.1 Isolation of mononuclear cells
This process was used to separate mononuclear cells (MiDs bone marrow to isolate tumour

peripheral bbod (PBMQsfor T cells.

Donors were venesected andblood drawn into a 50ml syringe containingOO0pl
ethylenediaminetetraacetic aci(EDTA Whole blood was then diluted 1:1 with equal volumes of
plain media. Per 20ml of dilutdalood, 10ml of Ficoll (GE) was added to a 50ml Falcon tube and 20ml
of diluted whole blood carefully layered onto the Ficoll. These filled tubes were then carefully
transferred to a centrifuge set at 7509 for 40 minutes gR20applying minimum rate of eeleration

and no brakes. After this the byffayer contained at the Ficgllasma interface was removed using a

Pasteur pipette, washed twice and resuspended in complete media at the required concentration.

2.4.2 Stimulation of T cells
PBMCs were stimulated thi CD3 and CD28 antibodies ane2lprior to ceculture with bispecific T

cell engagesor prior to transduction.

PBMCs were resuspended a 2% in complete media and anti CD3 and CD28 antibodies were each
added to a concentration of 0.5ug/ml. The fallimg day an equal volume of complete media
containing IE2 at concentration of 2001U/ml was added(so final concentration of 1001U/ml). On the

third day, the cells are harvested and ready for downstream applications.

2.4.3 NK cell depletion of stimulated PBMCs prior to functional testing

To exclude residual NK cells prior to killing assays, samples were CD56 depleted prioultareo
with MACS MicroBads (Miltenyl Biotec)as per manufacturers instructions. In short anti CD56
antibodies areconjugated to magnét beads (MicroBads) which will then be immobilized in a
magnetic column. For negative selections (eg CD56 depletion) the cells not immobilizda5By

MicroBeads wee hanested and the column discarded.
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2.4.4 Bone marrow MNCs from myeloma patients

Bone marroMNCS were obtained in this work for two purposes. MNCs were stained for BCMA and
TACI quantification of tumour cells and CD138 positive tumour cells were selecteecidture using

MACS MicroBads and corresponding magnetic columns as Yér y dz¥ | Oiristiastis iy JRoi
positive selection (eg CD138 selection), the column containing immobilized cells was washed multiple
times to remove unbound cells before being removed from its magnetic frame. A volume of buffer
was then added to the column and expellading a plunger allowing the immobilized cells to be

harvested.

2.4.5 Culture of primary myeloma cells
PBMCs were often immediately stimulated for downstream purposes and maintained in complete
RPMI. Tumour cells were cultured in RPMI/20% pooled patient glgBRIP as this has previously

been shown to increase the viability of tumour cells in V&9

2.5 Retroviral work

2.5.1 Retronectin plates

Retronectin has been reported to increase the rate of retroviral transduction bgdthecalization of
virion and cellgl23. Retronectin plates were prepared at least 12 hours before transduction by pre
coatingnon-tissue culture24 well plates with 500ul of PBS with 8ul retronectin (TakarajrpeThese

plates are then covered in parafilm and stored RE4nd reused a maximum of twice (so t@&akes).

2.5.2 Transient transfection for expression testing

This process mediates the transfer of nucleic acid into cells but as DNA is not integratbdsnto
genome it is diluted by cell division or degraded by DNA nucleaBhas,introduction of DNA is
temporary lasting a few days$iowever,there is usually a high copy number of transferred DNA
allowing transient but high levels of expressed proteifihis process is therefore ideal for the
screening of engineered proteirither looking at the assembly and function of protein on the cell

surface or secreted into culture supernatant.

Transfection was achieved with Genejuice (Millipore) whichnisrelipid based transfection reagent

that complexes with DNA allowing transfer into cells.

In this work, HEK 29ZEllswere transfected with plasmids. HEK 293T cells were variably plated onto
wells of 12 well plate, 6 well plate or 100mm petri dishes and exedhimicroscopically for a

confluence of at 4®0% before transfection. Plain media and Genejuice(Millipore) were mixed in the
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ratios outlined inTable2-2, incubated in the hood for 5 minutes before DNA added afhgther 15

minute incubation. This mixture was then added dropwise to the 293T cells.

Table2-2: Transient transfection mix

Plate Genejuice Plain media DNA
100mm Dsh 30ul 470 ul 12.5ug
6 well Rate 5ul o5ul 2ug
12 well Rate 2.5ul 47.5 ul 1lug

2.5.3 Production of viral supernatant by transient transfection

Transduction is the nereplicative infection that introduces functional genetic information expressed
from recombinant vectors into the target cell. A garm@troviral paclging system was utilised by-co
transfectingHEK 293T cells with &FG transfer plasmid containitige desired transgene, packaging
genes (GafPol) consisting of structural precursmmotein Gag and polymerse Paid envelope gene

(Env, irthis case RD114 pseudotyped with tropism for haemopoietic cells).

The day before transfection, 2.5I9EK 293T were plated in 100mm tissue culture treated plates in
10ml of complete IMDM. The following day, the cells were examined microscopically toeensu

optimal confluence of between 460%.

Then, 30pl of Genejuice was mixed with 470pl plain media and allowed to incubate at room
temperature for 5 minutes at which point 3.125ug of Env, 4.6875ug Gagpol and 4.6875ug of retroviral
plasmid DNA was added aimtubated for a further 15 minutes. This mix was added dropwise onto
HEK 293T cells atfte plate gently rocked. Supernatant was then harvested at 48 hours, storgtCat 4

and then pooled with supernatant at 72 hours, aliquoted and snap frozen before storageRat

2.5.4 Retroviral transduction

2.5.4.1 Of suspension cells
Retronectin/PBS mix was aspigdt from plates and used to coat further plates. 250ul viral

supernatant was then added and left on plate for at least 30 minutes.

2.5.4.1.1 Transduction of non myeloma suspension cell lines
Cells were resuspended at 0.6%40l in complete media andiral supernatantwas aspirated from

the retronectin coated plate. 0.5ml dhe cell mixturewasadded tothe well and topped up to 2ml
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with viral supernatantThe pates werethen centrifuged at 1000g for 40 minutes and placed in an

incubator for at least 2 days.

2.5.4.1.2 Transduction of HMCL
HMCL were transduced in the same way with the exception that cells were resuspended to a minimum

concentration of 0.8x19ml

2.5.4.1.3 Transduction of PBMCs

Transduction of PBMCs differed from suspension cell lines in that PBMCs were harvested,
resuspéded to 0.6x1&ml in complete media and 4 added toa concentration of 4001U/ml.
Therefore after 1.5ml of viral supernatantas added to 0.5ml cell/media/l2 mix, the final
concentration of 12 was 100IU/ml After 72 hours, cells were taken off retmctin, washed and
resuspended in complete media without furtherdLTransduction efficiency was then determined as

percentage of RQR8+/APRIL+ events by FACS.

2.5.4.2 Of adherent cells
HEK 293T cells were transduced by plating 0.2€l8 in each well of a 6 wellate. The next day, the
media was aspirated and gently replaced with 1.5ml of retroviral supernatant and 1ul of polybrene.

Cells were then transferred back to the incubator for 2 days.

Polybrene (Millipore) is a cationic polymer which is thought to redige the charge repulsion

between virions and sialic acid on the cell surface thereby increasing the efficiency of transduction by

retroviruse$124.

2.6 Flow cytometry (FACS)

Table2-3: Primary antibodies used for flow cytometry

Target Clone Make Conjugate Dilution
CD2 RPA2.10 Biolegend FITC 1:100
CD3 UCHT1 Biolegend FITC 1:100
CD4 OKT4 Biolegend V405 1:100
CD8 SK1 Biolegend PE 1:100
mCD11b M1/70 Biolegend PE Cy7 1:100
CD34 561 RND APC 1:100
CD34 (RQR8] QBend10 RND PE 1:100
CD138 MI15 Biolegend APC 1:100
HA GG81F3.3.1 Miltenyl PE 1:100
APRIL 53E11 Biolegend Biotin 1:100
APRIL Polyclonal rabbit Peprotech Biotin 1:200
BCMA J6MO GSK PE 1:50
BCMA 118G03 GSK PE 1:50
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BCMA 19F2 Biolegend PE 1:20
TACI Al Biolegend PE 1:20
Viability dye eBioscience Efluor 780 1:2000
Table2-4: Secondary antibodies used for flow cytometry

Target Make Conjugate Dilution

hFc Jacken FITC 1:100

Biotin AbD APC/FITC 1:100

mFAB Jackson PE 1:100

2.6.1 Basic FACS protocol

Cells were harvested, and placed in FACS tubes and washed by adding 2ml PBS/0.1% BSA, centrifuging
at 400G for 5 minutes before pouring off supernatant. Antibodies wdrentadded in the
concentrations outlined above and left to incubate on wet ice, in the dark for 30 minutes. Stained cells
were then washed as before and resuspended in 500ul of PBS/0.1% BSA before acquisition on Fortessa
(BD). Where multiple staining stepgre required, cells were washed in between staining steps.

Isotype and/or norransduced controls were included as required.

When there were a large number of samples, a 96 well plate was used for staining. All centrifuge steps
consisted of 800g for 2 mites. Cells were pipetted into individual wells and washed by topping up

to 200pl with PBS/0.1BSA, centrifugation before rapidiyvertingthe Lt | § S I YR WFf A O] Ay -
supernatant. Antibodies were then prepared in an antibody mastermix in PBS/S8A%id adding

100ul of the mastermix to each well with a multichannel pipetfEhe pgate was then incubated for

half an hour at & at which point wells were topped up to 200ul, centrifuged and supernatant
removed. A second antibody staining step was fodd or cells resuspended to 200ul in PBS/0.1%BSA

(with Flow Check beads or PFA as needed) with a multichannetaarsddrred to mini FACS tubes for

analysis.

Data was then analysed on FlowJo V10.

2.6.1.1 Fixing cells
Cells were occasionally fixed with paraformedigide (PFAfor acquisition at a later date. If cells were
to be run within a day, after final washing step cells were resuspended in PBS/0.1%BSA/0.1%.PFA.

However if cells were to be preserved for longer, 0.4% PFA would be used and celthimub days.
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2.6.1.2 Use of counting beads

Beckman Coulter Flow check beads were used to enumerate cells. Typically, the bottle of flow check
beads were vortexed to resuspend beadgially. A volume of beads wieen washed in PBS/0.1%BSA

to remove azide bef@ resuspending in the same volume of PBS/0.1%BSA. thd ufashedbeads

was then added tdhe final volume of cells prior to acquisition and in this way subpopulations could

be quantified in terms of events/ml.

2.6.1.3 Assessment of viability

Viability was assssed in two ways. Either 5ul of 7AAD (BD) added just before sample acquisition or
fixable viability dye was added at the above concentration during antibody staining. In both cases,
stained cells were deemed unviable and excluded from further acquisitidAD binds DNA. Fixable
viability dye from eBioscience is an amine dye which are not able to pernrgaté membrane and

bind the amine groups of cellular proteins.

2.6.1.4 Staining of murine cells
Samples were blocked with 300ul of 2.4G2 hybridoma supernatartouse) for 180 minutes at

room temperature prior to antibody staining steps.

2.6.1.5 Compensation

Where compensation was required, single stained samples were used which were either single stained
cells or one comp ebeads (eBioscience). The latter contginp@ations of beads, one of which bind

the constant region for rodent dibodies therefore generatingositive and negative populatiarior

each fluorophore. Compensation was then calculaisthg FACS Diva software (BD).

2.6.1.6 Flow based sorting of cell lines

Cells were taken off retronectin 2 days post transduction and expanded in complete RPMI for a few
days at which point, cells were harvested and if necessary stained with relevant antibodies. @&ells we
then washed once in PBS/1%RB8resuspended in 1mIfd?BS/1%FBsipplemented with 100ug/ml

normocin in a sterile FACS tube.

Cell sorting was perfomed by FACS ARIA(BD) by Will Day or Joseph Roberts. Sorted cells were then

collected into sterile FACS tubes containing filtered FBS and 100ug/ml normocin.

Sortedcells were then allowed to expandell phenotypewasassessed by FACS and then aliquots

cryopreserved. These stored cellsere thawedand used for experients within a week
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2.6.1.7 Quantification of BCMA and TACI on tumour cells

For BCMA/TACI quantification,5x10 cellswere washed in a FACS tube aindubated with20plrat
serum(Sigma) and anrBD16/CD32(imouse hybridoma supernatant clone 2.4GR) reduce

background staining. Optimisation experiments staining 0.5%1M.1s cells were used to determine

the saturating concentration of BCMA and TACI artibs.CD138 AP@as then added with one of

murine lgG2a PE Isotype control (clone M@RB), rat IgG2a PE Isotype control foRTK2758),

ant-BCMA PE or anliAClI PEat 4RC for 30 minutes before washingesuspension in
PBS/0.1%BSA/0.1%PFA(Santa Cruz) and amvétpsBD QuanBRITEY6 S| Ra | & LISNJ Y y dzF
instructions. In short the geometric mean fluorescence of the 4 peaks correlate to antibodies bound

per cell (ABwhich is used toanerate a standard curve. AB@s then calculated by subtracting ABC

of relevant isotype controlCalculated expression levels of greater than 100 ABC was taken as positive.

2.7 Immunohistochemistry
This protocol was optimised and performed by Dr Manual Radadusto in the department of
Histopathology using the (Fak)6MO (a humanised anti BCMA antibody provided by GSK) attached

to a murine 1gG2a Fc.

Formalinfixed paraffirembedded tissue was stained wiMO mgG2aalone or with anti BLIMP1
(clone ROS1%95, CNIO, Madrid, Spain) using a protocol optimised on the-Bbadtomated staining
platform (Leica Biosystems). Staining for BLIMP1 was used to identify plasma cells and the
BCMA/BLIMP1 score refers to the proportion of BLAMEells that were also BCMAscores of &b
correlating to 0%, 1.0%, 1840%, 4860%, 6880% and >80% respectively).

2.8 APRIL mutagenesis

Crystallographic data was used to predict the APRIL residues which may impart BCMA specificity.
These amino acid residues were then specificallyated using degenerate primers. Rat SFG
plasmids encoded APRIDS8stallCD28 transmembrane as well as CD34 separated by 2A
autocatalytic domain These APRIL mutants were then transformed into bacteria, plated, single
colonies picked, individually expagdiand DNA extracted ypically minipreps had a concentration of

150-250ng/ul of purified DNA.

HEK 293T cells were then resuspended at 0.2%ix1@nd 1ml added to each well of 4gell plate. 1
day later, cells were typically 50% confluent. These cadl® when transfected with Genejuice and
1pg of APRIL mutant (5pl miniprep). ARREBNd membrane bound GD2 served as positive and

negative controls respectively.
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Seventytwo hours post transfection, wells of HEK 293T cells now expressing a single ARRIL mu
and CD34 were harvested with cell dissociation media, washed and aliquoted into two wells of a 96
well plate. Cells were then incubated with either 0.15ug B&W¥é or TAGiFc (RND) for 30 minutes
then washed and secondarily stained with polyclondf@ilexa fluor 488 (Jackson) and aCD34 APC
(BD) prior to FACS.

Figure2-1: Gating strategy for calculating MFI ratitdEK 293T were transfected to express A
mutants and CD34 as a marker gene. These cells were then incubated withBX@NMAFc or TAGHKC
before secondary staining with polyclonal ahFc Alexa Fluor 488 and CD34 APC. FACS plot wa
into 4 gates as shown prior to average gradient calculated as specified in text and expres:

percentage of the average gradiecdlculated for APRILwt to obtain MFIr.
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The fluorescence seen on BCHATACKFc bound mutants were then analysed by a method to
control for the variation of transfection efficiency seen with screening hundreds of mutantsiGusar
batches over months. CD34 +ve events were split into 4 gates numbered as(Blyove2-1). FITC
medianfluorescence index(MFI) was calculated for each gate and the average gradient between MFI
of various gates calculatedfl.:=MFI.2)+ (MFI.MFI.3)+ (MFIL3/F1.4)])/3. In this way, an average

MFI gradient for binding to BCMA and TACI was calculated for each APRIL mutant. This was then
converted to aratio of binding compared to APRIL WT aimingdtect a mutant with retaing BCMA

binding (a ratio of ideally 100% with BCMA Fc) and loss of TACI binding (ratio of 0% with TACI Fc).
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2.9 Protein Work

2.9.1 Electrophoresis
In these assays, sodium dodecyl sulphate polyacrylamide gel electrophoresRBASE)was used to
separate proteingn terms of molecular weighallowing an assessment of all the proteins in solution

by Coomassie or specific proteins by use of antibodies (Western Blot).

Cellular supernatants were filtered through a 0.4pl filter to remove cellular debris. 5ul samgiedoa
buffer, 2ul reducing buffer (both Litechnologies)13ul sample was heated to B5 for 5 minutes and
15ul each sample run on purchased 2% SDEAGE gel (Litechnologies NuPage) at 200V, 500mA
for 45 minutes on a constant voltage mode, 10ul broadge colour protein standard (NEB) was run

with each gel.

Table2-5: Composition of solutions for protein work

Coomassie blue stain 500mis methanol. 400mls water, 100ml| ace
acid, 2.5g CoomassieZs80

Dedain 2L 500ml methanol, 1360m| Water, 140ml ace
acid

2.9.2 Coomassie staining

The protein gel was then removed from its casing and immersed in 0.25% Coom&s§iesin
solution and placed on an agitator for at least 1 hour. Staining solution was terveshand gel
immersed in Coomassie destain solution overnight on the plate shaker. Protein Gel was then imaged

on Image Quant (GE).

2.9.3 Western blotting

Following gel electrophoresigre-cast NuPage4-12% SD®AGEgel was transferred td.2um
polyvinyl difluoide (PDVF membrane by semi dry transfer. A sandwich of sponge, filter paper,
transfer membrane, gel, filter paper, sponge (from top to bottom and altgmaked with transfer

buffer). Transfer was conducted with constant 15V for 15 minutes.

Following tansfer, PDVEnembranes were blockedith 0.1%PBS Tweetd/5% milk powder for 1

hour. PVDF membrane walsen immersed in polyclonal rabbit antiAPRIL(Peproteédajed 1:5000

in PBS/Tween/milk®VDRViembrane was then in turn immersed with secomgantibody, goat anti
mouse Fc conjugatet horseradish peroxidase (HR#uted 1:10000 in PBS/Tween/milk, for an

hour at room temperature on shaker. Following this, membrane was washed in PBS/Tween for 10

minutes, replacing solution twice.
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The membranewas then transferred t@nimager and 750ul Pierce ECL substrate (Thermo Scientific)

added dropwise to membrane and images acquired at 30 second intervals.

2.10 In vitro assays

2.10.1 4 hour 51Cr release assay
Chromium {'Cr)integrates with cellular protein sa pellet of 1x10target cells were labelled with
3.7MBq chromium for an hour and washed 4 times. lktalure target cell lysis of labelled cells can

be assessed by release®Er into culture supernatant.

Therefore in sepate wells in a 96 well plat 5x1¢ labelled targets were cultured in media alone or

with 1% Triton X 100 (a detergent causing cell lysis) as a measure of minimum and maximum cell Kill
respectively. In addition the same number of targets were incubated with effectors at the effecto
target (E:T) ratios outlined in results for 4 hours before plates were centrifuged (400g, 5 minutes) and
supernatant carefully harvested for analysis in gamma counter (Perkin Elmer). The readout was in

counts per minute (CPM).

For each test well theoflowing calculation was made: 100[(Test CRMICPM)/(max CPMmin
CPM)]= % Kill.

2.10.2 FACS based assays of cytolysis

An alternative method of assessing target kill was developed initially because despite altering standard
incubation times and concentratioof >'Cr, a protocol could not be optimised for myeloma cells to
take up adequate amounts of chromium and another strategy ofheiningkill of primary myeloma

cells was neededin addition, FACs based killing also allowed assessment of kill after perimis

(days) of ceculture and thus assess cytolysis at low E:T ratios.

Here, targets were resuspended at 0.5%h@l and effectors were resuspended in accordance with

the target E:T ratio. For example, for an E:T ratio of 1:2, effectors were resuspan@ezbx16/ml

ACAR T cells. Initially 1ml of each were then added into a well of a 24 well plate and at timepoints the
cells in the well would be resuspended and a 500pl aliquot removed at each timepoint. Experiments

in section 4.2.2 and 4.2.6 were pemioed in this manner.

However, 96well plates were later used taallow maximal use of small numbers of cell®0ul of
effector and targets were then added into a well of a V bottomed 96 well plate. One plate was
prepared for each timepoint when the entifgate would be centrifuged at 800g for 2 minutes and

supernatant removed. Cells would then be stained with antibodies to identify cells (typically CD138
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for myeloma cells, CD4 and CD8 for SUPT1 targets and CD34 for RQR8 to assess ACAR numbers).
Viability dse was added into all test wells. After 30 minutes, cells were then washed and resuspended
in 200ul PBS/0.1%BSA with 5ul Flowcheck beads per well.

2.10.3 Irradiation of cells

SUPTL1 Targets were initially irradiated with 60Gy using a gamau#ator prior to prolonged ce

culture with ACAR transduced PBMCs. By causing DNA damage, irradiation prevents the replication of
target cells therefore providing antigen presentation but not allowing the SUPT1 cells to outgrow
effectors. Targets in section 4.2.2 were diated but this was not performed in later experiments
when it was clear that ACAR mediated cytolysis could exceed the proliferative capacity of SUPT1

targets.

2104 ) &. 2 A1 AAOA

Cytokine release was assessed by removing supernatant frayultoes, freezig and storing at -

80RC. Removed volume was typically replaced with complete media to allow continuation of co

culture. Only defrosting this gernatant immediately before assgy L Cb: O2y OSY G NI A2y
determined by ELFSusing Human ELISA MR B2 f SISy RO Fa LISNJ YIydzZFIl Oid
Crucially, adequate dilutions of supernatant were ensured (typically 1:10 and 1:100 of test wells) so

to ensurefinal readout lay within the standard curve.

2.10.5 T cell expansion

Effectors and targets wemo-cultured and after 7 days of erulture, a volume of cells were removed,
washed, stained with viability dye and CD34 (QBend10) to identify RQR8 (the CAR marker gene). Cells
were then washed and resuspended in PBS/0.1%BSA with 5ul of Flow Check beads.

2.10.6 Assessment of soluble protein binding to cell surface target
This method was used for two purposes and exploited the ability of transient transfection to introduce

high copy numbers of DNA into host cells allowing high, though transient, levels of mxpeassion.

Firstly, to ascertain binding of solebBCMAMFc and TA@hFc to membrane bound APRIL (section
4.2.1) SUPT1 cells were transduced to express truncated APRIL (expressing aa 116 to 250, NCBI
Reference Sequence: NP_003799.1) and GBp4dratecby 2A sequence (iRPRIL.2A.CD34).5x16

HEK293T cells were plated in complete media in a 100mm dish and allowed to culture overnight in an
incubator.At optimal confluence, HEK 293T cells were transfected with plasmids encodingrBEiVA

and TAGImFc.At 72 hours, supernatant was harvested, centrifuged and filtered to remove cellular
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debris and HEK 293T were also analysed by FACS for a marker gene to confirm successful transfection.
Half a million SUPT1 cellsre washed and incubated with 500ultbé supernatantcontainingBCMA

mFc and TA@hFc After 30 minutes at room temperature, cells were washed before staining with
amFc FITC(Jackstemdetect ligand bindingnd CD34 APC(clone QBend10 R&3 marker gene for

APRIL expression

Similarly, transiet transfection of 293T using Genejuice was used to assess bindinglbf ARIRCcells
expressing BCMA, TACITER (sections 5.35). Here, 2.5x10HEK293T cells weréransfected with

SFG plasmids encoding APRILITE constructs. 500 pl of the ARRIaiflBg supernatant was then
mixed with 0.5x100f the relevant target cells and incubated for 30 minutes before cells were washed

and secondarily stained with an antibody to detect APRILITE (detailed in results).

2.10.7 In vitro assessment of APRILITE actiuvty with activated T cells
Initial assessment of APRILITE activity was based on the assessment of unpurified APRILITE protein

contained in the supernatant from transfected 293T cells.

As above, HEK 293T cells plated in 100mm dishes were transfecte®RRIhiTE constructs and at 72
hours, the supernatant harvested, centrifuged and filtered to remove cellular debris and used within

24 hours for ceculture.

SUPT1 targets and CD3/CD28/IL2 activated PBMCs were both resuspended at a concentration of
2x1C/ml. In a well of a 24 well plate 250ul each of targets and effectors were added (ie Ocekis0

of each) as well as 1.5ml of APRILITE containing supernatant. At 24 hours, 250ul of supernatant was

O NBFdzA fé& NBY2OSR FyR &G2NBR TFT2NJ LCb: 9[L{! FyF
timepoints indicated, the cells in the well were resaaded and 500ul removed for FACS. Cells were

stained with antibodies to identify target (CD4+/CD8+) and/or T @283 initially and the later CD2),

viability dye and after washing, 5ul of Flow Check beads added to allow enumeration of. event

2.11 Invivo

In vivo modelling allowed the assessment of effector cell trafficking to site of tumour as well ACAR
mediate tumour Kill of myeloma cells engrafted in the bone marrow microenvironment. In order to
achieve these aims, a xenogeneic intramedullary murinelomga model was developed MOD.Cg
Prkdé®® 112rgmWi/SzJ(NSG)mice which are severely immunocompromised, lacking neutrophils,
natural killer cells, lymphocytes and would also not reject human T cells. In vivo modelling was
performed unde a UK homeffice approved projecticense (#70/7301) and in accordance with

institutional policies.
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2.11.1 Preparation of cells for injection
T cells were injected 3 dap®sttransduction. Tumour and T cells were harvested, washed once in
PBS and resuspeed in plain RPMI supplemented with 1% HEPES with the cell dose for a single animal

contained in 200ul.

2.11.2 Intravenous and intraperitoneal injection
Experimental animals were transferred to a warming chamber set[@-39RC to facilitate peripheral

vasodihtion prior to intravenous (IMnjection.

2.11.3 Bioluminescent imaging
In this syngeneic model, mice were injected with tumour expressing firefly luciferase (Huiferin
is a small molecule able to penetrate cell membranes andhe presence of fuciferin, ATP,

magnesium and oxygefRJuc emits lightL25].

Mice were anaesthetized in a chamber with isoflurataorizer injected intraperitoneally (lPwith
100ul of Dluciferin at a oncentration of 15mg/ml and then imaged in an IVIS Spectrum imager

(PerkinElmer). Images and photon counts were acquired using Living Image software (Perkin Elmer).

2.11.4 Bone marrow harvest

Mice were sacrificed by G@arcosis followed by cervical dislocatidrhe right femurs and tibia were
removed and stored temporarily in PBS. The bone ends weneith scissors and repeatedly flushed

with 5ml syringe attached to a 21 Gauge needle and filled with PBS. The bone marrow contents were
then passed through a 70pfilter aided mechanically with the flat end of the plunger removed from

a 5ml syringe. Contents were placed into a 50ml Falcahcamtrifuged to form a pellet whictvas

then resuspended in 1ml of ammonium chloride potassium (ACK) lysis buffer, voaagethen
incubated for 3 minutes. ACK buffer causes selective lysis of red cell. 5ml of PBS were then added to
the tube, centrifuged and the supernatant removed. The contents were then added to a well of a 96

well plate for antibody staining.

2.11.5 Tail vein venepuncture and peripheral blood preparation
1ml syringes with 27 Gauge needles were prepared with 10l of Heparin sulphate solution
(10001U/ml)/100ul of blood to be collecteddnimals were heated in a warming box to facilitate

vasodilation. Blood wathe transferred to a 1.5ml Eppendorf tube and stored on ice.

Osmotic shock was then used for red cell lysis. 4.5ml of water was added to a 15ml Falcon tube, 1ml

of this was then used to wash the Eppendorf containing the murine blood. The 15ml Falcamasibe
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then inverted 3 times before isosmotic pressure restored with the addition of 500ul 10xHBSS buffer

solution. Peripheral blood mononuclear cells were then obtained post centrifugation.

2.11.6 Organ removal preparation for histology

Post sacrifice, mice we placed in the dorsal position and the skin over the upper abdomen tented
and cut.The pleen was then removed and added to PBS. Cells in the spleen were then mechanically
removed by gentle pressing through a 70um fillsingthe blunt end of a 5ml symge. Red lysis was

then achieved by ACK buffer as above.

Femurs were also gently cleaned of soft tissue and placed in 10% buffered formalin (8g sodium
dihydrogen orthophosphate dehydrate, 13g disodium hydrogen orthophosphate dehydrate, 200ml
40% or concemtaited formaldehyde made up to 2L). Immunohistochemistry was performed by Dr

Rodriguezlusto at the Department of Pathology.

2.12 Statistical tests

Statistical tests were then used as indicated in results and were calculated on GraphPad Prism

software Vergin 6. A p value of less than 0.05 was taken as statistically significant.
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3 BCMA and TACI expression on tumour cells

3.1. Introduction

3.1.1 The interest in BCMA and TACI

In order to develop effective immunotherapeutic approaches, new therapeutic tangetst be
identified. In particular there is a scarcity of surface antigens selective to plasma cells (discussed
further in Chapter 4). An exception to this is BCMA. Publicly available expression data has indicated
that BCMA expression is confined to the mn& B lymphoid compartment making it a promising
therapeutic target Figure3-1). In addition to this, BCMA expression has been reported on MM cells,
with data supporting its selectivity of expression on plasméséelnormal tissud4]. To start with,

BCMA expression was analysed in a large number of tlisécaples to explore the range of
expression, and hence its use as a therapeutic target and also understand the clinical settings in which

it would be most useful.

As this project progressed however, two further observations became clear. Firstly thileanel
often low level of BCMA expression on tumour and also the impressive in vitro function of the APRIL
based chimeric antigen receptor. This led to the realisation that there would be a potential clinical

benefit indual antigen targeting and promptete investigation of TACI expression on tumour as well.

3.1.2 Tumour necrosis superfamily

3.1.2.1 Structure and interaction

Tumour necrosis superfamily (TINBmily members are trimerizing proteins which consist of either

soluble or membrane bound ligantsat bind cognate receptors. Important to this work is a subfamily

which consists of APRIL (CD256, TNFSF18@eibactivating facto(BAFFalso known aBLyS, TALL

1, CD257 orTNFSF13B) whichind three TNFR family, calirface receptors TACI (CD267,
TNFRSF13B), BARKalso known as BR3, CD268 or TNFRSF17) and BCMA (CD269, TNFRSF13C). BAFF
binds BARR, TACI and with a lower affinity, BQW26]. ARRIL in turn binds BCMA, TACI and by virtue

of basic amino acid residues not present on BAFF, APRIL also binds glycosaminoglycan sidechains of

proteoglycang117].(summarised ifl127] andFigire 3-2).
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Figure3-1: Genebank expression profile of BCMBCMA mRNA expression profile in a range of norr

tissues showing BCMA expression is isolated to B lineage cells.
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Figure 3-2: TNF receptor network of BAFF and APRAPRIL and BAFF are soluble ligands which in turn

BAFFR, TACI and BCMA.
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BCMA, BAFF and TACI all contain a single cysteine rich domaimvf@Rontact one Igand subunit
of APRIL or BAFF. Furthe:, RNB LIK2 0 A O NBaARdzZSa Ay | i KFANLIAY |
or loop-helixloop in TACI or BCMA determglgyand specificity.

Although TACI contains 2 CRDs, the second CRD (nearer the carboxy terminus) is the primary
contributor to ligand biding [128] and indeed a recent paper described differential downstream
affects when human cells were transduced with full length TA&Ilsptice variant whichroits CRD1.

Binding to the shorter variant was associated with maturation to a plasma cell pheribgghe

Although TNF ligands characteristically foromtodimers, heterodimers also exist. Firstly a BAFF splice
(deltaBAFF) results in inactive BAFF heteromultifd8@. Furthermore it has been recently shown
that heterotrimers of APRIL and BAFF do exist in patients with autoimmune dj48dkand enforced

trimerization of 1 APRIL and 2 BAFF subunits can bind weakdFteRR.32].

APRIL binding to proteoglycans is thought to serve to localize this ligand to particular niches for
example APRIL molecules secretethéytrophils are localized to areas of infected mucosal associated

lymphoid tissue to allow localization of antibody producing plasmal &8s

3.1.3 Function in norm al cells

3.1.3.1B cell maturation and survival

Immature B cells enter the spleen where they mature into mature or marginal zone B cells. This
process requires B cell receptor signalling as well as[B24fBignalling predominantly through BAFF
R135. This process is however unaffected in B&Miice which in contrasta BAFH- mice have
normal B cell numbers but have a reduction in the number of long lived plasmiLt8&IBCMA is

also likely important for plasmablast siral [113]. Infact, this predominant reliance on BAIRFand
BCMA for early and late B cell maturation respectively reflects receptor expression patterns with

BCMAclearly upregulated at the terminal stages of B cell maturdfiBf].

While both BAFF and APRIL bind BCMA, it is likely that BAFF has a lesser role on plasmizalel
Importantly, BAFF binds BCMA with a lower affinity than APEdLand Belnoue first described that
adoptively transferred plasma cells do not suevii the BM of APRH- micg[137]. However, APRIL is

not the only player in plasma cell homeostasis. Benson et al described depletion of antigen specific
plasmacells in the bone marrow following immunization of ARPRIhice in the presence of BAIR-

Fc suggesting that both BAFF and APRIL could support plasma cell$lid8iBut it is likely that

BAFF has a lesser role as while there is slower accumulation of plasma cells after immunization of

APRIY- mice compared to wild type, there is little difference séeBAFF- mice.
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In normal PC, the binding of BCMA te ligands and through NFkB signa[lir§] results in the

transcription of antiapoptotic genes important to cell surviya4Q].

The role for TACl is less clear cut. TACI was initially described on activatdd Z1tblis latter studies

found expression primarily on maturing B cells particularly, marginal zone B cells, CD27+ memory B
cell subsets and PTL3 142]. TACI has been implicated as both a negative and positive immune
regulator for whileit is the case thatymphoid hyperplasia and autoimmunity are seen in FHACI
murine model§l143], conversely, 8% of patients with combined variable immunodeficiency have
mutations in this receptdd44, 149). It is clear that TACI is involved in B cell maturation, isotype
switching and in T celhdependent antibody productidi46]. Significantly, TACI can also drive PC
differentiation[129.

The B cell coeceptor complex (CD19, CD21 and CD81) bindsrttplemen andcan be cross linked

to BCR through opsonized antigens thus lowering the threshold for B cell activation and T independent
activation production. BAFF increases formation of components of theeaaptor complex
(summarised ifil47]). Indeed BAFR signalling results in upregulation of CD21 and CD23 which is an
Fc receptoj14g] .

3.1.3.2 TACI and BAFFR in class switching
Immunoglobulin class switching recombination(C#Rhighly dependent on CD40 and cytokines
however IgA levels are not severely reduced in GDB#tice which would indicate a CD40 indepent

mechanism in IgA CHRRY.

In the presence of cytokines, APRIL and BAFF can stimulate a CD40 independent CSR f[&&0IgM to
IgG, IgA or IgE(which requiredd15(0]. Indeed IgA deficiency has been observe@ACI and APRIL
deficient mic¢151, 152 and a study of BCMA, BARFand TACI deficient mice implica@dFFR and
TACI in C$553).

3.1.3.3 T cell physiology
BAFF through BAHE has been shown to be an efficientstomulator of T cells during suboptimal
stimulation through the TCR42.

Although this BAFF dependent T celtstionulation occurs independent of TACI and TACI is not
expressed on T cells, priming of cytotoxic T Igogytes is impaired in TAGImice which is thought

to be due to T cell requirement for priming by antigen presenting cells expanded by BAFF binding to
TACI on B cells and DT+

49



3.1.4 TNF family in myeloma

3.1.4.1 Role for TNF ligands

There has also been much work establishing roles for the TNF ligands in myeloma cell survival. Firstly
bone marrow and serum BAFF and APRIL is increased in myeloma patients coropaogohdl
controls[115, 122, 155, 156]. Novak et al showed increased myeloma cell survival on in vitro culture
with BAFF although no proliferative affect was gdd%]. Taifound BAFF had a proliferativadfecton
KMS28PE myeloma cells, also protecting these cells from dexamethasone induced inhibition, inhibited
lenalidomide induced apoptosis in MM.1s cells and also protected CD138+ cells from two patients
from dexamethasonenduced cell deatf156]. Moureaux et al demonstrated thaBAFF and APRIL
rescued It6¢dependent HMCLs from apoptosis induced b§ tleprivation. In this work, botlgands

were involved in the autonomous growth of cytokimelependent HMCLs, rescued myeloma cells
from dexamethasonénduced apoptosis(n=8), and moreover a BAFF/APRIL inhibitor induced

apoptosis of primary myeloma cells (nE&9.

To explain the molecular mechanisms driving these mitogenic affects, Quinn et al showed APRIL
promoted G1/S progression, but only in in Cyclin D2 and not cyclin D1 expressing mgelisiehis
growth affect was mediated through differential activation of cell cycle proteins and also activation of
P3UAYlFaS FyR bCT. [1Z)i BAFF dnfl ABRA werd alsé shbwin o enhance the
expression of a the antipoptotic serine/threonine kinase Pihin MM cells through upregulation of
IL-6/STAT3 or NFKB pathwja$7].

3.1.4.2 Role for TNF receptors particularly BCMA

Due to the complex interactions between APRIL, BAFF and their ligands, it has been difficult to
determine the recefor by which these ligands exert theifffects. However there are a few lines of
evidence suggesting BCMA as the primary receptor througbhVPRIL and BAFF assert thieats

on myeloma cells.

{KIFEFFSNI SG |t AYLI AN 3 EBiRithiaAdEhetwori of target gees Wardo a 4 S NJ
survival of a number of myeloma cell lines across different molecular sulpiyi&sOne of the targets
for IRF4 wa8CMA which alludes to a role of BCMA in either the survival and or development of

malignant plasma cells.

There is increased BCMA mRNA compared to TACI o BARNA (n=3[)56], increased cell surface
BCMA protein compared to TACI (n9428f], consistency of BCMA expression and BAFF binding
despite variable BAHR and TACI (n§2)L5]. Immunohistochemistry of BAFFin a large number of B

50



cell malignanas failed to find tumour BAHR expression from sections derived from 4 patiglis).
Similarly while APRIL caused cell cycle progression in Cyclin D2 gedis@wtlin D1 expressing cells,
there was decreased BCMA expression on the surface of Cyclin D2 cells while TACI expression was

fairly constanfl122.

Most recently however Tai et al showed BCMA downregulation in myeloma cell lines decreased
viability of myeloma cell lines and conversely, BCMA overexpression boosted cell growthnaval s
through upregulation of AKT, MAPK and NFKB patH&4élysn vivo, BCMA overexpression enhanced
tumour progression and angiogenesis. Transcript analysis identified upregulation of genes involved in
osteoclast activation, adhesion, angiogenesis and immunagsgpve ligands such as programmed
death ligand 1 (P1), D C l-19. Rnparthntly, these genes upregulated by BCMA overexpression
were similar to those activated by soluble APRIL. Moreover the survival advantage seen in tumour
cells overexpressing BCMA were reversed with an APRIL blocking antibody. Thititbdltlie

growth advantage of BCMA overexpression and the primary importance of the BERA. axis.

However despite this apparent biological significance, there is yet little data clinically correlating
BCMA expression in myeloma patients and yet thia datuld be invaluable in identifying the groups
of patients and clinical context which would receive the greatest benefit from a BCMA targeting

therapeutic strategy.

3.1.5 Expression pattern of BCMA and TACI in normal tissues

3.1.5.1 BCMA expression on normal tissues
Jecifically, BCMA is predominantly expressed on differentiated plasma[ld&]ls and
plasmablastdl 13, 114], not expressed in naive and memory B ¢&1§, 116], and absent from non

haemopoietic tissues.

While it is well established that BCMA is upregulated in the terminal stages of B cell develddfent
protein expression in normal tissues is less established. Alexaki et al described BCMA expression on
IHC of normal skin biopsies and those with inflammatory conditions, noting BCMA expression in the
cultured keratinocytes from these hisies but did not attempt to correlate BCMA expression to
presence of plasma cells on the initial biopEl&§]. The same authors also suggested BCMA
expressioron adipocytegl61]. Langat reported BCMA expression on placental[¢éll}, Pelekanou

failed to find BCMA expression in kidney biopdié§], while Notas et al reported BCMA expression

on normal hepatocytes. Only Carpenteragtscreened a large number of normal tissues for BCMA,

51



including placenta, skin and liver,-stained for MUML1 to isolate plasma cells and lymphocytes and

found BCMA expression only on MUM1 positive cells in a large number of normal[ti$sues

3.1.5.2 TACI expression on normal tissues

TACI was initially described on activated T [lf but latter studies found expression primarily on
maturing B cells particularly, marginal zone B cells, CD27+ memory B cell subset§la3d1ad].

TACI expression has also been described in activated monocytes in a small number of myeloma
patientq164] .

3.1.6 Current therapeutic strategies targeting the TNF family

3.1.6.1 BAFF targeting therapeutic strategies

Until recently therapeutic strategies targeting the TNF receptor network was primarily focused on
BAR- to reverse B cell overactivation in autoimmune diseases. Belimumab was approved in 2011 for
SLE ad has been shown to be mainljfective in patients positive for antinuclear antibodj265].
Tabalumab is a fully human BAFF targeting antibody that has been testdfl imiSlclinical trials for
rheumatoid arthritis and Briobacept a BAHGRusion protein was tested in this disease as well but
failed to show efficadyL66].

In murine models, tabalumab showed some anti MM effect and in combination with bortezomib ha

resulted in modest responses in relapsed/refractory patifHig].

3.1.6.2 Atacicept
Thisis a protein consistingf TACI and human IgG Fc and sequesters soluble BAFF and APRIL.

Initial trials in SLE were terminated due to increased infecfl®®& however the cause of this has
been disputed and fuher trials are ongoind.68]. Atacicept failed to show efficacy in a recent trial in
rheumatoid arthriti$169]. While CD20 depleting monoclonal antibodies have shown efficacy in
multiple sclerosis, clinical trials of Atacicept were prematurely terminated due to worsening
diseas§l170, 171].

Initial in vitro data and murine models suggested reduced MM cell survival with this[ag&nt
However in contrast, a phase 1 trial of Atacicept in MM patients demonstrated stabilization of disease

but no partial or complete responsds 3.
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3.1.6.3 Anti APRIL antibodies
Anti APRIL antibodies have been in development for but are yet to be tested in clinicBd4ribi]]

3.1.6.4 BCMA targeting therapeutic strategies

The number of BCMA targeting therapies has seen a dramatic increase in the last few years.

Ryan et al described targeting BCMA with a rat based monoclotibbdy enhanced folincreased

ADCC and conjugated to auristatin and demonstrated in vitro cytotoxicity against three HVELLS

Tai et al has described a novelnmanized and afucocylated arBiICMA conjugated to auristatin
causing @M arrest and apoptosis of HMCLs and CD138+ [d&l§ and the Yong lab confirmed this
and al® demonstrated preferential killing of clonogenic cdli&7]. This immunoconjugate is also in
clinical trial$84].

Furthermore, Carpenter reported the first BCMA targeting chimeric antigen receptor (CAR) based on
a single chain variable fragment and second generation endodoftipimhich has entered clinical
trials[178 and is discussed in further detail in the next chapter. There are also a growing number of
BCMA targeting CARs in development which differ in their monoclonal anfibt@yor are
incormorated into a strategy to engineer universal CAR T[¢80s181].

There havebeen bispecific antibods targeting BCMA engineered using antigen binding (FAB)
fragments targeting BCMA and D&, 183).

These agents have so far targeted mainly myeloma however the expression of BCMA has also been
described in Hodgki®d LymphomEL84], B cell lymphoma and chronic lympiytic leukaemifl59,

185, 186] so there is likely to bextended indication for these therapies should they see clinical
success in patient trials. These malignantiage also been reported to express increased levels of

TACI and thus far there have not been any TAQétang therapeutic strategies.

3.2 Aims

The ams of this chapter are to investigate BCMA and TACI on tumour cells, defining antigen levels and

clinically correlating expression levels to disease or prognostic risk.
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3.3 Results

3.3.1 BCMA expression on primary myeloma cells and clinical correlation

Bone marow biopsies from patients with a known or suspected diagnosis of myeloma at UCLH
between May 2012 and November 2013 were assessed for BCMA expression and were screened for
cytogenetic abnormalities by FISH. Patients gave full informed consent using egbapproved by

the UCL/UCLH Committee for Ethics of Human Research.

In total, flow cytometry on bone marrow aspirate samples from 83 patients with proven or suspected
diagnosis of myeloma was attempted. Three of these patients had a final diagnosis oflorai
gammopathy of uncertain significance (MGUS), 3 of asymptomatic myeloma, 7 samples were
sequential bone marrow (BM) biopsies from myeloma patients already included in the study cohort.
Of the remaining 70 myeloma patients, 22 were newly diagnosédatdelapse or had refractory

disease (¥ previous lines of therapy, median 2), and no clinical details available Table8-1).

3.3.1.1 BCMA expression by flow cytometry

BM MNCs from 64 separate patients with sympiatic myeloma were analysed by FAGSg CD138

to identify tumour cells and S307118G03 (a murine anti BCMA antibody obtained from GSK hereafter
abbreviated to 118G03) conjugated to alexa fluor 488re3-3). BCMA expression was defined as a
ratio of MFI of CD138+ve population and isotype control. As can be seEiglng3-4, there was
variability of MFI ratios (range:d7, median: 4.1 A humanised BCMA antibody fraa%sK (J6MO0) and
Quantibrite beads were used to assess number of antibodies bound per cell (ABC) in 39 different
patients Figure3-5). The results confirm variation in receptor level (median 1084.9 ABC, range 348.7
4268.4).It was observed that CD138ells were largely BCM#&e and BCMA expression of CD138+
cells were uniforn{in that myeloma cells from individual patients appeared to express homogeneous
levels of BCMAAII flow cytometry establishing BCMA explieason primary cells was performed by

Danton Bounds.
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Table3-1: Summary of patient cheacteristics

IHC immunohistochemistry, M male, F female, D diagnosis, R relapse, RD refractory disease, NA

applicable or available, CR complete response, PR patrtial response, PFS progression free surviva

overall survival, NR not reached

Total Patients 70
Age
median range 64, 28-83
Sex M 49(7T0%)
n(%) F 21(30%)
Di o 22(31.4%)
'ﬂgf’;z]s‘“m RRD | 47(67.1%)
NA 1(1.4%)
IgG 42(60%)
Isotype =1} 15(21.4%)
n(%) goaLe | 11(15.7%)
NA 2(2.9%)
o Standard | 27(38.6%)
C]ftﬂgﬂlgftlc risk Eoor A0(57 1%)
n
(%) NA 3(4.3%)
BCMA expression by flow(n=64) 4.11.0-67
median MFI ratio, range C
BCMA expression by IHC(n=64) 2 1.5
median BCMA/BLIM P1 score, _range ’
ollow up
median months, range 24.1-38
CRIPR 34(48.6%)
Response to treatment S 32(45.7%)
n(% ' '
(%) NA 4(5.7%)
PES
median months 12

median months
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Figure3-3: Example FACS plot of CD13!
and BCMA staining of BM MNCs from 2
patients. Upper panel displaying BCMA
negative tumour and below showing an
example from a patients with BCMA

positive tumour cells.

Figure3-4: BCMAexpression of primary
myeloma cells in MFIrBM MNCsvere
stained with antiBCMA and MFI
ratio(MFIr) calculated compared to

isotype control (range:-67)

Figure3-5: BCMA expression of primary
myeloma cell in antibodies bound per
cell (ABC)Using, antiBCMA antibody
(J6MO0), ABC was determined with BD
Quantibrite beads. Range:3484268.4,
mean: 1181 ABC
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3.3.1.2 BCMA expression by Immunohistochemistry

BLIMP1 has been shown to be a key nuclear protein involved in plasma cell differentiation and critical
for the survival of MM cellgl87-19(Q]. Therefore double staining for BCMA and BLIMP1 was used to
identify BCMA positive plasma cells on IlH@yre3-6a). Furthermore, while staining for BLIMP1
identifies the CD138+ plasma cell compartment in MM bone marrow, the nuclear location of this
antigenfacilitates the visualisation of cytoplasmic and membrane BAM&omparison, staining for
CD138 detectsraigen primarily on tumour membrane making simultaneous assessment for BCMA
difficult. Both surface and intracellular BCMas demonstrated in all cases, but some variation in
antigen density as well as proportion of BCMA positive PC was seen andem pag¢imed to be truly
negative by IHC. Bone marrow samples were given a BCMA/BLIMP1 scoefe anc@rding to
proportion of MM cells staining positive for BCMA (0: 0% of BLIMP1 positive cekpiass BCMA,

1: 1-10%, 2: 1810%, 3: 4660%, 4: 66B0%, 580-100%) Figure3-6). All IHC was performed and scored

by Dr Rodriguedusto in the UCL department of histopathology.

In a small series of patients with sequential BM samples, BCMA expression was observeisto pe

through relapse and rreatment (Figure3-7 a-c). High BCMA expression was seen on the tumour

cells of extramedullary plasmacytomas, correlating with levels seen on bone marrow tumour cells
(Figure3-8). In patients in stable plateau phase following ASCT or chemotherapy, residual nests of

MM cells remained BCMA positiveFigure 3-9), while tumour cells from patients with
smauldering/asymptomatic MM were negative or had low level expression (BCMA/BLIMP1 score 0/1,
Figure3-10). In contrast, most Bell lymphomas showed no expression of BCMA, including CLL, FL

and DLBCLFijgure3-110 @ ttlrayr OStfta Ay /lFadtSyryQa RA&SH
CD138+, but not CD20+, cells were found to be weakly positive for BaiiheB-12).

BCMA expressh in norneoplastic plasmacytoses were also investigated, and it was observed that in
bone marrow trephines from Hipositive patients, plasma cells displayed low level BCMA expression
(Figure3-12). A large numbeof normal tissues were also stained for BCMA and there was no BCMA
expression found on heart, skin, lung, kidney, tonsil and placenta. In the gaststinal tract, BCMA
expression was isolated to plasma cells in lamina propria of small boweljwariagd seen in a patient

with viral hepatitis Figure3-13).
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Figure3-6: BCMA expression in bone marrow trephines from myeloma patients by IHGG@H 85

and 11 are examples of high BCMA expressors. GSK 16 shows a patchy BCMA expression

of BCMA positive (black arrow indicainells with blue nucleus and brown cytoplasm represent

BLIMP1 and BCMA positivity respectively) and BCMA negative cells (white @y)Big) chart of

BCMA expression seen on IHC of bone marrow trephines from myeloma patients, expres
BCMA/ BLIMP#&core (1: <10% of BLIMP1 positive cellsexqaress BCMA, 2: UD%, 3: 460%, 4:
60-80%, 5: 86100%)(c)Graph comparing BCMA expression on Flow and IHC. While median
increased with BCMA/BLIMPscore (1.9, 4, 10 for BCMA BLIMP1 score3lai2d 45 respectively),

this was not statistically significant (p=ns by Mann Whitney U). Mean and SEM indicated.
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Figure3-7: IHC staining of sequential samples from myeloma patieBEMA expression remains with

disease progression. D diagnosis, R1 first relapse, R2 second relapse, PD progressive disease
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Figure3-7 continued
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Figure3-8: IHC of extramedullary tumourIHC from a patient in second relapse of IgA multiple myeloma wi

hepatic extramedullary plasmacytoma and corresponding bone marrow trephine showing ret&8iGa4A

expression with extramedullary involvement.
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Figure3-9: IHC of bone marrow trephines from myeloma patients post high dose theragyealing BCMA
expression on residu@lasma cells. The first patient with lambda light chain myeloma was in first remiss

months post autologous stem cell transplant (ASCT)
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Figure3-10: IHC of bone maow trephinesin asymptomatic myelomalHC of bone marrow trephines from thre:

patients with asymptomatic myeloma showing low or negative BCMA expression on the plasma cells.
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Figure3-11: IHC of other B cell malignancicBCMA expression absent in chronic lymphocytic leukemia (C
diffuse large B cell lymphoma (DLBCL) and follicular lymphoma (FL) but present on plasma cells in
associated lymphoma tissue lymphiy' - 6a! [ ¢0 | yR OflFaaAodorf | 2R3 A

BCMA expression is absent on tumour cells themselves.
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Figure3-12: IHC of plasma cell containing neoplasms and benign plasmacyt@sistlemans diseast
and Lymphoplasmacytic lymphoma (LPL), and polyclonal plasmacytosis in bone marrow fro
patient. Weak BCMA staining is seen.
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Figure3-13: IHC of nomal tissues BCMA expression is seen in plasma cells in liver from patient
with viral hepatitis (plasma cell seen on H&E and on BCMA stain, black arrow) and plasma cell in

lamina propria of small bowel (white arrow).
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3.3.2 Clinical Correlation of BCMA expression

There was no correlation of BCMA expreaddy flow cytometry (MFIr) or IHC (BCMA/BLINEdre)

with patient demographics, isotype or response to next line of treatm&able3-2, Table3-3). The
median MFIr of patients at diagnosis was lower than those with relapsed/refractory disease (2.7 and
4.9 respectively, p<0.01 by Mann Whitney U) but there was no statistical correlation between disease
stage(ie new diagnosis or relapsajd BCMA/BLIMPScore. Further, categorising cytogenetic lesions

on FISH into standard or adverse risk as detailed in meti@ddg3-4), there was no correlation with
BCMA/BLIMP1 score or MFIr. Interrogation of specific gerleions was limited due to small
numbers, and while there was no correlation with MFIr, it is noteworthy that all 5 standard risk
patients with t(11;14), one of whom also had a low level delf1hpd a BCMA/BLIMP1 score of 1.
This isin contrast to patents with an extra copy of CCND1+ (n=5, mean=3, p<0.01) and all others

without t(11;14) (n=49, mean 2.8, p<0.01 by Mann Whitnefrigure3-14).

Median follow up from time of BM biopsy was 24 months (rang88)L The sixtyfour patients with

MFIr results were split into quartiles and the patient group in the lowest quartile (MFIr<2.6) had a
longer PFS (19 month&gure3-15a) and OS (NRigure3-15b) compared to the rest of the cohort (PFS

and OS of 11 and 18 months respectively, p<0.01 for both). Similar results were obtained using the
BCMA/BLIMP1 score on IHC, i.e. there was a trend to shorteFBEi®315c) and OSFigure3-15d)

in patients with the highest levels of BCMA expression (sc&e ¢p=ns, by Log Rank).

When PFS and OS were analysed by genetic risk, we observed, as expsaadicantly shorter
disease free and overall survival for patients with adverse FISH (median PFS 7 months vs 14 for
standard risk group, p<0.05, and median OS 15 months vs NR, p<dd043-15 e-f). Assessnrd

of BCMA expression appeared to have additional prognostic value when integrated with FISH assigned
risk status. For example coexistent low BCMA expression by flow cytometry (MFIr<2.6) identified a
subgroup of patients within the standard or adverse genask groups with delayed relapse (p<0.05,
Figure3-159) and longer survival (p<0.0(Higure3-15h). When BCMA expression was assessed using
the IHGbased BCMA/BLIMREore, although not statistically significant, this also identified patients

with long survivalKigure3-15i-j) particularly in the standard risk group.
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Table3-2: Summary of clinical correlates according to MFIr

MFIr
<2.6 2.6-6.1 >6.1 Total
Number
n 16(25%) 32(50%) 16(25%) 64
BCMA expression by Flow
median MFI ratio, range 1.9,1-2.6 4.0,2.7-6 10.6,6.1-67 4,1-67
BCMA expression by IHC
median BCMABLIMP1 score, 2,15 2,15 3,15 2,15
range
Age
median, range 63, 28-80 64,42-83 65, 45-72 64,28-83
Sex M 12(26.7%) 25(55.6%) 8(17.8%) 45
n(%)
F 4(21.1%) 7(36.8%) 8(42.1%) 19
Disease state D 9(42.9%) 9(42.9%) 3(14.3%) 21
n(%)
R 6(14.3%) 23(54.8%) 13(31.0%) 42
NA 1
Isotype 128G 10(25.6%) 22(56.4%) 7(17.9%) 39
n(%)
IgA 4(28.6%) 3(21.4%) 7(50%) 14
lgD and LC 1(11.1%) 6(66.7%) 2(22.2%) 9
NA 1 1
Cytogenetic risk Standard 6(25%) 15(62.5%) 3(12.5%) 24
n(%)
Poor 9(24.3%) 15(40.5%) 13(35.1%) 37
NA 1 2 0 3
Follow up
median months, range 25.5,2-38 20,1-38 16,3-37 24,1-38
Response to treatment CR/PR 11(34.4%) 13(40.6%) 8(25.0%) 32
n(%)
SD/PD 4(13.8%) 18(62.1%) 7(24.1%) 29
NA 1 1 1 3
PFS
median months 19 11 10 12
0s
NR 26 16 31

median months
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Table3-3: Summary of clinical correlates according to BCMA/BLIMP1 sc

BCMA/BLIMP1Score

1 2-3 4-5 Total
Number
n 16 30 18 64
BCMA expression by Flow
median MFI ratio, range 3.9,1.0-12.1 4.1,1.0-13.2 4.9,1.5-67.0 4.1,1.0-67.0
Age
median, range 65, 28-82 65, 44-83 61,41-72 64,28-83
Sex M 11(25%) 22(50%) 11(25%) 44
n(%)
F 5(25%) 8(40%) 7(35%) 20
Disease state D 6(30%) 9(45%) 5(25%) 20
n(%)
R 10(22.7%) 21(47.7%) 13(29.5%) 44
Isotype 1gG 9(22%) 19(46.3%) 13(31.7%) 41
n{%)
IgA 2(15.4%) 10(76.9%) 1(7.7%) 13
IgD and LC 5(50%) 1{10%) 4(40%) 10
Cytogenetic risk Standard 9(36%) 10{40%) 6(24%) 25
n{%)
Poor 6(15.8%) 20(52.6%) 12(31.6%) 38
NA 1 0 0 1
Follow up
median months, range 29,4-38 24,1-38 17,2-38 24,1-38
Response to treatment CR/PR 9(28.1%) 17(53.1%) 6(18.8%) 32
n(%)
SD/PD 6(20%) 12(40%) 12(40%) 30
NA 1 1 0 2
PFS
median months 13.5 12 6 12
0s
NR NR 18 NR

median months
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Table3-4: Details of lesions present in standard and high risk patient grou

A Standard Risk Lesion n(% of total)
Normal 8(11.4%)
IGH r'ment 2(2.9%)
17p- (<50%) 1(1.4%)

with (11;14) 1(1.4%)
with1lg+ 1(1.4%)
other 1(1.4%)
t(11;14) 5(7.1%)
13g- 2(2.9%)
CCND1+ 5(7.1%)
with IGH rment 1(1.4%)
Total 27(38.6%)
A . High Risk Lesion n(% of total)
t(4;14) 0
with 1g+ 6(8.6%)
with 17p- 1(1.4%)
with both 2(2.8%)
t(14;16) 0
with 1g+ 1(1.4%)
with 17p- 1(1.4%)
1p-/1g+ 18(25.7%)
17p- (>50%) 7(10%)
1p-/1q+ with 17p- 3(4.3%)
Complex- hypoploid 1(1.4%)
Total 40(57.1%)

Figure3-14: BCMA/BLIMP1 score of patients with t(11;14)
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Figure3-15: BCMA expression and patient outcomBFSa) and O%b) according to MFIr. PE§ and O%d)
according to cytogenetic risk and MFIr. @Fand OH) according to cytogenetic risk. RgHand O$h)
according to BCMA/BLIMP&me. PF® and O§) according to cytogenetic risk and BCMA/BLIMP1 score.
following cytogenetic lesions were taken as poor prognostic indicators: t(4;14), t(14;16), t(14;20), 1g+, 17p
(>50%), 139 1p-.
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3.3.3 BCMA andTACI expression on tumour cells
Developing a dual antigenPRIL based therapeutic strategsompted the investigation oTACI as

well as BCMA expression on myeloma cells.

Ficolled MNCs from 50 patients were stained for CD138 to identify tumour and Sagura
concentrations of antiBCMA or antiTACI (a). QuantiBRbE&ds were used for antigen quantification

(Figure3-16a).

BCMA was present on tumour cells from all patients (median: 1061, range830BABC)Whle

lower levels of TACI wembserved(median:333, range:Z1301ABC), it was detected on myeloma
cells from 39 patients thus effectively increasing target antigen in 78% of patients when concurrently
targeting both antigens compared to BCMA alone. TA@lession exceeded BCMA in a subset of
samples (16%) and this was particularly evident in several patient samples expressing low levels of
BCMAFigure3-16b).

There was a trend for increased TACI expression ondahd ¢ A 1§ K KA IKSNI £ S@Sta 27
rank correlation, r=0.27, p=0.094gure3-17 b) and it was observed that BCMA and TACI expression
was restricted to the CD138+ cdtidure3-16a).

In keeping with previous findinfg91], patients with a new diagnosis of myeloma (54%) expressed
lower levels of BCMA(p<0.05 by Mann Whitney) compared to relapsed disease (46%) but there was
no such correlation with TACI expression(p=Fig){re3-17 c). Of the 42(84%) of patient for which

FISH was available, the 25(50%) of patients with high risk cytogenetic lesions had higher levels of
BCMA(p<0.05 by Marwhitney) and trend to lower TACI expression (p=0.B&jufe3-17d). TACI
tumours have also been associated with a genotype typical of BM dependence and the t(4:14)
translocatiorjl92). We found no correlation in our 4 patients with t(4;14) (p=ns by Mann Whitney).
Interestingly, circulating PC from 2 patients with plasma cell leukaemia expressed higher TACI levels
than the median in BM MM cells(432 and 726ABC) but corresporBivigViM cells from these

patients were not available.

Follow up was short (9 months) with median PFS or OS not reached so it was not possible to correlate
outcome and TACI expression. Further, because there is no accepted and standardised protocol for
TACIHC staining, the opportunity to correlate archived trephine samples and TACI expression was

lackingand limitedan assessemt of TACI expression with disease progresdimnexample.
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Figure3-16: BCMA and TACI expression in primary myeloma cellsB¢ae marrow derived mononuclear cell
from myeloma patients were obtained by detysigradient centrifugation (FiceRaque) of bone marrow
aspirates. 2.5x10cells were then stained with CD138 APC and one of BEEJATACGPE(grey) or isotype
control(black). Antigen densities of BCMA and TACI on CD138+ tumour cells (gated) were thiéedjuaimg
QuantiBRITE beads and subtracting antibodies bound per cell (ABC) of isotype controls. FACS plots
representative patient samples and antigen densities (ABC) sh@wBtacked plot of BCMA and TA

expression on tumour from individuphtients.
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Figure 3-17: BCMA and TACI expression in primary myeloma cdHld.Distribution of BCMA and TAC
expression on primary CD138+ myeloma cells (n=50; BCh&:ra058323, mean: 1623;TACI rang&0301,
mean:422). (b) Expression of BCMA and TACI on primary myeloma cells. The patient samples with
antigen density of TACI than BCMA highlighted as empty circles (n=50, r=0.27, p=0.054 by Speart
Tumour BCMA and TACI expression tumour from patients at diagnosis(D, n=27) or relapsed and refra
n=23) disease. (d)Tumour BCMA and TACI expression in patients with standard (S, n=17) and poor risk

genetic lesions. Median shown, *=p<0.05Mgnn Whitney.
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3.4 Discussion

3.4.1 BCMA is selectively expressed on tumourin all myeloma patients but at

variable and low surface antigen density
This work has shown that BCMA is selectively expressed on plasma cells. And although expression is
heterogeneous between patients, it is notable that no bone marrow trephines from patigitis
myeloma were negative for BCMA expression by IHC. BCMA expression was maintained also after
treatment, with extramedullary spread and with subsequent relapse. In addition, BCMA expression
may provide aditional information on patient outcomes over ad above cytogenetic riskin
particular, surface MFIr maidentify subgroups of patients within the standard and high risk

prognostic groups with better outcome.

However,the clinical correlation of this data should be taken with some caution for althahig is

the largest patient series correlating BCMA expression with clinical paramétessfindings do need
further confirmation in larger or more homogeneous cohorts of patients. There was heterogeneity in
age, disease stage and treatment and thagignt cohort was not large enough to facilitate subgroup

analyss or to allow for multivariate analysis

Having said thisthese observations dsupport BCMA as a promising therapeutic target perhaps

as a prognostic markefhe expression in the samajority of patients would suggest that all patients
would be candidates for BCMA targeting theraplgere was some variability in BCMA expression with
disease progressioffrigure3-7) but the continuedumour expressiorof BMAwould lend its use at
diagnosis and subsequent relapse. Expression in extramedullary disease would allow the targeting of
plasmacytomas and presence on residual tumour post treatment would also allow its clinical use in
maintenance regimendhe correlaibn of BCMA expressicand patient outcomemay be explained

by the recent findings that BCMoverexpression enhanced myelomiagression in murine models
(discussed in sectiod.1.4.9 and may indicate its usefulness as a bidtea And lastly, working on

the assumption that BCMA targeted therapies would have greater efficacy at higher tumour
expression levels, the association with higher levels and poorer patient outcomes may result in BCMA

targeted therapies being particulargfficacious in high risk patients.

Notably, he antigen density of BCMA gmimary myeloma cellds far lower than other targets for
immunotherapy. For example focusing on current CAR targets, the median antigen density of CD22 in
ALL blasts was repad to be 3500 sites/c¢193], and mean expression of CD19 on CLL cells 13000
sites/cel[194]. CD1%xpression in a series of 30 patients treated with the CD19 CAR was a log higher
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than levels of BCMA found here ranging from 8032 to 60448ABC (median 23,327). This may have
particular relevance to designing a BCMA targeted CAR.

3.4.2 TACI is present on tumour cells from majority of patients but at lower

levels
Our data supports the concurrent targeting of BCMA and TACI in myeloma. We found that although
TACI was expressed at lower levels than BCMA, compared to targeting BCMA alone, added TACI
binding increaseshe number of target antigens on myeloma cells in 78% of patients, and at least

doubles the availability of tumour binding sites in 16%.

3.4.3 Future Direction

BCMA IHC and mature follow up times allowed more in depth clinical correlation of BCMA expression.
Futher and more in depth analysis of TACI expression on normal tissues as well as myeloma tumours

will help to define the patients in whom therapeutic targeting of TACI would be the most useful.
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4 APRIL based Chimeric Antigen Receptor (ACAR)

4.1 Introduction

4.1.1 Basic design of chimeric antigen receptors

Chimeric antigen receptors (CARs) assentially modified T cell receptocsnstructed bygrafting

antigen specificityo the intracellular portion othe T-cell signalling domamh & & LJA §103.fné / 50V
this way, T cells bind target antigen bearing tumour cells, are activatedifepabe and mediate

tumour cell lysis.

Immune toleranceés anormalprocess of ensurinthat an immune response is not mounted against
self antigensand consists otcentral and peripheral tolerance. In regards to T ¢cebsitral tolerance
occurs in primary lymphoid organs andonsists of dwo-step process of selecting maturiigcells
reactive to MHC moleculesnd thendeleting T cell populations which responddelf peptides In
contrast peripheral tolerancensures that autoreactive mature lymphocgtéhat may have escaped
central tolerance are suppressed or remain unresponsiventdronmental factors such as allergens

or gut microbefl95|.

With chimeric antigen receptorspscific T cells against any antigeain theoretically be produced
bypassinghe mechanisms ofentraltoleranceand MHC restrictionMoreover, T cells grafted it
CAR can penetrate a solid core of tumour, proliferate and release inflammatory cytdii8gsand
are insensitive to the common tumour mechanisms of immunesmraof MHC downregulation or

aberrant antigen processing

A basic CAR construct consists ofirfomain components: antigen binder, spacer domain,

transmembrane domain and intracellular endodomain.

4.1.1.1 Typical target antigen binders

Antigen specificity is deteined by a binder for target antigen. This is typically monoclonal antibody
(MoAb) derived and typically consists of a single chain variable fragment(B€2) Innovative
strategies have also been developed to impart specificity to a large number of tumour antigens with
a generic CAR construct by use of biotinylated Moddiministered with an avidin containing CAR
construcf197] or FITC conjugated M@Awith a CAR construct containing antifl@¥g]. It is

noteworthy that the vast majority of CAR binders in clinical trials are derived from murine MoAb and
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antibodies directed at these murine sequences and attenuating CAR T cell persiséenbeen

described in patien{499.

Binders are not confined to Scfbut can consist of natural receptors, ligands, peptides or nanobodies
[20Q. In this project we use a natural ligand for binding BCMA and TACI and there is precedence for
this. Interleukin 13(H13) was modifiel (E13Y) to impart specificity for the gliosrestricted ceH
surface epitope interleukin 413 receptor alpha2 (iL3RalphaZR01] and has been used as the
binding domain for a CAR in clinical tr[2132].

4.1.1.2 Need for optimisation

Antigen binding moieties are in turn attached to a transmembrane region via a spacer regiom. The
are currently no established rules for optimal CAR exodomain design and it appears that this must be
optimised for each CAR target. Indeed while natural T cell receptor (TCRS) detect peptides displayed
on MHC molecules, in comparison, CAR receptors faveore diverse targets, binding epitopes
contained on varying regions on any number of extracellular molecules. Thus it is unsurprising that
the position ofatarget epitope, CAR length and distance from the T cell surface are likely to influence
synapg formation and therefore CAR efficdt93]. In addition, while receptor binding affinity has

been shown to influence antigen recognition and T cell activatioménsetting of T lymphocytes,

there is scant evidence for the optimal binding affinity of CAR consfi83s

4.1.1.3 Second and third generation CARs

CAR desighas also benimproved byinclusion ofco-stimulatory domains into the endodonmai
Cancer cells often lack @dimulatory signals and while CARs were initially desigmdyglexpressing
0§KS Sy R2R2 Y (Kiggt gehdrationfCAR itwasesson found that addition of edimulatory
elements into the CAR endodomain (eg CD®8ning second generation CARsS) could enhance
antigen dependent T cell activatif203]. Second and thirdgeneration CARs have included the
signalling domain o& T-cellcostimulatory receptor (ie, CD28-4BB, OX40) or tandem cytoplasmic
signalling domains from 2 costilatiory receptorgespectively102]. Other costimulatory factors that

have been expled include CD278, DAP10 and CD244).

The combination of cstimulatory domains was found to enhance T cell potency by amplifying
activation and persistence of CAR redirected T lymphocytes, particularly on repeated exposure to
antige203, 204]. And in patients with B cell lymphomas who were concurrently administered with
FANBRG o6/50Y0 FYR dAS502YR I FEWKS NImiapA 2y w@/Z5 HIKSNBE 4 |
persistence of the second generation CARs demonstrating the benefit of constitastimulation

on target bindin¢R09]. Indeed different domains appear to impart differing properties to the T cells.
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For example, compared to CD28, CD19B® /! wa | NBX | aa20Al GROY, 6 A GK C
reduced exhaustioj207] increased survival of central memory T cells and differing metabolic
pathway$208].

It is hoped that further combinations of estimulatory domairs in the form of hird generation CARs

would further enhance the potency of CAR T cells but as of yet, the clinical results have been less than
clear cut. Incorporation of two estimulatory domains in the CAR endomain can enhance effector cell

potency interms of increased proliferation and cytokine release in vitradC8280X46/ 50Y |y R A Y
murine models (CD28-1BBCD3)209]. However, initial clinical studiessing third generation ERBB2

or CD20 CARs (CB28BBCD3) did not yield dramatic respong2H0, 211]. More recently, a CD19

I''w BAGK |/ 5H yexpreSed RBIIR& depakaté-¥BBI2 showed greater tumour
eradication and T cell expansiamich was shown to involve y RdzOG A2y 2F (G Ka#d LwCT K L

is soon to enter clinical trigi212].

4.1.2 CARs in clinical trials

4.1.2.1 The Benchmark: CD19 CAR in ALL

The remarkable success of the CD19 CAR in acute lymphoblastic leukemia (ALL) has become the
benchmark for adoptive T celhe¢rapy. Despite study cohorts consisting of multiply relapsed and
chemotherapy refractory patients including individuals who had undergone previous allogeneic bone

marrow transplantation, responses of up to 90% have been obsgt08d 05).

Furthermore, T cell persistence and corresponding continued disease remission, even without further

therapy, has been reported particularly of the CBIt@ . . v [103! w

4.1.2.2 CD19 CAR in other B cell malignancies

A mature dataset from a cohort of chronic lymphocytic leukemia)(@atients treated with the CD19
CAR has recently beaeported206] and describedan overall response rate of 57% and a complete
response in 29%. Noteworthy was the MRD negativity and prolonged remission ofanM8dnonths

in those patients achieving a CR. Response were seen in patients witliddgse and CAR T cells

persisted in a patient achieving a CR at nearly 5 years.

The CD19 CAR has also had significant response rates when used is diffuse largemphoetia
(DLBCLJ he pivotal ZUMA trial reported a 76% ORR of which 47% werdZ1Rs In this same trial,
significant response rates were also seen against transformed follicular lymphoma @makypr

mediastinal lymphoma (91% ORR and 73% CR)
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4.1.2.3 CARs indevelopment for other targets

The success of the CD19 CAR has resulted in the development of CARs for other diseases. Examples
and their respective target antigens include AML (CD123, Lewis Y), Colorectal(CEA), ALL(CD22),
Hodgkins(CD30WNHL (CD20), Melama (gp100, MART, MAGEA3), Neuroblastoma (CD171, GD2),
Prostate (PSMA) (summariseddh4])[193, 215-217]. A number have reached clinical trials but have

yet to producethe same response as observed fioe CD19 CAR in B cell malignancies.

4.1.3 Tumour specific antigens in myeloma

CD19 is lost at the terminal stages of B cell maturation andhai® not present on the vast majority

of normal or malignant H218 so MM patients are highly unlikely to see the same clinical responses
from the CD19 CAR assaved in B cell malignancies. Indeed, despite a single early f&pgrtan
initial report from a subsequent clinical trial has not demonstrated evidenceAR @fficacyl09]

when CAR19 T cells were administered following an autologous stem cell transplant.
Generally there are 4 classes of myeloma antigens amenable to therapeutic targeting.

1 Neo-antigenswhich are derived from mutations in the cancer clone. However myeloma has
a relatively narrow neoantigen repertoire compared to other human canf2&g and the
subclondnature of myeloma magestrict the expression of these antigens to subpopulations
of cell§220Q.

9 Cancer Testis antigerage germ line proteins aberrantly expressed on tumour cells. The best
example of targeting such antigens with adoptive immunotherapy in myelomaEI0rl. A
recent clinical trial administering cells engineered to express an affinéghanced TCR
recognizingNY-ESGL and LAGHE in HLAA*020Icpositive patientsappeared to show
promisg100] (discussedn sectionl.4.3.3. N¥ESGL is an intracellular antigen so therefore
displayed on cell surface assembled in the MHC complex. While a CAR has been designed
recognising the peptide/ HEA*0201 compleX221], adoptive T cells targeting NBSO1 are
limited by MHC class restriction. Interestingly HLA downregulation has been noted in this
contex{222.

9 Idiotype refers to the unique immunoglabin on the tumour cells. While vaccines have been
developed, idiotypes were found to be poorly immunogenic and clinical responses were
disappointing. Often these antigens are also displayed on the cell surface presented on HLA
molecules and are unique fadividual patient§51, 223).

1 Plasma cell proteinghat are expressed on normal and malignant plasma cell veltive
specificity Table4-1[224]). CS1, CD38 and CD138 specific CARs have been rEtRi22i7].
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The cytolytic potency of T cell therapy and the well described toxicity which can result from

w2y GFNBSG 2FF (dzy2dzaND /!''w | OUA QrsédaumduS | ya (K
antigens is vita]211] and the challenge here is ensuring the target antigen has specificity of
expression to tumour. BCMA is such an antigen andaiesnone of the most promising due

to its specificity of expression on plasma cells and presence on tumour cells in the vast

majority of patients.

Table4-1:Expression pattern myeloma associated surface asatig (adapted from Atanackovic et al, BJH,

2014224)
Surface SIESSIE EI Expression in Expression on other
MM (% of ;
receptor normal WBC tissues
cases)

CD38 801 100 Basophils, neurones[228, 229]
monocytes, early
B cells, NK cells,
activated T cells

CD40 701 100 B cells, DC Endothelial cells and smooth

muscle[230]

CDh44 >30 Plasma cells, Widespread [231]
other leucocytes

CD47 90i 100 Broadly Splice variants found in
expressed on brain, peripheral nervous
haematopoetic system keratinocytes[232]
cells

CD54 (ICAM1) 901 100 Plasma cells, Epithelial cells[233]
other leucocytes

CD56 (NCAM1) 601 80 NK cells, NK- Neural tissue[234, 235]
type T cells

CD74 >50 DC, plasma
cells,
lymphocytes
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e Mwoeor | BGresenn | Sxpressiononother
P cases)
CD81 0i 43 B cells, T cells Endothelium and
epithelium[236]
CD86 54i 100 DC, monocytes,
plasma cells
CD138 (SDC1) 901 100 Plasma cells Epithelial cells[237]
CD200 80 Thymocytes,
activated T cells,
B cells, DC
CD221 (IGF1R) 85 Ubiquitous
CD269 100 Plasmablasts,
(TNFRSF17, plasma cells,
BCMA) and germinal
centre B cells
CD307 100 B Lymphocytes
CD317 (BST2) 901 100 Plasma cells,
late stage B
cells, DC,
monocytes
CD319 95 Plasma cells, T
(SLAMF7, cells, NKT cells,
CS1) NK cells

Expression on

MM, multiple myeloma; WBC, white blood cells; NK(T), natural killer (T); DC, dendritic cells;
4.1.4 Challenges in targeting myeloma with CAR

4.1.4.1 Paucity of selectively expressed antigens
The main challenge is the paucity of selectively expressed plasma cell antigens. A number of pre
clinical strategies have been explored which may help overcome thisexpession of two CAR

constructs with specificity for separate tumour antigens, one attached to a CD3 endodomain and the
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second to a cestimulatory element, would allow CAR activation in thegence of both antigefi338].

In a second strategyScFvs specific for an antigen and fused to the signalling domains of
immunoinhibitory receptors (CTEAand PBL) was showrto inhibit T cell function upon antigen
recognition. Thus when eexpressed with a separate CAR constriligg strategy would turn off T cell

activation in the presence of an antigen present on normal tig23

4.1.4.2 Immunosuppressive microenvironment

Immunologicaldysregulation in myeloma is well described and discussed in greater detail in section
1.3. There is suppression of T cell mediated cytolysis of tumour by stronsi24@IP41] which, in

part is due to increasechumbers of Foxp3 positive CD4 and CD8 Tf2¢8, myeldd derived
suppressor cel[243 and macrophages with a dominant M2 or immunosuppressive phenf@yhe

More data is needed to establish the consequences of these factors in the context of adoptive T cell

therapy in myeloma and how they can be addressed.

4.1.4.3 High T cell doses and short responses in early reports from BCMA CAR trials

There have been early reports from clinical trials testing 2 BCMA CARs. As has been shown in this work,
BCMA is expressed at low levels and BCMA CAR T cell doses for clinical responses are relatively high
(responses seen at 3 and 9%/Kg) compared to the CD19 CAR in ALL (responses seen &tabd/Rg)

and one the first trials described short responses with relatively short persistence of [R44d]ls

4.1.4.4 BCMA downregulation

In these these early trials, there has been 1 case of antigen downregulation in a patigngtalsle
diseas§244] and a gcond patient with frank relapse with BCMA negative disgk&@. While the
selective pressure on tumour that facilitates the outgrowth of these antigen negativees is
indicative of BCMA CAR efficacy, this would be a limiting factor to long term disease control in these

patients.

4.1.5 Dual antigen targeting CARs to optimise CAR efficacy in myeloma
Dual antigen targeting would increase the number of tumour bindites s well as reduce the risk

for antigen negative disease escape.

To date, there have been 3 primary methods employed for dual antigen targé&liggyé4-1).

4.1.5.1 Two populations of CAR T cells
The initial strategywas admixing separate populations of CAR T cells prior to administration. For

example pooled cetargeting of MUC1 and PSCA with CART in prostate ¢adégr
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Figure4-1: Current mechanisms for dual antigen targeting (Ruella et al 20244
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4.1.5.2 T cells cotransduced with CAR constructs

This typically involves theansduction of bristronic constructs. Whecomparing ceadministration

of separateT cell populationsto T cells coexpressing separate CARs, better persistence and
cytotoxicity was seen with the latter when investigating thetameting of HER2 and-13Ralpha2 in
glioblastoma or CD19 and CD123 AwL [247, 248. The 2 CAR constructs may also have
complementary endodomains in an attempt to achieve prefgial activation of effector T cells in the
presence for two tumour antigens. For examilkie et al engineered a HERpecific CARith a

/ 50y SyYyR2R2YAM spegfiR CAR bprovidirlg/a -stimulatory signal with a CD28
endodomairj249. In this study however, there was lysis of Her2+Muid Her2+Mugl+ targets
suggesting that catimulation was not always a prequisite for activation and this strategpuld be
refined. Kloss et alesigned a suboptimal prostatgem cell antigen (PSCA) CAR in order to attenuate
the LINA YI NB / 50y RaNMAnEdBoEd thishvatly & decorid yrBstate specific membrane
antigen (PSMA) CAR encoding 2stmulatory signals (CD28 and18BB). This appeared to impart
specificity for PSCA+PSMA+ tar{23§.
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4.1.5.3 CAR constructs with two binding domains

Two binding domis in series on the same CAR construct (or TANZFURhas shown superior anti
tumour DG A BAGE AY @K el rdosdyced WKhS2 difereht/ ahtigen specific CAR
constructs)and also involves iestion of a single transgene thus reducing the risk of insertional
oncogenesi®5]] and also introducing engineered constructs with a smaller DNA fiobtmto T
cell§252). Achieving bispecificity using a single construct, however is technically difficult and involves

an understanding of structural interactions toall optimisation of CAR construg2s3).

4.1.6 APRIL for binding BCMA and TACI in MM

To overcome the observed challenges of low level BCMA and receptor down regulatiomaurr,

we utilize the natural properties of APRIL to bind BCMA and FQié¢4-2). APRIL binds BCMA, TACI
and proteoglycan and while truncating the protein at its amino terminus can omit proteoglycan
binding,APRIL is an attractive binder as it is a small, trimerizing, single domajpratin, that binds
BCMA and TACI with high, nanomolar affjdity, 12§].

Figure4-2: Tumour Necrosis Receptor Superfamily (TNF)
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4.3 Results

4.3.1 Membrane bound APRIL binds its natural receptors

Firstly, it was investigateifl this naturally soluble ligand would be stably expressed as a membrane
bound protein and still bind its natural receptors. Residues 116 to 250 of the canonical sequence for
APRIL (Uniprot 075888) was cloned between signal peptide from 1gG kappa-th&inCAR scaffolds
comprising of either IgG1 hinge spacer, CD8 alpha spacer or IgG1 Fc[@6ainrexpressed with
CD34downstream of an intraribosomal entsite (IRES(Designed by Dr Martin Pule, Cloned by Ben
Draper). SUPT1 cells were then transduced with these constructs and mixed for @gmiith
supernatant from HER93T cells transfected to express BGMA and TA@iFcchimera. These dis

were then washed before staining with antiCD&ta marker gene of APRIL expressioa anti hFc

to indicate binding to BCMA and TAEIQure4-3).

These results indicated that APRIL could be stably expregsked membrane bound and also

demonstrated membrane bound APRIL retained BCMA and TACI binding.

4.3.2 Functional testing of ACAR constructs against SUPT1 targets
expressing high levels of BCMA and TACI

For targets, artificial antigen presenting cells were geretaby transducing SUPT1 cells with a
plasmid encoding BCMA/TACI and CD34 downstream of an IRES. These cells were then single cell
cloned and selected for high levels of BCMA or Fgtté4-4). A bank of these tgets were then

cryopreserved and for consistency, defrosted within a week of each experiment.

Three APRibhased chimeric antigen receptors (ACAR) were then constructed, consisting of a
truncated APRIL fused to a CD28 transmembrane and tripartite endoddi@&i280X40CD3) via

the same three spacers and-eapressed with BFownstream of an IRE§-igure4-5a) Peripheral

blood mononuclear cells (PBMCs) from normal donors were activatediis2hantiCD28 and CD3
antibodies, transduced with ACAR constructs, CD56 depleted, and tested against SUPT1 BCMA or TACI.
An example of transduced PBMCs is showfignre4-5b.
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Figure4-3 Membrane bound APRIL binds BCMA and TAISIUPT1 cells were transduced witl
APRIL attached to a CD28 transmembrance domain via an IgG1 hinge, CD8 stalk or Fc spacer(
as per Hombeh) as wé as CD34 as a marker gene(APRIL.IRES.0D8&de cells were then incubatec
for 30 mins with supernatant from 293T celfansfected to secrete BCMAFc or TA@hFc. Cells were
then washed and stained for CD34C and anti muHelTC. Membrane himd GD2 served as a
negative control. Binding to BCMAN(Band TACImKc) quantified by the MFI of the gated cells.
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Figured-4: SUPT1 targets expressing high levels of BCMA and G&Bkrated by retrovirally
transducing SUPT1 cells with BCMA.IRES.CD34 or TACI.IRES.CD34.
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4.3.2.1 Target Cytolysis by Chromium Release
ACAR mediated cytotoxicity was assessed by 4 hour chromium refégse4-5c).

Overall, all three ACAR spacer variants caused significantly greater cytolysis di“8trari PBMC
NTwhile there was no such observed difference in target cytolysis obderite non transduced(NT)
SUPTtells. ACARI and ACARDS transduced T cells caused significant cytolysis of SYBiitinot

ACAR~c. In addition, there was a dose response and redwytolysis with reduced E:T ratios.

Specifically, at an effector target ratio of 16:1, the Hinge(ABARDS8 stalk(ACAED, and Fc (ACAR

FQ spacer variants caused lysis of SUPTwith 61.7+9.5% (n=5%8.7+8.5% (mean+SEM, n=6), and
38.9+17.3 (n=3) cytotoxicity respectively. In comparison, there was less killing of "StRiigets

(CD8 stalk: 39.5+12.1%, Hinge: 39.8+16.4%, Fc: 26.8+21.4%) and minimal background Kkilling of non
transduced SUPT1 celSGARCDS: 12.0+8.5%, ACAR14.9+11.3%, ACAR 16.0+14.9%, p<0.01 cf
SUPTAMAyy paired T test).

4.3.2.2 Cytokine Release

Effectors and unirradiated targets were thencaltured (1:1) and at 24 hours, IENlease measured

by ELISAF(gure4-5d). Cytokine release was greatest with SUPYargets with ACARI, ACARCDS

and ACAFEc spacer variants producing 4194+1730(mean+SEM), 4124+1273, and 1160+723°pg/1x10
effectors respectivelyThere was less cytokine release wBltUPTYC'targets (ACARI: 629+206,

ACARCDS: 552+145, ACAR: 112461 pg/IxPOSFFSOG2NBR O ¢KAES oF Ol INER dzy
SUPTT was low (ACARI: 172181, ACARDS: 163+50, ACAR: 74.6+ 58.8 pg/1xeffectors).

4.3.2.3 T cell Proliferation

At 7 days there was increased AGARNd ACARDS survival and/or proliferation with BCMA targjet

on coculture with H and CD8 stalk spacer variants (p<0.01 for both compared to SUPT1 NT by T test)
but not on coeculture with SUPT2C! In comparison, ACAR: transduced T cells did not significantly

proliferate on ceculture with BCMA or TACI targéEgure4-5e).

Overall, ACARI and ACARDS8 appeared more efficacious against antigen expressing targets than
ACAR-c. Both ACAR constructs demonstrated cytolysis and cytokine release-cutture with
SUPTA“MAor SUPT™“but proliferation on ceculture with mainly SUP T4
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Figure 4-5 Target cytolysis with ACAR spacer varianfa) APRIL based chimeric antigen receptors (A
variants were engineered containing a truncated APRIL for antigen biattaxdhed to a CD28 transmembre
and tripartite endodomain (OX40D28CD3) but differing in their spacer region: Hinge of 1IgG1 Fc (Ady
CD8 (ACARDS), and Fc (modified as per Hombach et al 2010) (KCABFP was also coexpressed with /
and separated with a 2A peptide. PBMlwere CD3/CD28fH activated andransducedwith ACAR construc
using RD114seodotyped retrovirus, one example showr{lin. PBMCs were then CD56 depleted before te:
against SUPT1 cells expressing high levels of BCMA orThaCesults from these shown (i) and (d) on

following page.
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Figure 4-5 continued(c)Summary target cytolysis by AGHR=5), ACARDS8(¥6), ACARc(n=3) as

determined by 4 houp!Cr release. Significance values refer to cytolysis by ACAR compared to PBM(

same E:T ratio (d) ACAR transduced T cells were alSalgb . dZNBR oMY MO

gAUK ANJT

release at D+1 measured by ELISA. (e) ACAR expressing Tzelsoaiceculture were then quantified by

FACS and number as a percentage of cells at DO shown. MeantSEM shown, *=p<0.05, **=p<0.01, by

test.
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4.3.3 ACAR mediated cytolysis at low target antigen densities and at low E:T

ratios
Clinical response will only be realised if ACAR isaeftius against the low levels of BCMA and TACI
found on primary myeloma cells and at low effector to target ratios. We thus explored the in vitro

cytolytic potential of the two most promising ACAR constructs under these conditions.

SUPT1 cells were transcked to express BCMA or TACI and green fluorescent protein $&¥&rated

by a 2A peptide (ie BCMA.2A.GFP or TACI.2A.SBPTA“MAand SUPTtC were then FACS sorted

into discrete populations expressing differing levels of target antigen on a BD faal€asion Kigure

4-6a). Sorted SUPTL1 targets expressed a wide range of BCMABKITIABC) and TACI(10633x10

ABC). A bank of these targets were then cryopreserved and for consistency, defrosted under a week

before each experiment

PBMCs were transduced with ACAR and R@3R®) an idframe footand-mouthclike 2A peptide,
Ta\[121]. RQR8 contains CD20 and CD34 ep#aphich bind rituximab and the anti CD34 monoclonal
antibody clone QBendR55]. These T cell effectorgere then tested against SUPT1 targets>By
release,both ACAR constructs caused significant cytolysis of all BCMA and TACI expressing targets
compared to control at all E:T ratios tested (32:1 to #igure4-6b). And by lowering the E:T ratio
further to 1:10 andassessing target kill at 48 hours by FACS, ACARI ACARDS8 both caused
significant target cytolysis of unirradiated targets expressing even the lowest levels of BCMA and TACI
(Figure4-6¢). The use of unirradiad targets is significant as, having retained their ability to divide,

greater cytolysis is required to overcome the proliferative capacity of SUPT1 targets.

ACAR mediated target cytolysis was also demonstrated at lower E:T ratios against the HMCLs MM.1s
(BCMA+ TACIF)j§ures-6di) and U266 (BCMA+, TA®ligure4-6dii). Target cytolysis was significant
down to an E:T ratio of 1:32 by both ACAR constructs.
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Figure4-6: ACAR mediated cytolysis seen with low levels of BCMA and TACI and at low E:F ABIAR wel
tested against SUPT1 targets expressing a wide ran@86MA andii) TACI. Antigen expression (antibodies bc
per cell) of each target population indicateth)ACARCD8 and H spacer variants were tested agdin§UP T
and (i)SUPTH targets h a chromium release assay. Specific cytolysis of targets at an E:T ratio of 16:1
(c)PBMCs transduced with these CAR constructs were also cocultured at a low E:T ratio (1:10) and targe
SUPTA*MAand (i) SUPTT“targets assessed at 48 hmby FACSd)Cytolysiof human myeloma cell linddMM. 1<
and(ii)U266 when cecultured with ACAR transduced T caligl8 hours anat reducing E:T ratios. Inset histogre
show ECMA and TACI expression by FA@By filled) compared to staining witlsotype control (empty
MeanzSEM shown *=p<0.05, **=p<0.01, ***=p<0.001 by T test.
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4.3.4 ACAR mediatal cytolysis of BCMA targets compared to aBCMA CAR in

clinical trials
The aBCMA 1D-5-3 ScFv attached to a CD8 spacer domain was used in the BCMA CAR by
Kochenderfer et a1, 244 (NIH CAR) and was attached to the same CD28 transmembrane and
tripartite endodomain used in ACAR constructs. ScFv sequeasebtained from the patentustom
synthesised (gBlock®, IR then ligated into a CAR scaffold with a CD8 spacer domain (cloning by
Ben Draper).

PBMCs transduced with the NIH CAR, ABARd ACAR DS were then caultured with MM.1s, U266
and SUPTAM or SUPTHV°(both ~1000ABC)Figure 4-7). There was great variability between
transduced PBMCs from different donors and although not reaching statistical signifitagreewas
mildly reduced mean cytolysis seen with ACAR constructs against lowest levels of BCNAeddmp
the NIH CARF{gure 4-7)

4.3.5 ACAR mediated cytolysis in the presence of soluble APRIL, BAFF CMA
Raised serum levels of APRIL, BEFHFand BCMfR56] are well described in myeloma with reported
median serum levels of 100ng/ml, 10ng/ml and 20ng/ml respectively. As théopseexperiments
failed to detect a significant difference between AGABNnd ACARDS, ACAR being a smaller and

simpler construct was tested here.

PBMCs transduced with AGAIRfrom 3 donors were coultured with targets at the E:T ratios
indicated in Figure 4-8 with 10,100,1000ng/ml of APRIL, BAFF or BCMA. Overall, there was no
statistically significant reduction in target cytolysis compared to media control with the concentrations

of TNF ligands teste®igure4-8).

Specifically we found minimal reduction in ACAR mediated target cytolysis at physiological
concentrations of APRIL despite using unirradiated targets expressing low levels of antigen and at low
E:T ratios inhese ceculture experiments. BAFF binds TACI with greater affinity than BVAand
accordingly there was greater reduction in SUPSKill than SUPTEMbut only at supraphysiological

levels of BAFF. There was also greater reduction in the mean target cytolysis between 100ng/ml and
1000ng/ml of sSBCMA. In the largest patient series studied, sSBCMA did not exceed 1000ng/ml, median
was 20ng/ml, and less than 1@%opatients had a level greater than 100ngf256]. We found higher

levels of SBCMA in our smaller series of 39 patients with a median of 79ng/ml and 28gdBEEGMA

level greater than 100ng/rfil91]. Therefore serum BCMA appears to fall in this high range only in a

the minority of patients but this will need monitoring in clinical trials
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Figure4-7 ACAR mediated cytolysis of MMs1 U266 and SUPT1BCMAlompared to NIH CARthe 11D-5-3

ScFv used in the aBCMA CAR described by Ali et al was grafted onto the same CD28 transmembrane and
endodomain(280% as the ACAR constructs to allow functional comparison to ACARd ACARDS.
PBMCs(n=5) transduced with these three CAR constructs wetalttwed and tested againgg)MM.1s and
(b)U266(c) SUPTAMAlaNnd target cytolysis determined at 48 hours&CS. There was no statistical significance
between the 3 CAR constructs at any of the E:T ratios tested . Mean+SEM shown, *=p<0.05, **=p<0.01,

***=p<0.001 by paired T test
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Figure 4-8: ACARH mediated cytolysis in th presence of soluble APRIL, BAFF and BCM2ARH

transduced T cells from 3 donors wereadtured with SUPT1 targets expressing low levels of BCMA
TACI (1000 ABC for both) or MM1.s cells at low E:T ratios indicated above in the presence of B&lhI
BAFF or BCMA. At 48 hours and compared to media control, soluble APRIL, BAFF or BCMA did
in a statistically significant reduction in target cytolysis at all the concentrations tested(by paired

compared to media control).
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4.3.6 Coculture of ACAR and primary myeloma cells

Allogeneic PBMCs traduced with ACAR and ACARDS variants were then emltured 1:1 with
CD138 selected bone marrow derived myeloma cells from 5 patients. Although BCMA and TACI
expression varied between patient samples (BCMA 1228 and TACI 568213 ABC), tumour
cytolysis and IFRwas seen with both ACAR constructs in all samples. Survival and proliferation of

ACAR+ T cells was seen with 3 patient samples (#2, #4Fighen-9a).

Combining the results from the 5 patient splas, at D+3 ACAR and ACARDS resulted in
72.9412.2% and 87.7+5.4% tumour death respectively (meant SEM cytolysis relativeuttuic
with PBMC NT). In comparison myeloma cell death was 2.8+15.3% with medial ¢pr0.05 for
both, by T test)Figue 4-9bi). There was significant IENelease by both ACAR constructs on co
culture with myeloma cellsjgue 4-9bii). Survival and/or proliferation of ACAR T cells was greater on
co-culture with myeloma cells compared toeaia control Figue 4-9biii). There was no significant

difference in target kill, cytokine release océ@ll expansion between the two ACAR spacer variants

4.3.6.1 ACAR mediated cytolysis of primary tumour cells in the pr esence of BCMA
blocking

BCMA downregulation and loss has been descr[tt86, 244] and in this event, the ACARuIld be

dependent on APRITACI interaction for tumour control. Although killing of low expressing TACI

targetshas been demonstratedhext an attempt was made tmimic BCMA loss in primary cells.

Due to the challenges in manipulating primary myeloméscebculture with high concentrations of
anti-BCMA monoclonal antibody (S307118G03) to block BERRIL binding were performed. BCMA
blocking reduced ACAR mediated cytolysis of U266{TAQ not MM.1s cells (TACI+). However
BCMA blocking did not sigiai@intly attenuate killing of primary myeloma cells from 3 patients which
expressed BCMA and TAE¢(re4-10). Thus it would seem in the event of BCMA loss, TACI is present

in sufficient concentrations for ACAR digted tumour Kill.
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Figue 4-9: ACAR activity against primary myeloma ce(l) CD138 selected bone marrow derive
primary myeloma cells from 5 patients were-coltured 1:1 with allogeneic ACAR positive T cellsaolu

kill was deermined by FAC& D+1, D+3 and D+7. Cytokine release determined at D+1 by ELISA an
numbers after 7 days of eculture determined by staing for RQR8 transgene on FABSMA and TAC
expression, tumour cytolysis, IRkelease at D+1 and T cell expansion at D+7 shown and summaris

(b) on next page.
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Figue 4-9 continued (b)Summary of(i)tumour kill (as a percentage ofable T cells on eoulture with
PBMC NT)=p<0.05 compared to control by paired T te@if) IFNQrelease andiii) number of ACAR+ T

cells after 7 dgs of coeculture. Meant SEM showrf¥=p<0.01 compared to control byatio of paired T

test.
. 1001
b i
>
2 so0
4
o
8 = ACAR-H
% ACAR-CDS8
0 ‘A CD138 alone
0 3 6
Day
>k
” 20004
E i
> i
o
» 10004
Z :I:
w
0
& Q_,@ oo%
AR
Y o¥
.
i o
| | | |
i 07
~
N
[a}
T S 200
» [a]
° 5
© o
x < 100
<
© M +cpi13s
od alone
> >
\a /oo
¥ Q
vy

97



Figure4-10:ACAR mediated cytolysis of primary MM cells with BCMA blockf@ARH transduced PBM

from 3 donors were ceultured 1:4 with MM.1s, U266 or CD138 selected primary bone marrow derive

in media alone, 150ug/ml of anti BCMA antibody (S307118G03) or the equivalent concentration ¢

control. The BCMA and TACI expression on tafijated target cytolysis at 48 houi shown revealing tumot

cell death despite BCMA blocking in targetsresging both antigens. Meant SEM shown, *=p<0.05 com

to control by paired T test.
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4.3.7 Designing an intramedullary myeloma model

At the start of this work murine myeloma models testing immunotherapeutic strategies had been
largely based on the subcutaneous injeatiof myeloma cells in NSG mice to establish subdermal
tumourq1]. These were usually monitoredy bmeasuring tumour size. The objective here was to
generate a xenogeneic intramedullary myeloma model which would more closely recapitulate disease
and also test the ability of T cells to traffic and home to the bone marrow. The host would have to be
NSG rice (NOD.G&rkdé 112rgmWil/SzJ) which are deficient in T cells, B cells, NK cells aed hav
attenuated cytokine signallingllowing the engraftment of human yeloma cells as well &SAR

transduced human T cells

Work in the Yong lab had previousistablished intramedullary myeloma models in NGDID mice

with KMS12BM and MM.1s cells. Using a thermostable, pH tolerant andsheiled form of firefly
luciferase (FludR57] that was subseqgently codon optimised in the Pule lab, KMS12BM and MM1.s
cells were transduced twice with a plasmid encoding Fluc and HA. These cells were then purified for
HA expression by labelling transduced cells with antaaAtPE(Ntenyl) folloved by incubation wh

anti PE MicroBads(Miltenyl Biotec)Figure4-11a).

Following this, 6 NSG mice were injected with 16x18+Fluc+ KMSI2M or MM1.s cells and disease
was monitored by bioluminescent imaging (BlQverall, there was greater engraftment of MM1.s
cells by D+8, and while there was soon clear evidence of engraftment by KBi&&&lls, this was at
both intra- and extramedullary sites. MM1.s were thereforgsed for ACAR testing in vidae to its
predomirantly intramedullary engraftment in NSG m{egure4-11b). Since these experiments,

similar models of MM.1s in NSG mice to test adoptive immunotherapy have been pultigbed
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Figure4-11: Transduction of cell lines for in vivo modé{M32.BM and MM.1s cells were transduced with
FLuc.2A.HA&PI.(a) FACSf transduced cells.
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Figure4-11 continued (b)10x1® of each HA+FLuc+ cell line were then injected by tail vein into NSG mi
visualisedby BLI at time points. In mice injected with MM.1s, animals treated with ACAR not displayet

figure. See next section
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4.3.8 ACAR in vivo

As in vitro assays failed to show a significant difference in efficacy of-HGhE ACARDS, we

proceeded to test the smaller and thus simpler of theteonstructs, ACAR, in vivo.

4.3.8.1 Bioluminescent imaging

To establish an intramedullary myeloma model (summarisedgune4-12a) using MM.1s cells, 6 NSG
mice were injected intravenously with 10X¥HA+Fluc+MM.1salls Figure4-12b). Thirteen days after
administration of tumour, there was clear evidence of intramedullary disease oRifre§-12c) and

5x1¢ ACARH postive PBMCs were administered by intravenous tail vein injection. There was no
significant difference in photon count in control and treated mice on day of ACAR injection (p=ns by T
test in pelvis and spine) but following ACHRthere was significant tunuw regression within only 2

days in the spin€jgure4-12d). ). By D+5 post ACAR, disease in tumour only mice (radiance 23%0.7x10
p/s/icm?/sr in pelvis, 19+0.3xPn spine) far exceeded treated mice (6.6+2.5%i/8/cm?sr, in pelvis,
1.0+0.2x16, in spine p<0.001 for both by T test)gure4-12e).

4.3.8.2 FACS of bone marrow, spleen and blood

At termination of experiment BM, spleen and blood were analysed by foh@f&sence of tumour or

T cells (identified as live/single/muCDYHA+ and live/single/mCD1u¢CD3+/CD4+or CD8+
respectively). The absence of myeloma cells was confirmed on FACS at D+5 post injection (HA+CD38+
events in control mice compared to treatedanj p<0.01 by T testfFigure4-13). When numbers were
normalised to FlowCheckM, there was evidence of tumour clearance and corresponding T cell
engraftment in BMFigure4-13). T cells were also foundtime spleen ofreated mice while no tumour

cells were found in the spleen of tumour alone animals. This animal model has since been repeated
with a greater number of animals and in that model, there was tumour engraftimetiite spleen of

control mice. So therefore in this first model, splenic T cells may have been as a consequence of splenic

tumour engraftment which may have been evident with a larger number of control animals.
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Figure4-12: ACAR in an intramedullary MM model. (&)verview of intramedullary myeloma model showin
vivo efficacy of APRIL CAR.MML1.s cells were trasduced with HA.2A.Fluc with 90% of the tumour cell
positive on day of infusiof(c)PBMCs were retrovirally transduced with APRIL H CAR.IRES.eBFP yieldir
transduction efficiency with a CD4 and CD8 composition of 60% and 35% respe(@tj\atgl.(e)on next page.
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Figure4-12 continued: (d)Six NSG mice were injected IV with tumour cells-aB@and monitored by BLI. At evidel
of clear ntramedullary involvement, 5xfACAR positive T cells were injetfatravenously at DQe)Photon count
of pelvis and spine of control (n=2) and treated (n=4) mice (mean+SEM) showing tumour regression with AC
*=p<0.05, **=p<0.01, **=p<0.001 by T test.
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o

Figure4-13: FACS for tumour and effector T cells in in vivo mod&bne marrow, blood and spleer
from control(n=1),tumour only (n=2) or tumour and AGAR=4)were analysed for tumour if@)
(live/singlet/mCD118HHA+/CD38+pr effector T cells ifb) (live/single/mCD118CD4+ or CD8+ an(d)
(live/single/muCD11#CD3+/APRIL+/BFP{g) on following page
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Figure4-13 continued. (c)effector T cells as defined by (live/single/muCDI1CB3+/APRIL+/BFP+) events
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4.4 Discussion

4.4.1 Scarcity of good therapeutic targets in myeloma, role for dual antigen

targeting
Despite the remarkable success of the CD19 CAR in B cell malignancies, development of CAR T cells in
myeloma is challenging due to the absence of CD1geloma cells and the paucity of selectively
expressed plasma cell antigens. While BCMA is selectively expressed and thus amongst the most
promising of therapeutic targets, it is present on tumour cells at variable and low [leve®]]. In
addition, antigen negative tumour escape is well described in B cell malignancies, occurring in greater
than 10% of patients ith acute lymphoblastic leukemia treated with a CD19 [GBR 24§.
Particularly with the known sublonal rature of myelom#20Q], one would also expect the possibility
of relapse with antigen negative disease following targeted therapies and escape has been seen with
T cell receptormodified T cells recognising NPGEGL[100. And indeed early reports from two
separate BCMA CAR trials have described a total of 2 cases ofd®@wi&gulation or 104480, 244).

Therapeutic strategies targeting 2 tumour antigens could potentially addhese challenges and to

date, there have been several approaches to creating dual targeting CARs. Typically using ScFvs for
tumour antigen binding, these strategies have included the admixing of two populations of CAR
transduced T cell247], the coexpression of 2 CARs on individual T cells by transduction of plasmids
encoding both receptors with an intervening 2A pepfRiEs], or engineering a single CARstuct
containing two separate ScFvs in tandem (or Tan2B®) While promising, these strategies involve
complex optimisation or necessitate large integrins. In comparison, the intrinsic properties of APRIL
makes it particularly suited for targeting myeloma cells. As well as being bispecific and binding two

myeloma cell antigens with high affinity, it is compact (135aa) and non immunogenic.

4.4.2 Efficacy of ACAR in vitro

This data demonstrates the efficacy of an APRased CAR. Cytolysis and cytokine release were
demonstrated against BCMA and TACI expressing targets and T cell proliferation was greater against
BCMA expressing targets than TACI. Furthermore, in vitro target cytolysis was demonstrated in SUPT1
cells xpressing the low levels of target antigen seen on tumour and at low E:T ratios as well as against

primary myeloma cells.

4.4.3 Greater efficacy against BCMA targets rather than TACI
In Figure4-5, despite the fact thaBUPTA™Aexpressed higher levels of BCMA than expression levels
of TACI on SUPT1 targets, there is greater cytolysis and greater cytokine release with SUPTL1 targets.
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In addition | did not demonstrate T cell proliferation on-adture with SUPT® targets. An
explanation for this may be the natural higher affinity of APRIL for BCMA compared to TACI (Kimberley
et al estimating this to be 3.8 and 39x¥M respectivel}258)).

Despite this, ACAR demonstrated kill of primary tumour cells with BCMA blocking and of SUPTL1 cells
expressing low levels of TACI. This would suggest the potential for tumour kill even in the presence of
BCMA downregulation or loss. It isaihot uncommon for dual targeting CARs to show preference for
one antigen. For example, Grada et al showed greater toxicity of CD19 targets compared to Her2
expressing targets in the first generation of TAN [2BR with Zah et al managing to overcome
preference for CD19 with optimisation of the spacer domain and order of CD19 specific and CD20

specific ScFvs relative to the cell membi@as).

4.4.4 SUPTTACItargets generated using full length TACI

Hymowitz et al described two isoforms of TACI arising from alternative mRNA splicing permitting
skipping of exon 2. The longer isoform contains 2 cysteine rich domains (CRD) wihiidpaioid while

the shorter isoform contains only the membrane proximal CRD2. Both isoforms have similar affinities
for human APRIL by surface plasmon resonanegli£6 and 5.9+1.4nM respectivgli28]) and the
second CRD2 appears primarily responsible for APRIL and BAFF binding.

However it has recently been shown that while both isoforms are present in B cell subsets, the shorter
isoform is predominant on mate B cells and is associated with maturation to a plasma cell phenotype

by morphological examination, increase in transcripts of plasma cell proteins such a BLIMP1 mRNA
and upregulation of typical surface plasma cell markers such as R29B38Nhile it is known that
activated marginal zone B cells express more short TACI, long TACI is still expressed and there are no

studies looking at the expression pite of both in plasma cells or malignant myeloma cells.

The SUPTAtargets used in this work were engineered with full length or long TACI but kill of the
lowest expressing targets was still seen despite long TACI having a slightly lower affinRRfor A
Furthermore, cytolysis of primary tumour was also shown in the presence of high concentrations of
anti BCMA antibody (BCMA blocking) demonstrating kill of HMCLs and primary myeloma cells in vitro
by ACARACI binding. This demonstrates ability of ARRAR to bind TACI at the expression levels

and with the particular isoforms present on tumour cells.

4.4 5 Raised levels of serum APRIL, BAFF, BCMA
Raised serum levels of APRIL, B9 and BCMJR56] are well described in myeloma. It has also
been observed elsewhere that CARs do seem resistant to blocking by aviditg[a88c260] and
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similarly we found minimal reduction in ACAR mediated target cytolysis in vitro at physablog
concentrations of APRIL and BAFF despite using unirradiated targets expressing low levels of target
antigen and at low effector to target ratios. Though not statistically significant, there was a greater
reduction in the mean target cytolysis at higivels of SBCMA found in a small proportion of myeloma
patients. It is possible that more experiments with sSBCMA would reveal a statistically significant
attenuation in target Kill at high levels of SBCMA. However this is likely to affect a minorityesftpat
Interestingly reduction of target binding by soluble BCMA is an observation shared with other BCMA
targeting therapeutic strategies. For example, binding of a monoclonal antibody used in
immunoconjugates have also been reported to be significargjuced at this level of soluble
BCMAL76].

4.4.6 Efficacy of ACAR in vivo

Furthermore, remission of established intramedullary myeloma was seen in vivo. This woultkindica
that the ACAR would be capable of trafficking to site of disease and eradicate myeloma cells even with
significant tumour burden. However, given NSG mice have a much reduced haemopoietic
compartment (absent lymphocytes, neutrophils and NK cells) notatted in this murine model are

the immunosuppressive cells within the bone marrow microenvironment such as T regulatory cells.
Interestingly human APRIL binds murine isoforms of BCMA and TACI which would provide the

opportunity to test the APRIL in an immacompetent murine model of myeloma

4.4.7 Comparison to BCMA CAR in clinical trials

APRIL naturally trimerizes on receptor ligafii#8] and it was hypothesized #h this natural
trimerization may have an avidity affect, increasing target binding which would be particularly
significant in the presence of low levels off target antigen. However, rgultores comparing the
11-D-5-3 ScFV currently in clinical trialada APRIL against BCMA expressing targets did not show
superior target cytolysis by ACAR which would not support this hypothesis.

Furthermore, ACAR mediated cytolysis did not exceed that by the NIH CAR wbaltuced with

MM.1s. This was surprising asetldual targeting capabilities of the ACAR may have resulted in the
increased of kill of BCMA+TACI+ cells compared to the NIH CAR specific for BCMA alone. But this may
have been due to the high levels of BCMA on MM1s cells and the benefit from dual &atigeting

is likely to be the most significant at low levels of BCMA.

In summary this data would indicate that an APRIL based CAR holds particular promise in the

treatment of myeloma as it targets two antigens found on malignant plasma cells (BCMA ajd TACI
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causing significant kill at the low levels of target antigen seen on primary tumour cells, at low E:T ratios

and in an intramedullary murine myeloma model.

4.5 Future Direction
1 While investigating the impact of low target antigen levels, low E:T ratiognéerderence by
solble TNF ligands, the focus waistarget cytolysisHe 4 SGSNE € 221 Ay 3 G LChb
cell expansion in the presence of these varialpiay also have value to understanding more
fully ACAR function in these challenging but physjickal circumstances.
9 Further workinterrogatingthe function of ACAR ian immunocompetent murine model to

investigate the influencef the bone marrowmicroenvironment.
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5 APRIL based bispecific T cell engager

5.1 Introduction

5.1.1 Bispecific antibodies

There are duge range of antibody formats which impart bispecificity and can be split largely into the
presence or absence of an Fc donj2él]. A comprehensive desption of the many forms of
bispecific antibodies is beyond the scope of this work. However, bispecific T cell engagers (BIiTES)
represent a type of non Fc containing bispecific antibodies, and with trifunctional bispecific antibody

(triomabs), were the twearliest formats to yield responses in clinical tfi2g?).

Initial attempts to chemically conjugate two monoclonal antibodies or sontstizidization of two
hybridoma$263 [264] were hampered by the difficulty in gendiag molecules and the lack of
efficacy of murine based antibodies. Human antiuse responses were seen in patient trials,
manifesting as anaphylaxis or generation of neutralising antibodies which both decreased therapeutic
efficacy and prevented more thaa single dose. One of tmeost successful of thesmnstructs was
HRS3/A9 a bispecific (Fab)2 generated by somatic hybridization of 2 hybridomas producing mouse
antibodies targeting human CD30 and CD16.The resulting bivalent IgG molecule or quadsalieal re

in a number of complete responses in Hodgitymphom$265] though immunogenicity tahe

therapeutic molecule and low production yield limited furttagvelopment.

An improvement on this basic quandroma was triomabs which took advantage of species specific
heavy/light chain pairing to improve the efficiency of protein recombination. Catumaxomab combines
a rat anti huCD3 Fab with a murine anti huEPCAERd the resulting rat/murine Fc activate human

Fc receptors thereforeombining T cell activation witrecruitment of macrophages and NK cells.

Catumaxomab has been licensed for malignant ascites in patients with EpCAM positive {@Bjurs
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Figure5-1: Threeexamples of bispecific antibodie¢a) Quadromas produced by somatic hybridizan of 2 rat

or mouse hybridomas combining specificity for tumour antigen and effector @®llTriomab is the somatic
hybridization ofCD3specific rat 1gé» (purple) with aumour cell antigen directed mouse Ig&green)(c) While
the previous two examples retain thec, ADCC is unaffected. In contrdmsspecific T cell engagers consist of

two ScFsgattached by a short linker.

Quandroma Triomab

BIiTE
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5.1.1.1 Basic structure and function of Bispeci fic T cell engager (BITE)

BITES are bivalent molecules combining specificities fmséparate targetand typically consist of a
single molecule containing two ScFvs in tandem and linked by a small flexible linker. In this way, the
ALISOATAOAGASA FT2N)/50¢ Iy R [85%anditzygolyzNotentd OFF F A O

cells are redirected to tumour, independent of MHC restriction.

It has been described that the synapse formed from the bispecific molecule is similar to that seen on
binding of a TCR and its target MHC/peptide con{@&q with greater frequency and concentration

of synapse formation achieved with BiTEs. On activation tiseupiiegulation of typical markers eg
CD69 and CDP%68 and secretion of cytokindsC b + X @ BI-€, I1-6, and IE10[269]. Moreover,

this can be achieved at low nanomolar concentration and withoustauulationf268]. It has been
described that there is recruitment of both CD4 and CD8 subfg@éswhich are loth directly
involved in granzyme mediated lysis of taf@atl] and in both cases, there is target cytolysis by

calcium dependent activation of caspak&l] and the potential for serial killid@72].

Compared to CARs, BIiTEs htheeadvantages being easier to produce abeing a small molecule

may have the potential to infiltrate solid tumours and recruit tumour infiltrating lymphocytes to
mediate cytolysis. Although one of the great advantages of CARs is the potential lorgetsistence

of effector T cellR0€], the short half life of BITES may also serve as a safety mechanism allowing

immediate therapeutic withdrawal in the evenf treatment related toxicity

5.1.1.1.1 The benchmark BIiTE: blinatumomab

Blinatumomab combines the ScFv for CD3 and CD19 and has been shown to have a 69% overall RR in

NHL and a median response rate of 404 §2§3. The most significant toxicity in phase | trials was
related to leucopenia. But there was also a significant incidence of neurological events with an overall
incidence of 71% with some patients also expeciag fevers and raised inflammatory markers in
keeping with cytokine releasd@linatumomab was recently approved by the FDA for Philadelphia

chromosomenegative precursor 8ell ALL.

5.1.2 Trispecific molecules
Currently there are a small number of trispecifiolecules. These are occasionally aimed at optimising
effector cell function. For example trispecific killer cell engagers or TRRK&Esind CD16 (on NK

cells),and CD33 as well IL15R by the tandem expression of two ScFvs linketbhlyp Ilincrease

I OGAGIGAZ2YST LISNAEA&AGSYOS YR SELIyaiazy 2F STFSOi

separate bispecific molecules: one a CD20 specific ScEhexdtto a anti CD16 CiYH and a second
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attached to a antiCD16 &IL.The two molecules recombine to form an aCD16 Fab optimising the

activation of NK cells and mactugged275].

There are also trispecific molecules targeting two separate tumour argifégure4-1). Atrispecific
molecule engineered by encoding 3 ScFvs in tandem with specificities for CD123, CD183awd<CD
developed for use in myeloid leukemjag6g]. The same construct was also engineered with specificity
for CD33 and CD19 for use in mixed lineage leukg¢@vaks A trispecific F(ab')3 antibody conjugate
has also been described with specificities for CD64 (Fc gamma receptor), EGFR §2d8HER?2

We await the results from these trispdéic molecules in clinical trials. These constructs are usually
large and complex to produce as it often involves the correct assembly of multiple transcripts and

complex folding and thus result in a significant proportion of non functional mold@é#s

5.1.3 Bispecific antibodies in myeloma
The options for target antigens in myeloma are the same as for the CAR. The challenge is to identify
extracellular molecles present on tumour in the majority of myeloma patients but yet are specific to

normal and malignant plasma cells.

In the literature, there have been bispecific T cell engagased on the Wud monoclonal antibody
which binds an unidentified antigemaormal and malignant plasma c§86] or that bind CD1387].
Therehave also been bispecific molecules designed to target BCMA(RBiBdD),and the results from
the first BCMA targeting BIiTE in clinical trials, BI836909, is a\\&8ted

5.2 Aims

An APRIL based bispecific Tertager would offer a novel mechanism for dual antigen binding, using
a single compact epitope with specificity for 2 myeloma cell antigens which both have expression
limited to the lymphoid compartment. Targeting BCMA and TACI would increase tumoiigogites

therefore increasing therapeutic efficacy and also reduce the risk of BCMA negative tumour escape.

The aims of this section is to engineer an APRIL based bispecific T cell engager based on a single
GNF YyAONRLII SyO2RAy3 +y /50y alLISOAFTAO {0OCO I YR
against BCMA and TACI expressing targets, primary myeeisand in vivo.
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5.3 Results

5.3.1 OKT3 and APRIL based Bispecific T cell engager APRILITE

Six bispecific T cell engager constructs were engineered consisting of a truncated APRIL at one
terminus and OKT3 at the opposite terminus, linked by an IgG1 hingeG@SHinker (L4) or a stalk

of human CD8&. These constructs were designed by Dr Martin Pule and cloned by Neil Chaplin. The
first three constructs encoded an OK(f@urine anti human CD3 Sclmain at the amino terminus

and a truncated APRIL molecule tie tarboxy terminus. The fourth to sixth constructs consisted of

antigen binding domains at opposite term{figure5-2).

5.3.2 APRILITE binds target antigens

HEK 293T cells were transfected with plasmids encodirty@&fabese constructs and the supernatant

assayed by Western blot (with asiPRIL antibody). Supernatant was also incubat#l antigen

expressing target cellSUPT1 NT, SUPT1 BCMA.CD34 and SUPT1 TACI.CD34, Jurkat, Jurkat TCR KO)
and secondarily stainedgith antiAPRIL antibodin the absence of purification method, these assays

were carried out on unpurified supernatant from the transfectdBK293T cells. The Western blot

showed presence of APRILITE constructs Al/ABig(5-2b). Binding to antigen expressing targets

showed binding on incubation with A1/A3/A6 supernatarig(ure5-2c).
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Figure5-2: Initial six APRILITE constructs. (APRILITEonstructs(A1-A3) consisted of OKT3 at th
amino terminus and APRIL at the carboxy terminus attached by Hinge of IgG1, 4(SGGGG)/L+
stalk. A4A6 had antigen binding domains at opposite termRiiasmids encoding #se constructs
were transfected into HEK 293T cells, the supernatant harvested and on Western blot protei
detected from APRILITE 1,3 an@pusing anti APRIL detection antibody. To confirm binding to tar
antigens, APRILITE constructs were incathatith SUPT1 cells expressing BCMA or TACI or Ju
which express CD3. SUPTINT and Jurkat TCR KO serggdtaecontrols and antigen binding wa:
confirmed by secondary staining with anti APRIL. A1, A3, A6 did bind target antigens ai
highlightedin orange(c).
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5.3.3 Target cytolysis of SUPT1BCMAand SUPTTACHN the presence of activated

T cells and APRILITE
PBMCs were activated with CD28 and CD3 antibodies aadblistimulate T cellend thenCD56
depleted beforeco-culture with unirradiated SUPT1 targets expressing high levels of BCMA or TACI,
at an E:T ratio of 1.1, with or thiout APRILIE supernatant A1/A3/A6 (n=3).

5.3.3.1 Target Cytolysis

By D+3 the media in wells containing SUPTL1 targets were mostly yellow due to continued growth of
these cells. However, consistently in all experiments, the wells containing BCMA targetsedctivat

cells and APRILITE remained pink indicative of target cell degtire5-3a). At termination of ce

culture, FACS analysis showed complete cytolysis of SUPT1 BCMA targets (CD4+CD8+) cultured in wells
with with APRILITE and activated PBMKEigufe 5-3b). In one experiment, there was also some
reduction of TACI targets on -colture with A3 and A6. These experiments were not done in the

presence of flowcheck beads sasithot possible to quantitate target cytolysis

5.3.3.2 Cytokine Release

¢CKSNB gl a arayirTiolyifcdturdofadiMdet & @IR, BCNAor TAGIEafg&d a4 S 2
and APRILITE constructs Al, A3,A6. (P<0.01 when SUPT1 NT and TACI targets werdc@apéded

targets by student T tesEigure5-3c).

5.3.3.3 T cell proliferation

An attempt was madé enumerate T cell numbers at termination of-colture but as CD3 antibody
binding was inhibited by OKT3 binding from #ieRILiTEis was not possiblérhis was presumably
due to OKT3 binding T cell CD3 antigens and preventing binding to the anti CD3 detection aimtibody.

later experiments, T cell numbers could be determined with usainti CD2 antibody.
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Figure5-3: First Functional experiments with APRILiTEActivatedPBMCsfrom normal donors
were cocultured with SUPT1 NT, BCMA or TACI (1:1) in the presence or absence of AA6A
(n=3). Consistently there was complete cytolysis of unirradiated SUPT1 BCMA and this was
macroscopically at D+3&) highlighted wells represent SUPT1 BCMA targets, activated B cell
APRILITE and on FACS at BHhé¢re was absence of SUPTargets (live/single/CD4+/CD8).
There was significantly greater IFkelease on ceculture of activated T cells, SUPT1 BCMA tar¢
and all 3 APRILITE constructs compared to SUPT1 TACI or NT @rlyetantSEM shown,
**=p<0.001 of SUPT1 NT or TACI compared to BCMA by ratio T test).

a b .
+SUPT1+SUPT1 +SUPT1 A +nMedIa ) -:-SUPTN'I; -:-SUPTl I%CM:G\SUPTl :!’AC|
+Media NT ~ BCMA  TACI GmPEN A e
fe - NP~ o
= +Media
K
a
=)
+Al
C 100001 r‘¥| I.tnl rml
+A3
8000+ EH supPTINT
E E supTiBCMA
g 00007 M supT1 TACI
(6]
=z 40004
w
20004 r-:. +A6
&3 Y\/ YPD ‘:o ST
* cp8”

118



5.3.4 Cocultures with primary myeloma cells
As a method of quantifying surface BCMA and TACI expression on tumour had yet to be optimised,
tumour cells were stained with antiBCMA antibody 118G0O3 and expression was semiquantified as an

MFIr Figure5-4a).

CD138 selected, primary bone marrow derived CD138+ve myeloma cells from 2 patients were co
cultured with allogeneic activated PBMCs cells (1:1), in the presence of APRILITE A3 or A6. After 72
hours of ceculture with APRILE there was 63.5% and 96.9% loss of CD138+ cells compared to control
(tumour cells, PBMCs and media alone). There also appeared to be tumour cytolysis in the sample
with higher BCMA expressiofidure5-4a). Therevas microscopic T cell aggregation seen coulture

of activated T cells, tumour cells and A3 or Ri§ures-4b). The presence of APRILITE also resulted in

increased levels of IEMelease (statistical analysis not available as only 2 experiméiigs)es-4c).
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Figure5-4: Co-culture of activated PBMCGAPRILITE and primary myeloma ce@$138 selectedrimary

Myeloma cells from 2 patients were -@oiltured with allogeneic activated and CD56 depleted PBMCs (

in the presence or absence of ABRE versions 3 and Absolute number of viable tumour cells we

assessed by FACS analysis of cultures at timepoints indicated using-ARX13d flowcheck bead:

M=media alone, A3 and A6= supernatant containing APRILITE constructs A3 and A6 respkstate

histograms show BCMA staining of CD138+ cells (blue) compared to isotype control (red). Viat

tumour cells at different timepoints on eculture with APRILITE shown. (b) Photomicrographs of culi

wells showing T cell aggregation onadture of myeloma cells, APRILITE and activated PBMCs. (c) |

IFNQrelease at 24 hours of eculture
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5.3.5 Repeat testing of A1-A6 APRILITE constructs

On reviav of the original data assessing APRILITE construefs6Adinding and function against
artificial antigen presenting cells, there was likely no protein in the supernatants A2/4/5 so these
constructs were not adequately evaluateihese original experimestvere thereforerepeated HEK

293T cells were transfected with plasmids encoding the 6 constructs, as before, and this time,

transfection ofHEK293T cells confirmed.

Binding to SUPT1 targets and Jurkats as before were tested. PreviousTEBRiErimens used
SUPT1 targetsexpressing high levels 8CMA and TACIFor these binding experiments | was using
SUPTE*MAand SUPT1that expressed lower antigen levels (15.3%a0d 15.5x10ABC respectively)
compared to the targets used Figures-3 with BCMA and TACI targets expressing 8ah@ 16.2x16
ABC respectively. Presumably dueSOPTZXells expressing lower levels of target antigen on this
occasionpinding to SUPT1 BCMAGNRACI werenore clearly ascedined using aantimFAB atibody

as opposed to anti APRIL. This \ilesly due to stearic hindrance of antiAPRIL binding to BiTE which
has already bound to BCMA or TACI. As can be s&@uins-5, A4 and A5 seeed to bind Jurkat TCR
KO. Constructs AA3 and A6 bound Jurkats and not Jurkat TCR KO indicating binding to 7A&R. Al

bound BCMA and TACI but use of lower antigen expressing targets was apparent.

On 1:1 coculture of activated PBMCs, SUPT1 cells and P Rlipernatant, there was greatest (BN
release on incubation with BCMA targets compared to TACI or coRtgok€5-5b). There was also
target cytolysis seen of unirradiated SUPT1 BCMA cells evident macrodyapigate5-5¢) and on
FACSigure5-5d). However in contrast tigure5-3, cytolysis was incomplete. This is likely due to use
of lower antigen density targets as on FACS, remaining cells were BCMA némtwédenced by
absence of CD34 marker gerigures-5d).

This repeat experiment demonstrated efficacy of all 6 APRILITE constgaitst BCMA expressing
targets. As APRILITE protein was not quantified, a functional comparison of the 6 APRILITE constructs

could not be made.
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Figure 5-5: Repeat assessment of cytolysis of 6 APRILITE constr(gtSupernatant containing AA6
bound to antigen expressing targets detected with anti APRIL or anti murine FAB antilloddegivated
PBMCs from 2 donorsand targets were co-cultured 1:1with SUPT1 targetin presence of APRILIT
constructs A%6.(c)IFNQassayed at 24 hourgmean of 2)Macroscopic images of exulture plate at D+5.
Activated PBMCs present in all wells with targets and APRILITE aseithd{dh FACS at D+5 to determir

number of viable SUPTL1 targets on following page.
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Figure5-5 continued (d) FACS at D+5 analysed number of viable SUPT1 targets in two ways. In uppe
live/single/CD4+/CD8+ denotes total SUPT1 cells. SUPTL1 targets were transduced with BCMA.IRE.
TACI.IRES.CD33ins lower panel live/single/CD34+ events are displayed showing killing of BCMA pc

cells. There is some kill of TACI targets in presence-86pernatant.
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