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Abstract:

Allogeneic hematopoietic stem cell transplantation is considered to be the main means of
treatment for hematological malignancies. However, disease relapse and graft versus host
disease remain the major cause of death post transplantation. To reduce the risk of graft
versus host disease and in order to improve the graft versus leukemia effect, genetically
engineered T-cells are used to express tumor specific antigens. This is either through the
transfer of a recombinant antigen-specific T cell receptor (TCR) or through the introduction
of antibody-like recognition in chimeric antigen receptors (CARs) toward tumor-associated
antigens. These methods have made substantial advances. Nevertheless, the complexity in
modifying and producing autologous specific T-cell products for each patient is a major
barrier to the broader application of this approach. In this context, the ability to generate an
“off-the-shelf” mismatched donor-derived therapeutic T cell product was investigated. To
overcome HLA barriers and to eliminate the risk of graft versus host disease, tailored
transcription activator-like effector nucleases (TALENs) knocking out the expression of
endogenous T cell receptor was utilised. Also, the potential of engineered meganucleases and
clustered regularly interspaced short palindromic repeats (CRISPR/Cas9) to disrupt the
genomic sequence of the T cell receptor was evaluated.

Large numbers of recent clinical trials have suggested that in vivo persistence and expansion
having a potent anti-tumor activity of the genetically engineered T cells is crucial to have a
robust clinical response. In order to generate a T cell product possessing these previous
features, we have investigated the ability to engineer naive cord blood T cells toward specific
tumor antigens. Due to their naivety, the higher telomeres activity, low graft-versus-host-
disease, amongst several other features, have the potential of making cord blood an optimal
source for the production of a universal allogeneic engineered T cell therapy. Moreover,
preclinical models have demonstrated that culturing naive T cells in the presence of
interleukin-7 and interleukin-15 might retain the modified cells in their naive like phenotype.
In conclusion, delivery of CD19CAR genes using lentiviral vectors into naive cord blood T
cells could form the basis of generating a universal cell bank of therapeutic T cells against B
cell lymphoma. With further optimisation to improve efficiency, this could be combined with
TALEN:S for site-specific disruption of the endogenous T cell receptor to eradicate the risk of

graft-versus-host disease.
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Chapter 1: Introduction



Over the past two decades, the transplant of allogeneic hematopoietic stem cells has become
a successful therapeutic option for relapsed hematological malignancies in high-risk leukemic
patients (Weber et al., 2009). However, the difficulty in finding matched HLA-donors,
coupled with the high risk of graft-versus-host disease (GVHD), remains a significant
therapeutic limitation (Khouri et al., 2001). Thus, novel, more efficient and less toxic
remedies are required to eliminate cancerous cells without any relapse or side effects.
Evidence suggests that the anti-tumour immune surveillance system in the human body
recognises tumour-associated antigens (TAA) - proteins expressed by malignant cells - and
discriminates them from normal and healthy cells. This provides a solid foundation to
develop new, robust and active therapies for cancer such as Adoptive-T cell therapy (Morris
et al., 2006). Adoptive cellular therapy uses autologous or allogeneic T cells, with highly
specific tumour recognition, and expands them in vitro then they are administrated back to
the patients, with the aim of targeting cancerous cells and killing them specifically (Grupp
and June, 2011). It has been successful in achieving tumour regression in transplant-related
malignancies, leukaemia, and melanoma. For example, Rosenberg successfully performed
Adoptive-T cell immunotherapy in patients with advanced metastatic melanomas. Tumour
reactive infiltrating T lymphocytes (TIL) were isolated from surgically removed tumours,
expanded in vitro and re-infused back into the patients conditioned by treatment with
immunosuppressant drugs (Figure 1). The results of this trial demonstrated the clinical
benefit of adoptively transferring T cells in approximately 50% of the patients (Rosenberg
and Dudley, 2004). Although Adoptive-T cell immunotherapy has led to remarkably
successful outcomes in treating certain categories of malignancies, the inability to isolate and
expand a sufficient number of high-avidity specific T lymphocytes for therapeutic purposes is
the major obstacle to the success of the therapy (Aqui and June, 2008).
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Figure 1: Clinical application of gene modified T-cells. Diagram illustrates the usage of natural T cells for
treatment of cancer. TIL=tumour infiltrating lymphocytes.

An alternative approach to generate large numbers of potent and specific-redirected T cells is
to genetically engineer T lymphocytes to express an antigen-specific T cell receptor (TCR),
which is called TCR therapies, or protein-infused chimeric antigen receptors (CARs) (Figure
2). Consequently, the immune reactivity will be redirected towards a defined TAA.
Genetically engineered T lymphocyte not only has the potential to redirect T cells’ specificity
toward tumors, it also has the potential to improve natural immune response and correct
impaired immunity. These approaches could overcome the fundamental limitations
associated with central and peripheral tolerance, and produce more efficient redirected-T
cells that will specifically target tumours without the requirement for de novo T-cell

activation in the patient (Sharpe and Mount, 2015).
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Figure 2: Different ways to genetically engineer T cells to confer specificity on tumour-associated
antigens. Current trials have shown several ways in which T cells can be genetically engineered to
recognise tumour-associated antigens: i) allogeneic T cells can be transduced with viral vector-encoding,
tumour-specific TCR, resulting in the production of T cell populations expressing tumour-specific
TCR; ii) sequences encoding the variable regions of antibodies are engineered to encode a single chain,
which is then genetically grafted onto the TCR intracellular domains that are capable of activating T
cells. These CARs have antibody-like specificities, which enable them to recognise MHC-unrestricted
structures in the surfaces of target cells.

In 1986, Dembic and colleagues were the first group to demonstrate the feasibility of
redirected T cell antigen specificity in favour of tumour-specific antigens (Dembic et al.,
1986). Based on this concept, several scientific groups conducted trials attempting to prove
the feasibility and safety of antigen-specific T cell therapy.

In addition to discussing the structure and gene rearrangement of TCRs and CARs, the next
section will review several successful clinical trials that have utilised antigen-specific T cell

therapy.
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1.1 T-lymphocytes:

1.1.1 Structure of T cell receptors (TCRs):

T lymphocytes recognise a major histocompatible (MHC) epitope complex via a multi-chain
glycoprotein expressed on their surface. This glycoprotein is known as T cell receptor. TCR
plays a crucial role in T cell activation, antigen specificity and T cell survival. In 1996,
monoclonal antibodies targeting a cloned T cell line were used in order to identify the
structural basis of TCR. This study of clonotypic antibodies concluded that TCR is a member
of the immunoglobulin gene super family, and it is a heterodimer molecule composed of two
covalently linked, transmembrane polypeptide chains, denoted o and § (Abbas et al., 2000).
An analysis of the amino acid sequences of different a3 TCRs demonstrated that each chain
was composed of: 1) an amino-terminal, variable domain (V); ii) a constant region (C), and;
ii1) a short hinge region of cysteine residue, which forms a disulphide bond. Moreover, this
sequence analysis revealed that TCR is anchored to the cell membrane by hydrophobic, short
trans-membrane domain ends in a cytoplasmic tail that contributes to the signal transduction
process (Abbas et al., 2000). TCR’s combining-antigen binding site, the buried surface of the
variable region, encompasses hyper-variable loops known as complementarity-determining
regions (CDRs) 1, 2, and 3 within both the Va and VP regions, and an additional loop termed
HV4 on the B chain. CDRs are responsible for direct recognition of different antigens and
binding to the MHC peptide complex. Sequence examination of CDRs revealed that CDR1
and CDR2 regions are less variable than CDR3. This result suggested that CDR1 and 2
preferentially bind to the MHC helices and provide a constant interaction point between
MHC and TCR, while CDR3 binds to the peptide presented in the MHC groove (Garcia et
al., 1999). TCR is a multi-component assembly of a and B chains and four other membrane
proteins: CD3e, CD36, CD3y and an invariant { chain. The CD3edy-{ complex promotes the
stability and cell surface expression of TCR, and also contributes to carrying out the signaling
transduction mechanism on antigen recognition by TCR.

TCR crystallization studies revealed another intra-cellular component of CD3 complex
attached to TCR, known as immunoreceptor tyrosine-based activation motifs (ITAMs).
ITAMs play a significant role in the intra-cellular activation of the T lymphocyte and involve
the phospholyrating of two tyrosine residues on the binding of TCR with peptide MHC
complex, leading to the generation of docking sites for transduction molecules. These initiate
downstream signaling and eventually the activation of T lymphocytes (Cantrell, 1996)
(Figure 3).
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Figure 3: Schematic representation of TCR-CD3/ & complex on the T cell's surface.TCR is a
disulphide-linked heterodimer af chain. The o chain contains a constant domain (light blue) and a
variable region (pink and yellow), and the § chain is composed of a constant region (dark blue)
and a variable domain (green, yellow and red). The af TCR is not covalently linked to CD3 proteins
(CD39 (yellow), CD3g (green), CD3 y (pink), and the & chain (grey)). The ITAM regions (black
horizontal blocks) are phospholyrated at specific residues creating a docking site for downstream
effectors leading to T cell activation. The CDRs consist of complementarity-determining regions 1, 2,
and 3 within both the Va and V regions, and are responsible for the direct recognition of different
antigens and binding to the MHC peptide complex. ITAM= immunoreceptor tyrosine-based
activation motifs

1.1.2 TCR Gene Rearrangement:

Given the importance of highly diverse repertoires of lymphocyte receptors in the protection
against infection, a complex genetic mechanism has evolved for producing highly variable
proteins. The TCR antigen recognition variable region is encoded by a combination of
discontinuous, multiple gene segments known as variable (V), diversity (D) and joining (J)
for the TCR B chain, or V and J segments only for TCRa. These genetic segments are
assembled together via a somatic DNA rearrangement mechanism during T lymphocyte

maturation to form a complete V region sequence.
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Gene segments encoding a TCR a locus are located on chromosome 14. The variable domain
is encoded by 70—80 gene segments named as variable or V gene segment Va and a cluster of
61 joining or J gene segments (Ja) followed by a single, constant gene (Ca) expressing the
constant region. In contrast, the TCR B locus, located on chromosome 7, has a different
organization, with a cluster of 52 V[ segments positioned far away from another two
separated gene clusters, each composed of a single diversity (DB) gene segment and 67 J
gene segments (JP), followed by single constant genes (CB1 and CB2) (Jung and Alt, 2004,
Yoshikai et al., 1985).

TCR gene rearrangements take place in the thymus during T cell development, and the beta
chain locus undergoes genetic recombination before the alpha locus. At some point during T
cell differentiation, D juxtaposes with one of the 6-7 JB segments forming DBJP
recombination, and this is followed by rearrangement of one of the 52 V3 segments with the
DBIJP to assemble a complete, variable gene exon abbreviated as VBDBJB. Subsequently, the
DNA sequence will undergo a transcription process leading to the formation of a primary
nuclear transcript that contains a non-coding sequence between VBDBJB and CBI. In the
mature form of mRNA, the non-coding sequence will be spliced out to give rise to
VBDBIBCP mRNA, which is then ready for translation. Once a functional  chain has been
rearranged, genetic recombination of the o chain begins. Alpha locus genes will rearrange via
a homologous mechanism to the gene recombination of the beta locus. This is initiated by the
recombination of one segment of 70-80 Va and one of the 61 Ja genes forming Vala,
which is then transcribed into RNA including Ca. After splicing the introns, Co will become
proximal to VaJa and will form a complete mRNA which is ready for translation (Blom et
al., 1999) (Figure 4). The V(D)J recombination process is regulated by two important
components: a specific DNA sequence that flanks gene segments ready to recombine, known
as the recombination signal sequence (RSS), and V(D)J recombination enzymes, encoded by
two genes, recombination-activating gene 1 and recombination-activating gene 2 (RAG1 and

RAG?2) (Leiden et al., 1988).
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Figure 4: T cell receptor chain rearrangement and expression. The TCR o and § genes are
the result of somatic recombination of various gene segments: variable segment (V: red and
pink blocks), diversity segment (D: green block), joining segment (J: yellow blocks). For
the B chain (upper part of the figure) a D} gene segment rearranges to form a Jp segment,
creating a DBJP segment that will combine with one of the V[ to create a functional V
region exon. Transcription and splicing of the VBDBIJP exon to CP generates mRNA that is
translated to yield a TCR B chain protein. For the a chain (lower part of figure), a Va gene
segment rearranges to form a Ja gene segment to create a functional V region exon.
Transcription and splicing of the VaJa to Ca generates mRNA that is translated to yield the
TCR a-chain receptor. The a and B chains pair soon after this synthesis to yield an af TCR
heterodimer.

1.2 T-cell immunotherapy:

The elimination of non-self molecules that are expressed not only by the virally infected
cells, but also by transformed (tumor) cells is one of the immune system’s functions.
Through an immune surveillance system, immune cells have the ability to recognise the non-
self and neoantigens and to destroy them. However, cancerous cells have developed
strategies to escape and suppress the immune system, such as downregulating the expression
of neoantigen; hence, they can evade immune cell detection (Pinzon-Charry et al., 2005,
Blankenstein et al., 2012). As the field of immunology continues to developed, a large
number of innovative therapies are being discovered that utilise the immune cells and
optimise their specificity toward specific diseases through genetic modifications (Katsnelson,
2013). Over the past two decades, proof-of-concept studies have demonstrated the potential

of immune-cell therapies against malignancies, based on editing the specificity of immune
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cells toward specific tumor associated antigens (TAAs). Immune cells that have been widely
used as therapeutic tools are included in natural killer cell therapies (Cheng et al., 2013),
dendritic cell therapies (Vacchelli et al., 2013) and T cell immunotherapies (Maus et al.,
2013). Due to the remarkable clinical success of genetically modified T cell immunotherapies
in treating certain forms of cancer, the main focus of this project is to improve their treatment
potential and to evaluate the ability to generate large numbers of T cell therapeutic products

to be used in the human clinical field.

1.2.1 Immune Surveillance Hypothesis:

“It is no means inconceivable that a small accumulation of tumour cells may develop and
because of their possession of new antigenic potentialities provoke an effective
immunological reaction with regression of the tumour and no clinical hint of its existence “
By sir Frank Mac Farlane Burnet
Several decades ago, the idea that the immune system could potentially identify and eradicate
cancerous self-cells from the host, was first proposed by Paul Ehrlich. In 1957, the formal
hypothesis of cancer immune surveillance was proposed by Sir Macfarlane and Lewis
Thomas. Their concept demonstrates that adaptive immunity is a primary line of defense
against cancer and it is responsible for preventing cancer development in the host (Schreiber
et al., 2011). In mice, immune surveillance was directly demonstrated especially with the
advent of the knock out technologies; however, this is not the case in humans. Although
natural immune surveillance is difficult to examine in human cancers, there are now
significant studies to strongly support this hypothesis in humans (Reiman et al., 2007). One
group argued that the direct correlation between non-viral tumour incidence and immune-
competence status of transplanted patients might be a proof supporting the immune
surveillance notion (Birkeland et al., 1995). Others postulate that the correlation between
patient survival and the quantity, quality and spatial distribution of tumour-infiltrating T
lymphocytes (TILs) might be the strongest evidence of cancer immunoediting in humans.
The presence of cytokines that promote cancer control such as interferon gamma (INF-y) and
tumour necrosis factor alpha (TNF-a) has been linked with having a better outcome for
patients with different types of malignancies. The presence of elevated levels of antibodies
and T cell reactions against tumour associated antigens in cancer patients might be
considered another indication of immunoediting in humans (Schreiber et al., 2011). Dunn

and his colleagues have suggested that transplant recipients maintained on



immunosuppressants, and individuals with primary immunodeficiency disease are at higher
risk of developing malignancy (Dunn et al., 2002).

In 2001, the concept that the immune system not only protects the human body against
tumour formation, but also shapes tumour immunogenicity has been evaluated. Cancer
immunoediting proceeds sequentially through three phases; elimination, equilibrium and
escape: “the three Es of cancer immunoediting”. The elimination phase is the process in
which both innate and adaptive immunity are working together to detect and destroy the
presence of a developing tumour before it becomes clinically apparent. However, if rare
cancer cell variants survive the elimination phase, they enter the equilibrium phase. In the
equilibrium phase, the outgrowth of tumour cells is prevented by adaptive immunity and
maintained in a functional state of dormancy. Finally, tumour cells that have the ability to
circumvent immune recognition and elimination and still emerge as a growing and visible
tumour, proceed to the escape phase (Dunn et al., 2004). Now with the understanding of the
cancer immunoediting concept, and the clarification of the molecular and cellular mechanism
of the three Es, it should be feasible to explore new cancer immunotherapies with high

efficiency and safety standards (Hanahan and Weinberg, 2011).

1.2.2 Tumor associated antigens (TAA):

The identification of a variety of tumour antigens in human and animal cancers has provided
a solid foundation for cancer immunotherapy. Tumour antigens are peptides derived from
proteins that are processed in the cytosol and expressed by neoplastic cells due to some
genetic alternating events such as, mutations or chromosomal rearrangements (Morris et al.,
20006).

Based on their patterns of expression, tumour antigens can be divided into two categories:
One category is called tumour specific antigens (TSAs); which are novel non-self-antigens
that are expressed only by malignant cells, but not by normal cells. On the other hand, the
tumour antigens that are expressed by both self and malignant cells are called tumour
associated antigens (TAAs); these antigens are normal cellular components whose expression
is abnormal or deregulated in tumours (Van den Eynde and van der Bruggen, 1997).

The modern classification of tumour antigens is based on the molecular structure and source
of antigens. Some tumour antigens originate due to mutation in oncogenes or tumour
suppressor genes such as mutation in Ras gene or p53 tumor suppressor gene. Other
malignant peptide-derived proteins may be the product of alteration in cellular genes not

involved in tumourgenesis such as, different mutant proteins in melanomas. Some tumour



antigens may be normal cellular constitutes that are overexpressed or aberrantly expressed in
neoplastic cells; for instance, Wilm’s Tumour antigen-1 (WT-1) that is overexpressed in a
number of malignancies such as leukaemia (Abbas et al., 2014).

For tumour associated antigens to be ideal candidates for immunotherapeutic approaches,
they should be selectively expressed in tumor tissue and detectable in most patients. For
example, NY-ESO-1 cancer-testis antigens, are neoantigens that are only expressed in
neoplastic cells and testis; hence, they are among the most ideal candidates for
immunotherapeutic applications (Chen et al., 1998). Some studies suggest that most TAAs
have broader expression in healthy tissue; as a result, using these antigens as targets of an
immune response might lead to the induction of autoimmune phenomena. Although this risk
must be taken very seriously, several animal studies have shown that there might be a
difference in the susceptibility of normal and tumour tissue to the effector arms of immune

response (Krackhardt et al., 2002).

1.2.3 Adoptive T-cell Therapy:

Traditionally, there have been three means to treat malignancies: surgery, chemotherapy and
radiotherapy. Although to date these are the most beneficial treatments, in the medical field
as remedies for cancer, they suffer from limitations; such as killing the dividing, functional
normal cells; blocking the cell cycle and having severe implications in the proliferation of
normal cells (Perica et al., 2015). In hematological settings, allogeneic hematopoietic stem
cell transplant (HSCT) is considered the standard treatment to mediate the graft-versus-
leukaemia effect (GVL) and hence improve a patient’s conditions (Kennedy-Nasser and
Brenner, 2007). However, the difficulty in finding a HLA-matched donor, the lethal
consequences of graft versus host disease (GVHD), and the risk of relapse after disease
treatment are some critical unresolved limitations of HSCT. As a result of these serious
limitations, new novel and robust therapies are required (Forman et al., 2016).

The concept of targeting cancer by harnessing the immune system to recognize and destroy
neoplastic cells (cancer immunotherapy) has been established over many years and could
overcome the obstacles of the current therapies. Adoptive T cell immunotherapies have
proven their success in the clinical field and therefore, are considered the most powerful kind
of treatment in the field of immunotherapy (June, Yee, 2005).

Approaches to mitigating the effect of GVHD involve expansion of T cell lines following

anti-genetic stimulation in order to produce antigen-specific populations, while eliminating



alloreactive clones. Although this treatment has been used successfully to treat viral
reactivation (Bollard and Heslop, 2016) after transplant, and more recently to treat leukemic
relapse (McLaughlin et al., 2015), the only problem with this approach is the long amount of
time needed to prepare antigen specific T cells; which can take several weeks of culture
(Jorritsma et al., 2011).

Redirecting T cell specificity toward TAAs through the transfer of antigen-specific receptor
genes is considered as an alternative approach to circumvent the need to culture, grow and
enrich antigen-specific T cell clones. These strategies may involve the transfer of
recombinant variants of conventional heterodimeric aff T cell receptor chains (TCR gene
transfer therapy) (Stauss et al., 2015), or hybrid composites of anti-body-like receptor chains
linked to trans-membrane and activation domains (CARs) (Maus and June, 2016). One of the
major differences between afTCRs therapy and CARs is that o TCRs have lower affinities
and recognise processed peptide antigens expressed in the context of the major
histocompatibility complex (MHC); whereas CARs are high affinity, MHC-unrestricted and
capable of engaging target cell surface proteins independently of presentation pathways

(Sadelain et al., 2013).

1.2.4 TCR Gene Transfer:

Genetically modified TCR therapies are based on conferring T-cells’ specificity toward
TAAs through introducing exogenous genes expressing antigen-specific TCR a and 3 chains
(Gross et al., 1989). The tumor specific o and 3 TCR chains are designed, isolated and
cloned into a viral vector backbone; replication defective gamma retrovirus or lentivirus
vectors, to transduce T cells and generate a tumour specific-antigen T cell clone. To produce
effective, engineered T cells with tumor-specific TCR, an appropriate and specific target
sequence should be selected and identified. This target sequence might be found integrated
within rare tumor-reactive T cells; which would be a difficult approach to isolate the
sequence from (Thomas et al., 2010).

Alternative technologies have been developed to generate highly active anti-tumor T cell
clones. For instance, one tactic is to immunise transgenic mice that express human leukocyte
antigen (HLA) with human tumor peptides to produce antigen-specific T cell clones that
could be harvested and later isolating the TCR af3 chains’ specific sequence (Tey, 2014).
Retroviral gene transfer of exogenous a and B TCR encoding sequences targeting a tumor
associated antigen named MART1 in melanoma was the first trial to prove TCR gene transfer

efficacy in humans. Tumor regression was detected in 2/15 subjects treated with engineered



autologous T cells targeting melanoma (Morgan et al., 2006). A higher affinity modified
TCR targeting MART1 mediated the anti-tumor effect in clinical trials with melanoma and
with tumor regression of 6/20 patients; however, on target anti-melanin effect on hair, skin
and eyes was detected (Johnson et al., 2009a). Another side effect was also reported after
infusing carcinoembryonic antigen-specific TCR T cells targeting colorectal carcinoma,
where bowel inflammation was noticed after therapy (Parkhurst et al., 2011). Another study
spotted a minor toxicity following treatment of cancer-testis patients with genetically
modified T cells targeting Ny-ESO-1 TAA (Robbins et al., 2011). Similar approaches have
been used by other scientific groups to treat viral complications such as Epstein-Barr virus
(EBV) (Hart et al., 2008). Engineered autologous T cells with introducing exogenous of3
TCR to target Hepatitis B antigen in patients with hepatocellular carcinoma has also proved
the success of TCR gene transfer therapy (Qasim et al., 2015b).

In hematological settings, low numbers of protein antigens have proven suitable as candidates
for T cell immunotherapies. One of the most common TAAs used as a target in treating
leukemia is Wilm’s Tumor-1 antigen (WT-1); a normal protein that is overexpressed on
tumor leukemic cells (Casalegno-Garduno et al., 2010). Due to its importance as a potential
treatment for leukemia; especially acute myeloid leukemia (AML) and myelodysplastic
syndromes (MDS), and its emerging clinical success, WT-1 TCR therapy is a focus of this

project and will be discussed in detail in the next section.



1.2.4.1 Clinical studies using o TCR gene-modified T cells:
The following table summaries some of the recent clinical trials that have utilised TCR gene-
modified T cells:
Data from: Clinicaltrial.gov 10/05/2016

Malignancy Target antigen Vector Comments References/ClinicalTtrial.govidentifier

17 subjects: two partial.

TCR- 30%  response rate

Melanoma MART-1 RTV without toxicity (Morgan et al., 2006)/NCT00509288
Melanoma, TCR- 9 patients. One
oesophageal and | MAGEA3 RTV complete response. Our [ (Morgan et al., 2013)
synovial sarcoma partial response

. 16 subjects: one
Metastatic TCR-
Melanoma GP100 RTV complete response and | (Johnson et al., 2009b)/ NCT00509496

two partial responses.

TCR- Significant response
Colorectal cancer | CEA RTV associated with no off- | (Parkhurst et al., 2011)/NCT00923806
tumor toxicity

17 subjects: two
. i complete response and
Synovial sarcoma | iy poy g TCR 7 partial responses. 50% | (Robbins et al., 2011)/NCT00670748
and melanoma RTV .
response without
toxicity

Table 1: Examples of published clinical studies of positive responses to TCR gene transfer therapy.

1.2.4.2 WT1-TCR:

In 2005, the elimination of human leukemic cells using autologous T cells, which were
genetically modified to express a novel aff TCR encoding sequence targeting a Wilms tumour
antigen-1 (WT-1), was reported in a humanised mouse model. WT-1 is a zinc finger
transcription factor that plays a crucial role in urogenital development. It has an oncogenetic
function and it is abundantly expressed in different types of solid tumours such as lung,
breast cancers, and in the vast majority of leukaemia cells, with restricted expression in
normal, hematopoietic progenitor and stem cells. Thus, WT1 antigen is considered an
attractive target antigen for immunotherapy against these malignancies. Clinical trials of
TCRs gene transfer therapy to treat relapse of AML/MDS by targeting HLA-A2/WTI1
peptides are being planned in centers in Japan (Ochi et al., 2011), the USA (Schmitt et al.,
2013) and the UK (Xue et al., 2005).The notable anti-leukemic effects that were detected

without toxicity following the infusion of non-manipulated donor-derived WT1-specific CD8




T cells in post-transplant patients provides a solid foundation for this approach (Tawara et al.,
2015).

In 2004, the first phase I clinical trial of cancer immunotherapy using peptide vaccination
targeting the WT1 protein in patients with leukaemia, myelodysplastic syndrome (MDS),
lung or breast cancer was reported. Peptides in combination with an appropriate adjuvant
were injected to stimulate CD8+ CTLs specific to the MHC-class-I-restricted peptides.
Amongst eight patients with evaluable disease, five achieved reduction in acute myeloid
leukaemia (AML). Notably, in two MDS patients, the numbers of leukocytes in their
peripheral blood, the majority of which was likely derived from MDS clones, significantly
decreased after the first administration of the WT1 peptide. A significant correlation between
immunological and clinical responses was observed in a cohort of all the patients examined
(n=26). The correlation between the increase in WT1-specific cytotoxic T lymphocytes
(CTL) frequencies and clinical responses provided evidence indicating that WT1-specific
CTLs induced by WT1 vaccination played an important role in the clinical responses. In
conclusion, this study demonstrated that WT1 vaccination can induce WT1-specific CTLs
and result in cancer regression without damage to normal tissues in the clinical setting (Oka
et al., 2004).

Two groups reported mouse models of adoptive transfer of T cells with WT1-specific TCR
genes: one group developed a novel strategy to induce both tumour-specific T helper 1 (Thl)
and type 1 cytotoxic T (Tcl) cells by lentiviral transduction of HLA-A24-restricted TCR o
and P chain genes isolated from a WT1-specific Tcl clone. WT1-TCR gene-transduced Thl
and Tcl cells, exhibited both cytotoxicity and cytokine production in response to WTI
tumour peptide—pulsed HLA-A24+ cells and freshly isolated HLA-A24+ WT1+ leukemic
cells (Morris et al.,, 2006). Another group confirmed the feasibility of producing WTI1-
specific cytotoxic T lymphocytes (CTL) by transferring the WT1-TCR into T cells isolated
from CML and AML patients. WTl1-transduced T cells displayed HLA-A2-restricted
cytotoxicity against leukaemia cell lines and against CD34+ cells isolated from leukaemia
patients. This strongly suggests that patient’s T cells are functionally active and that WT1-
TCR gene transfer is likely to enable them to recognize autologous leukaemia cells. The
survival and efficacy of TCR-transduced human T cells is likely to be greater in patients than
in the murine model experiments used in this study (Xue et al, 2005). Recently, a
translational study using mouse xenograft models; which transfused with WT1-TCR
transduced T cells, for AML therapy was reported. This group developed a safe and effective
WTI1-TCR retroviral vector for adoptive immunotherapy trials with tailored T cells. They



generated various types of retroviral constructs encompassing unmodified or codon optimised
WTI1-TCR o/p genes that had been functionally analysed in vitro. The best active construct
then tested in an autologous primary leukaemia model in vivo. This study provides a solid
foundation for the planned WT1-TCR gene therapy trial in leukaemia patients (Xue et al.,
2010).

One of the most significant recent studies using WT1 in adoptive T cell therapy was to study
the correlation between self-antigen expression in normal tissues and phenotype and function
of WT1-specific T cells in thymus and peripheral blood. A recent study designed a murine
model experiment to analyse the thymus development of WT1-specific TCR and to define the
fate of these cells in periphery. Murine hematopoietic stem cells (HSCs) were purified and
transduced with WT1-TCR genes; these modified cells were then injected into HLA- A0201
transgenic mice. The outcome of this experiment showed that WT1-TCR specific T cell
differentiate into memory T cells and are able to exhibit antigen-specific effector activity;
moreover, they were not diminished by central or peripheral tolerance. In brief, this study
demonstrated that WT1 specific T cells did not show any signs of self-antigen tolerance and

differentiated into fully functional memory phenotype T cells (Pospori et al., 2011).

1.2.5 Chimeric Antigen Receptors (CARs):

TCR-based anticancer therapies are constrained by HLA restriction, which limits the
applicability of TCR therapy to patients who express a particular HLA type. Additionally,
antigen expression of tumours can be lost by HLA down-regulation (Garrido et al., 1997).
Alternatively, chimeric antigen receptors (CARs) can overcome these considerable barriers
because they can redirect T cell specificity towards non-HLA-restricted antigens. Moreover,
the affinity of antigen binding mediated via antibody-derived recognition is much stronger
than that afforded by conventional o TCR (Kalos et al., 2011).

Eshhar and colleagues were the first scientific group to explore CARs, conducting their
research in 1989. CARs design merges both antibody-like detection with a T cell activation
role (Maher, 2012). CARs are hybrid molecules composed of a tumour-antigen binding
domain of a single chain variable fragment (scFv) antibody, originating out of a murine
monoclonal antibody (ectodomain), and fused to one or more T cell intracellular-signaling
domains. They are responsible for activation, persistence, trafficking and effector functions
(Finney et al.,, 1998), (Krause et al., 1998) in transduced T cells (endodomain) after
stimulation through a transmembrane domain, which anchors CARs to T cells, and which is

linked to a spacer protein (Figure 5) (Eshhar et al., 1993, Bridgeman et al., 2010).
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Figure 5: Schematic diagram exhibits the different components of chimeric antigen receptors
(CARs): Left: the sequence of the antigen target motif typically is derived monoclonal antibody which
determines CAR specificity. Right: variable regions (H+L) from antibody used to provide specificity to an
antigen and are joined by peptide linkers. Spacer protrudes construct from cell surface and intracellular
domains allow activation of signaling pathways.

1.2.5.1 Three Generations of CARs:

CAR specificity is determined by the antigen-targeting domain (scFv), which consists of
cloned variable regions of heavy and light chain antigen-specific monoclonal antibodies. The
scFv is linked to the transmembrane and intracellular signaling domain via linker/spacer
hinge proteins. The transmembrane domain is derived from the CD4 or CD8 and CD3-(
activation region, in addition to the co-stimulatory molecules which involve CD27, CD28, 4-
1-BB and/or OX40, depending on the CAR generation configuration (Sadelain et al., 2013,
Qasim and Thrasher, 2014).

CAR’s design has evolved over many decades. It was first described as a murine-derived
receptor, and is now known as a complicated third generation configuration with humanised
sequence. The main aim of developing more complex configurations of CAR design is to
enhance the T cell signaling mechanism which leads to sustained in vivo persistence of
engineered T cells and robust anti-tumour activity. In first-generation CARs, signals
occurring when activated are transmitted through ITAM domains on CD3-{ only. Early
clinical trial data relating to the function of CARs demonstrated that first-generation CARs
produce a number of signals insufficient to sustain the in vivo persistence of T cells.
Therefore, another intracellular T cell co-stimulatory molecule, such as CD28 or CD137, has
been incorporated into CARs to produce second-generation CARs. Animal studies have
suggested that T cells bearing second-generation, antigen-specific CARs exhibited improved
anti-tumour activity compared with T cell-expressing, first-generation CARs, as well as,

longer in-vivo persistence of CAR engineered T cells. Third generation CARs incorporate
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additional signaling domains from receptors such as the tumour necrosis factor receptor
family members like 4-1BB or OX40 (Figure 6), to ensure their effective function and
survival. Pre-clinical data has suggested that the inclusion of 4-1BB signaling domains might
reduce the susceptibility of CARs to trigger the secretions of IL-2 and tumour necrosis
factora. (TNF o) and, as a result, precipitate cytokine release and enhance antitumor efficacy
(Milone et al., 2009).

CARs have shown to be extremely robust anti-tumour reagents in the field of T cell
immunotherapy and it is likely that they will be a major platform to engineer anti-cancer T

cells (Jena et al., 2010).

CD28/CD137/ CDZz8
D134
TAM
CDI1ZFFCD134
manrd
mAM
1* Generation CGAR 2 Generation CAR 3d Generation CAR

Figure 6: Description of 1st, 2nd and 3rd generations CARs. The extracellular domain (scFv) segments
are colored orange and the various TCR-signaling components are colored in violet, green and pink.
Second-generation CARs contain one co-stimulatory endodomain (illustrated with CD28 or CD137 or
CD134), cloned with the scFv and the CD3-{ endodomain. Third-generation CARs contain at least two co-
stimulatory endodomains, such as the endodomains of CD28 and CD 134 or CD137.

1.2.5.2 Clinical studies using CARs:

1.2.5.2.a CD4-CD3{ CARs against HIV-1:

In the early 1990s, several studies examined the potential of engineering CD4 and CDS8
positive T cells by targeting glycoprotein 120 on the surface of HIV. They did so by inserting
a gene containing the extracellular domains of human CD4 linked to the zeta chain of the T
cell receptor (2™ generation CAR configuration) targeting HIV-1 envelop glycoprotiens in to
T lymphocytes. Pre-clinical studies demonstrated that CD4-zeta T cells addressing the

pg. 35



elimination of gp120 are powerfully able to kill HIV-1 in vitro and inhibit viral replication in
HIV infected cells. The CD4-CD3( approach has since been transferred to the clinic (Walker
et al., 2000). In 2002, a randomised phase II study of CD4-( T cells in 40 patients confirmed
that CD4-C T cell infusions resulted in elevated CD4+ T cell counts. In addition, this trial
observed a prolonged and stable persistence of CD4( T cells in the blood and in the
movement of matter towards the gut mucosa (Deeks et al., 2002). Together with other CD4+
T cell adoptive-transfer studies (not discussed here), these trials provided substantial data
illustrating the safety and feasibility of adoptive therapy with CD4{ gene-modified cells for
HIV-infected subjects.

1.2.5.2.b GD2 CARs:

In 2008, Pule laboratory (Cancer Institute, UCL, London, UK) conducted a clinical trial in
which a chimeric antigen receptor was designed against disialoganglioside GD2 (a non-viral,
tumour-associated antigen) for the treatment of neuroblastoma. In this trial, cytotoxic T cells
(CTLs) against Epstin Barr virus (EBV) (EBV-CTLs) were engineered to express GD2CAR.
Two sets of engineered cytotoxic T lymphocytes (CTLs) were applied to eleven patients with
neuroblastoma: human virus-specific CTLs expressing CAR directed GD2 and non-viral-
activated T cells expressing the same GD2-CAR. The outcome data of this study showed that
four subjects had evidence of tumour necrosis or regression, and none of them developed any
detectable antibodies to CAR-CTLs; additionally, the study showed that EBV-CTLs
expressing GD2CAR are able to survive longer than the non-viral activated GD2CAR T cells
(Pule et al., 2008). Another ongoing study using CAR T cells targeting GD2 antigen in
neuroblastoma patients has proved the efficiency of CAR T cell therapy; among the 19
subjects enrolled; three of them with active disease achieved complete remission, and
persistence of GD2CAR beyond six weeks was associated with superior clinical outcomes

(Louis et al., 2011). This study is registered at http://www.clinialtrials.gov/as NCT00085930.




Target Gene Gene
Cancer . . Comments References
Antigen construct/generation transfer
scFv-CD3 1st generation | Gamma No objective responses, limited | (Lamers et al.,
RCC CAIX CAR RTV persistence. 2013)
Indolent B- NHL 7 patients: 2 malntalneq CR, 1 PR, 4 SD. .
. Successful demonstration of non- viral [(Till et al.,
and mantle cell |CD20 scFv-CD3¢ 1st generation | EP .
Jymphoma gene transfer. Car T cell pers1sted for 1-3|2008)
y weeks alone/5-9 weeks with IL-2.
Indolent B- NHL scFv-CD28- 41BB-CD3& 4 patients: 2 SD, 2PR. Car T cell persisted | (Till et  al.,
and mantle cell |CD20 . EP
3rd generation for 1 year. 2012)
lymphoma
14 patients were assigned to 1 of 2 cohorts
in the study. 8 patients in cohort 1 received
a dose escalation of T cells in combination
with high-dose interleukin-2. 6 patients in (Kershaw et al
Ovarian cancer FR scFv-CD3¢ 1st generation | Gama RTV |cohort 2 received dual-specific T cells "
. . .~12006)
(reactive with both FR and allogeneic
cells). Toxicity mostly due to IL-2
injections. Limited persistence of CAR T
cells.
scFv-CD28- 41BB-cd3&| Gamma Fatal , early respiratory distress and lung|(Morgan et al.,
Colorectal cancer | ErbB2 3rd generation RTV inflammation 2010)

Table 2: Summary of some selected clinical trials that have utilised CARs gene-modified T cells.

Abbreviations: RCC: renal cell carcinoma; CLL: chronic lymphoblastic leukaemia; ALL: acute
lymphoblastic leukaemia; EP: electroporation

1.2.5.c This CD19CAR:

At the present time, human CD19 antigen is considered the most investigated TAA in T-cell

CAR therapy and this is due to several factors: CD19 antigen expression is restricted to B-

cells and B-cell progenitors and it is not expressed by other hematopoietic stem cells, which

allows scientists to target only B-cell lineage without affecting other hematopoietic lineage

(Stamenkovic and Seed, 1988, Muschen et al., 2002). Also, CD19 is abundantly expressed by

neoplastic cells that originate from B-cell lineage, such as lymphoma and lymphocytic

leukaemia (Campo et al., 2011). B cell malignancies were one of the first types of cancers

eradicated by CAR T cell therapy in murine models. Nowadays, impressive reports have

emerged highlighting the remarkable response rate in 60-90% of B-cell malignancies in

patients with relapsed or refectory lymphoblastic leukaemia. Another CD19CAR trial is

explained in the following table.




Cancer CAR construct Gene transfer Comments References
Ten patients: 1 death,
scFv-CD28-  CD3¢ )
CLL or ALL Gamma-RV 3 SD. CAR T cells | (Brentjens etal.,2011)
2nd generation .
persist for 40 days.
6 patients enrolled.
CD28 co- stimulation
scFv-CD3¢ Ist )
) improved in  vivo
generation vs. scFv-
NHL Gamma-RV expansion and | (Savoldo et al., 2011)
CD28- CD3¢ 2nd
. persistence of CAR+T
generation
cells for more than 6
months.
4 patients: 2
maintained CR. 1-7
scfv - CD3¢ 1 . ] )
NHL ) Electroporation days cellular immune | (Till et al., 2008)
generation
response against CAR
T cells
3 patients: 2 CR, 1
scFv-41BB- CD3§ ond PR. CAR T cells
CLL LV (Kalos et al., 2011)
generation persisted for more
than 6 months.
ALL scFv-41BB- CD3¢ 2™ | LV 4 patients: 2 CR, 1 (Grupp et al., 2013)
eneration durable >18 months. 1
g relapse, with blast
cells that no longer
expressed CD19
FL,CLL, B-cell | scFv-CD28- CD3¢ 2" I Gamma-RV 1 patient  shows | (Kochenderfer et al.,
lymphoma eneration complete  regression 2010).clinicaltrials. gov
ymp & p & as #NCT00924326.
of FL. (Kochenderfer et al.,

8 patients: 6 obtained
remission, patient
developed long-term
depletion of normal
polyclonal CD19+ B
cells and 1 has SD.
CAR T cells persisted

for 14 weeks.

2011)

ClinicalTrials.gov
as NCT00924326.

Table 3: Summary of some selected clinical trials that have utilised CD19CARs gene-modified T-
cells. Abbreviations: CR: complete response; PR: partial response; CLL: chronic lymphoblastic leukaemia;
ALL: acute lymphoblastic leukaemia; FR FL: follicular lymphoma.
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1.3 Limitations of antigen-specific gene transfer therapy:

Despite the growing number and length of remissions using antigen-specific T cell therapy to
treat lymphomas and leukemia, considerable barriers might affect the efficacy of the
genetically modified T cells. One factor that might have an impact on treatment is the tumor
microenvironment itself. Tumor microenvironment is an immune suppressive media which is
composed of neoplastic cells, vasculature and immune cells and also contains some
molecules that affect the antigen presenting process to T-cells. As a result, T cells will not be
able to recognise sick cells; leading to the propagation of the cancerous cells (Zou, 2005).

Additionally, tumor microenvironment is characterised by the presence of large numbers of T
regulatory cells (Tregg); which have a huge impact in reducing anti-tumor activity of
genetically modified T cells (Curiel, 2007). Before applying the treatment, lymphodepletion
regimes might decrease the number of Tregs and improve the efficacy of anti-tumor activity

of the genetically modified T cells (Schmitt et al., 2009). Moreover, clinical studies have
demonstrated that reducing the numbers of circulating T cells (lymphodepletion) as part of
preparative regimes prior to the treatment could promote in vivo persistence, survival and
expansion of the transferred genetically modified T cells by decreasing the competition for
IL-7 and IL-15 cytokines that are responsible for T cell proliferation and existence
(Klebanoff et al., 2005b, Gattinoni et al., 2005a, Paulos et al., 2007).

Another factor that can influence the long-term outcome of efficacy following genetically
modified T cell therapy is that cancerous cells might down regulate the expression of the
targeted TAA (Grupp et al., 2013). In one case study following anti-CD19 CAR T cell
therapy, scientists noticed that after a complete remission of the lymphoplastic cells, blast
cells emerged again without the expression of CD19 (Maude et al., 2014).

The risk of losing TAA expression remains to be elucidated. Also, cell dose of the therapeutic
product might have an impact on the efficacy of T cell based immunotherapies. Pre-clinical
experiments have shown that transferring more numbers of genetically engineered T cells
results in a progressive improvement in tumour regression (Klebanoff et al., 2011).

Although this technique holds promise as a strategy to eradicate malignancies, there are
potential safety risks associated with using these genetically engineered T-cells as a therapy.
Safety hazards include the following: on-target off-tumor reactivity, off-target reactivity and
cytokines release syndrome (Bendle et al., 2010). Antigen-specific gene transfer therapy
involves a genetic alteration of donor-derived T cells to express an antigen-specific receptor

that is directed against a particular TAA. As a result, immunoreactivity of the therapeutic,



genetically modified T cells would be induced to eliminate cancerous cells only without
affecting other normal cells. Choosing an optimal antigen target that is only expressed by
tumor cells is a demanding and challenging task. Most of the TAAs are expressed by both
cancer and normal cells; as a result, genetically modified T cells recognise TAAs on normal
body tissue; even if they express at a very low level, resulting and triggering an immune
response against normal healthy body tissue (Johnson et al., 2009b); this phenomenon is
called “on-target off tumor toxicity” (Casucci et al., 2015). Engineering T cells with higher
selectivity towards certain tumours might be one solution to improve the treatment and avoid
on-target off-tumor toxicity. One study has suggested a dual-CAR targeting strategy (Lanitis
etal., 2013, Pegram et al., 2012); where T cells are engineered to express two CARs targeting
two different target-antigens on tumour cells to ensure that modified T cells will only activate
once engaged to both antigens on tumour cells. The proof-of-concept of this strategy has
shown a promise that modified T-cell therapies might be safer using this approach (Kloss et
al., 2013).

The risk of off-target reactivity is mainly related with TCR gene transfer T cell therapies
where the newly introduced TCR might react against a peptide in proteins other than the
targeted ones. Some authors have demonstrated that the other cause of off-target reactivity is
the formation of mixed dimers between the introduced and the endogenous TCR alpha and
beta chains. The assembly and surface expression of an exogenous TCR is a complex and
intricate process, requiring the pairing of the introduced alpha and beta chains to form a
heterodimer that is then joined with the four invariant CD3 chains. In transduced T cells, the
introduced alpha or beta chains have the potential to form heterodimers with the
complementary alpha or beta chain. This results in the production of novel TCR with
unknown specificity, which might provoke off-target autoimmunity (van Loenen et al., 2010,
Bendle et al., 2010). Additionally, levels of CD3 are finite within T cells, and consequently,
wrongly mis-paired TCRs might compete with the exogenous TCR for CD3 leading to the
usage of CD3 stock by endogenous TCR; as a result, the expression level of introduced TCR
will be reduced (Morris et al., 2003). Several strategies have been explored with the aim of
overcoming these hurdles: one aims to reduce the mis-pairing phenomenon between o and 3
chains of therapeutic-exogenous TCR and endogenous TCR; others aim to eliminate
endogenous TCR expression and improve the graft-versus-leukaemia/-lymphoma effect.
Furthermore, the endogenous af TCR may recognise major and minor histocompatibility
antigens in the recipient, leading to GVHD in the allogeneic setting. As a consequence, most

clinical trials conducted at present are infusing autologous, re-engineered, antigen-specific T



lymphocytes to diminish the possibility that endogenous aff TCR will recognise normal
tissues after adoptive transfer (Torikai et al., 2012). Brentjens and his group suggested that
using autologous, genetically modified; antigen-specific T cells have achieved initial success
in clinical trials targeting hematological malignancies (Brentjens et al., 2011). However, it
could be argued that this approach is limited by the time and expense required to manufacture
an antigen-specific T cell product for each patient.

Finally, cytokines release syndrome is considered the main drawback of genetically modified
CAR T cell therapy (Maus et al., 2014). Clinical studies have shown that T-cell therapies can
induce a fast and potent eradication of tumor cells resulting in the production of high levels
of cytokines release and macrophage activation syndrome. Following CAR T cell therapy,
clinical trials have demonstrated that patients might suffer from high fever, nausea, diarrhea
and rigors which might be due to high levels of INF-y and IL-6 production (Maude et al.,
2014). Some recent studies have exhibited that administration of anti-IL6 receptor (Teachey
et al., 2013) might prevent these reactions, but the timing of applying this reagent is not yet
known, neither is it known whether it has any impact on the efficacy of the tumor regression

and elimination by the genetically engineered T cells.



T cell therapy Disease Antigen-target | Adverse event | Reason Reference
Genetically Melanoma MAGE-A3 3 patients | On-target off- | (Morgan et al,
modified T cells developed tumor 2013)
neurological reactivity.
toxicity: 2 died, | MAGE-A3
1 had full | antigen is
neurological expressed by
recovery neurological
cells.
Genetically Myeloma and | Affinity 2 subjects died | Off-target (Linette et al.,
modified T cells | melanoma enhanced TCR | of cardiac | reactivity; 2013, Cameron
against MAG- | toxicity after 5 | peptide from | etal., 2013)
A3 days of infusion | heart =~ muscle
protein was
identified as an
alternative
target of
MAGE-A3
TCR T cells
Genetically Metastatic CEA Diarrhea, fever | On-target  off | (Parkhurst et al.,
modified T cells | colorectal tumor 2011)
cancer reactivity;
CAR-T cell ALL CD19 Continuous On-target of | (Grupp et al,
depletion of | target toxicity. | 2013)
normal B cells CD19 is
expressed by
normal B cells
CAR-T cell CLL CD19 Persistence Cytokines (Brentjens et al.,
fever associated | release storm 2010)
with
hypotension and
respiratory
distress and
subsequently
died
CAR-T cell Metastatic renal | CAIX Liver enzyme | Cytokines (Lamers et al.,
cell carcinoma disruption release storm 2013)

Table 4: Summary of some adverse events from T-cell therapy clinical trials. CLL: chronic
lymphoblastic leukaemia; ALL: acute lymphoblastic leukaemia; CAIX: carboxy-anhydrase-IX
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In addition to the previously mentioned challenges facing antigen-specific T cell therapy,
efficient gene transfer methodologies to T cells and their acceptable safety profile is still a
matter of concern. Several means of gene transfer in human T lymphocyte will be discussed

later in the text.

1.4 Improving the efficacy of T-cell therapies:

Multiple research groups have attempted, by different means, to promote the preferred
assembly and surface expression of the exogenous alpha and beta chains in TCR (Govers et
al., 2010). The first strategy to lessen mixed dimer formation was to use hybrid TCRs with
human variable domains and a murine constant region. Compared with human TCR, a
murine-human TCR hybrid enhanced the homologous pairing of introduced TCR and it
expressed more efficiently in human T-cells: however, proven immunogenicity against the
murine compartment might be a major concern (Cohen et al., 2006, Sommermeyer and
Uckert, 2010, Thomas et al., 2007). Another approach is to replace the threonine-48 on the
alpha chain and serine-57 on the beta chain with cysteines, forming an additional
intramolecular disulphide bond within the constant compartment of the exogenous TCR alpha
beta chains. The modified peptides pair more efficiently, resulting in boosted TCR expression
and improving its functional activity (Kuball et al., 2009). An alternative approach focused
on improving the translation of the transgenic TCR mRNA. Codon optimisation of the
exogenous TCR genes favours the pairing of the introduced chains and increased TCR
reactivity by introducing a point mutation into constant domain of a and 3 chain (Gustafsson
et al., 2004). Recently, an alternative platform has been explored; and has proven its
efficiency in reducing TCR mis-pairing by knocking down the expression of the endogenous
TCR by targeted gene therapy using specific DNA nucleases (Provasi et al., 2012, Bunse et
al., 2014). Several means of disrupting endogenous o and B TCR expression on T
lymphocyte will be discussed later in the text. Although these strategies led to a significant
increase in the expression of the introduced TCR, they fall short of ensuring the high
expression levels that are essential for high-avidity tumour-specific T cell effectors. Most
crucially, the mis-pairing phenomenon with the endogenously expressed TCR is not fully
eradicated in these strategies.

Another important factor in order to improve T-cell therapy is to manipulate or retain T-cell
differentiation in favor of antigen-specific T cell. Generally, it has been shown that
adoptively transferred genetically modified T cells are highly differentiated into effector

memory T cells which display abbreviated survival, impotent anti-tumor activity and immune



exhaustion post-infusion. Culturing engineered T cells in an environment containing 7y
cytokines just as IL-7 and IL-15 (Kaneko et al., 2009); or IL-15 and IL-21 (Pouw et al., 2010)
pre-infusion to drive T-cell differentiation might retain the central memory T-lymphocytes
phenotype, prolonged peripheral persistence and potent anti-tumor activity (Zoon et al., 2015,
Montes et al., 2005). Another different strategy is focused on engineering naive cord blood T
cells to express CAR or antigen-specific TCR instead of adult antigen-experienced T cells
(Thompson et al., 2015, Tammana et al., 2010). CB-T cells have a naive phenotype and they
might retain their less differentiated phenotype following in vitro stimulation and genetic
manipulation prior to the adoptive T-cell transfer; which results in generating potent anti-
tumor engineered T cells with naive or stem cell memory phenotype and great capacity of in
vivo survival and proliferation following infusion (Frumento et al., 2013). Moreover, CB-T
cells mediate potent antiviral and anti-leukemia effects following allogeneic transplantation,
and further reduce the possibility of graft-versus-host disease occurring, as compared to the
risk posed by peripheral blood grafts (de Haar et al., 2015). Since single-cord blood graft has
a limited hematopoietic stem cell dose, it is not unusual to pool matched or partially HLA-
matched donations, and this may provide an opportunity to supplement grafts using
engineered T cells with additional HLA- matched donations. To mitigate the GVHD effect in
the allo-setting and to generate “off-the-shelf” universal T cells expressing antigen-specific
receptors, we proposed a strategy based on using genetically engineered cord blood T cells

(CB-T cells)(Eapen et al., 2007, Hiwarkar et al., 2015).

1.5 Eliminating endogenous TCR expression:

As it has been mentioned before in the text; one of the strategies to reduce the mis-pairing
adverse event that is related to TCR gene transfer therapy is to knock down the expression of
endogenous of3 TCR. Gene editing technology has emerged recently; where specific
molecular reagents are capable of driving a highly specific DNA cleavage using targeted
nucleases.

Gene-specific targeting is a precise gene spotting strategy in which the mutant version of the
gene might be replaced with the normal, functional copy at the exact site of the endogenous
gene, the consequence being that the gene restores its normal function. Moreover, by
targeting 