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1 Introduction






1-INTRODUCTION

Cancer is among the leading causes of death worldwide. The International
Agency for Research on Cancer (IARC) of the World Health Organization (WHO)
estimated, in 2012, 14.090.149 new cancer cases and a cancer mortality of 8.201.030
deaths per year worldwide (Figure 1). These figures are predicted to increase in the
coming years.

= 116.8+
m 99.6- 116.8
m 897 -99.6
£173.3-89.7
£1<73.3

No Data

Figure 1.- Estimated cancer mortality worldwide in 2012. Age standardized rate. All cancers excluding
non-melanoma skin cancer. From (GLOBOCAN, 2012), IARC.

Cancer is caused by any alteration that leads to uncontrolled and continuous
cell survival and proliferation. There are more than 200 pathogenically distinct cancer
types, classified depending on the tissue of origin, and the type of cell from which they
originate.
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1.1 B-cell lymphoid neoplasms

Worldwide, 23 new cases of lymphomas are diagnosed per 100.000 people
per year (National Institute of Health a). This heterogeneous group of cancers originates
from lymphocytes and is estimated to account for 4% of malignant neoplasms. Ninety
five percent of the lymphomas arise from B-cells, whereas the remaining 5% are T-cell
malignancies (Kuppers, 2005). More than 35 types of B-cell lymphomas, that rely on
different oncogenic pathways, are categorized by the WHO based on the differentiation

stage of the normal B-cell counterpart from which they have originated (Calinescu et al.,

2017; Campo et al., 2011; Maurer et al., 2014).

1.2 Normal B-cell development

B-lymphocytes (or B-cells), are components of the humoral adaptive immune

system responsible for antibody production and secretion, and immunological memory.

Tail piece
Disulfide bond S-S

Structure of an Immunoglobulin.
Abbreviations: V, variable; C,
constant; L, light; H, heavy.
Adapted from (Abbas et al., 2010).

In adults, B-cells originate from hematopoietic stem cells (HSC) in the bone marrow
(BM) where they partially maturate. Then, they migrate to secondary lymphoid organs
(like the lymph nodes or the spleen) to encounter an antigen, complete their

maturation and become an effector antibody producing cell, or a memory cell (Figure

2).

Antibodies or immunoglobulins (Ig) are proteins specialized to
bind to a given antigen and activate and immune response from
effector cells to overcome infection. They are codified by antigen
receptor genes and are composed of two heavy and two light
chains with a constant region, and a variable region that matures
to obtain a unique high affinity antigen-binding structure. The
constant regions of the heavy chain determine their classification
into 5 isotypes (IgA, IgD, IgE, 1gG, and IgM). Each immunoglobulin
isotype mediates different effector functions such as complement
activation, phagocyte response, or mast cell degranulation among
others. B-lymphocytes may also synthesise immunoglobulins, with
additional hydrophobic alfa helixes, that act as a membrane B-cell
receptor (BCR) (also called antigen receptor) and signal through
the cell with the help of two other transmembrane molecules
(CD79A and CD79B).
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Selection and class-switch
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Figure 2.- Schematic representation of B-cell development. Abbreviations: HSC, hematopoietic stem
cell; SHM, somatic hypermutation. Adapted from (Basso and Dalla-Favera, 2015).

The first stage of B-lymphocyte development, which takes place in the BM, is
the generation of a "naive" B-cell that has not yet been in contact with an antigen. Pro-
lymphocytes develop from a common lymphoid progenitor that has, in turn, originated
from a pluripotent HSC committed to B-cell linage. Pro-lymphocytes undergo DNA
antigen receptor gene rearrangements in the variable regions of the heavy chain (V(D)J
recombination) to assemble and express a pre-BCR that provides survival signals and
become pre-lymphocytes. Lymphocytes that fail to express BCR or autoreact with self-

antigens are negatively selected in favor of those with no auto-reactive BCR.

Naive, immature, positively selected B-lymphocytes enter the peripheral
lymphoid tissues where, upon infection, become in contact with antigens and undergo
two main maturation steps for antigen recognition: affinity maturation also called
somatic hypermutation (SHM), and isotype switching also named class switch
recombination (CSR). This second stage of antigen-dependent maturation takes place in
the germinal centers (GC) that are formed in the follicles of secondary lymphoid organs

in the context of an infection.

Naive B-cells that enter the secondary lymphoid organ through the subscapular
sinus migrate towards the B cell zone in a primary follicle. After stimulation by antigens,
secondary follicles with GCs histologically divided into a dark and a light zone are
formed. In the dark zone, new variable regions of their antibody chains are generated
through SHM and it becomes an area for enlarged, rapidly proliferating B-cells called
centroblasts. Centroblasts then become smaller non dividing centrocytes that migrate
to the light zone of the GC, where they interact with antigen presenting cells (APC) like
T-cells, follicular dendritic cells or macrophages. This migration, and the general
organization of the germinal center is mediated by chemokines and chemokine
receptors such as CXCL13-CXCR5 and CXCL12-CXCR4 (Allen et al., 2004). Centrocytes
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which express BCRs with low affinity for an antigen undergo apoptosis. Those
centrocytes that have encountered an antigen and have bound to it with high affinity
receive survival signals (i.e. via CD40, BCR...) and are positively selected. At this stage,
mature B-cells may change the isotypes of their Immunoglobulin (lg) via isotype
switching to mediate distinct effector functions while they conserve the antigen high

affinity of the variable region.

Finally, mature B-lymphocytes exit the GC as antibody secreting plasma cells to
fight infection or as memory B-cells (Abbas et al.,2010; De Silva and Klein, 2015; Klein
and Dalla-Favera, 2008) (Figure 2).

1.3 B-cell ymphomagenesis

Each type of lymphoma originates from a healthy B-cell counterpart in a
particular developmental stage. This is evidenced by the similarity of the lymphoma B-
cell with its normal cell of origin (COO), considering their cytological and morphological
features, their common immunophenotype, and their gene expression profiling (GEP).
The presence of SHM in many malignant cells indicates that most lymphoma cases
originate from GC or post-GC B-cells and that malignant transformation originates in the
GC (Klein and Dalla-Favera, 2008; Kuppers, 2005). Depending on the developmental
stage, different molecular pathways are activated and receptors are expressed on the
surface of the B-cell. These characteristics are often conserved after the generation of

the tumor and play an important role in its development and response to therapy.

Lymphomagenesis is driven by the cooperation between genomic aberrations

and a supportive tumor microenvironment.

1.3.1 Genomic transforming events

Dysfunction of oncogenes is a crucial )
An oncogene is an aberrantly

mechanism for tumor development. The vigorous expressed gene that may drive
cancer development.

] ] ) ] ] A proto-oncogene is a gene,
during SHM and isotype switching gives the usually related to cell death or

developing B-cell a high genomic instability that  8rowth control, susceptible of
becoming an oncogene.

clonal expansion accompanied by DNA breaks

may turn out into chromosomal translocations or

SHM of proto-oncogenes. In B-cell lymphoma, oncogenic chromosomal translocations
generally occur when immunoglobulin gen remodeling is malfunctioning and an
oncogene is translocated from its chromosome to one of the immunoglobulin (Ig) loci

causing an aberrant expression of this latest (Klein and Dalla-Favera, 2008).
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1.3.2 Tumor Microenvironment

Immunohistochemistry (IHC) of tumor biopsies reveals that the tumor mass is
formed by "non-malignant" cells accompanying the transformed tumor B-cells. These
cells constitute the tumor microenvironment (TME). As previously mentioned, most
lymphomas originate from GC counterparts that strongly rely on adjacent APCs for
selection and survival. In an analogue way, malignant cell survival and proliferation is
influenced by the surrounding TME. For instance neighbor stroma cells secrete pro-
survival cytokines, and immune cells like T-cells, mast cells, macrophages, and
monocytes may also provide the tumor with survival and proliferation signals. A
favorable microenvironment is not only necessary at the original site of a tumor to
complete tumor growth and development, but also plays a crucial role in metastasis. In
fact, malignant cells not only home to metastatic sites with a favorable
microenvironment, but have the ability to modify and recruit more supporting cells for
their own benefit (Scott and Gascoyne, 2014). In addition, TME is often responsible for
environmental-mediated drug resistance by retaining tumor cells in favorable,
inaccessible niches. This phenomenon is called cell adhesion mediated drug resistance
(CAM-DR) (Shain et al., 2015).

1.4 Diffuse large B-cell ymphoma, NOS

1.4.1 Taxonomy

Diffuse large B-cell lymphoma (DLBCL) is an aggressive neoplasm that
represents the most common subtype of non-Hodgkin lymphoma (NHL) (30-40% of all
new diagnosed cases) (Campo et al., 2011; Hennessy et al., 2004). It is an entity that
has, historically, included multiple clinical and biologically distinct subgroups. In 2008,
the WHO updated the classification of lymphoid neoplasms with the aim to narrow this
heterogeneity and refine treatment and criteria for participation in clinical trials
(Swerdlow et al., 2008). The 2016 revised version of this classification identifies 23
entities constituting the aggressive mature B-cell lymphomas groups of B lymphoid
neoplasms (Campo, 2017; Swerdlow et al., 2016) (Table 1).
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Diffuse large B-cell lymphoma, not otherwise specified (DLBCL, NOS)
Germinal center B-cell type (GCB)
Activated B-cell type (ABC)
T-cell/histiocyte-rich large B-cell lymphoma
DLBCL, topographic site related
Primary mediastinal (thymic) large B-cell lymphoma
Primary DLBCL of the CNS
Primary cutaneous DLBCL, leg type
Intravascular large B-cell ymphoma
DLBCL, EBV-related
EBV-positive DLBCL, NOS
DLBCL associated with chronic inflammation
Lymphomatoid granulomatosis
LBCL with terminal B-cell differentiation
Plasmablastic lymphoma
ALK-positive large B-cell ymphoma
Primary effusion lymphoma
HHV8+ DLBCL, NOS
Burkitt-lymphoma
Burkitt-like lymphoma with 11q aberrations
High grade B-cell lymphoma

High-grade B-cell lymphoma, with MYC and BCL2 and/or BCL6
rearrangements

High-grade B-cell ymphoma, NOS

Table 1.- World Health Organization classification of aggressive mature B-cell lymphomas.
Abbreviations: ALK, anaplastic lymphoma kinase; CNS, central nervous system; EBV, Epstein-Barr virus.
Adapted from (Campo, 2017).

Among this group of aggressive B-lymphomas, DLBCL, not otherwise specified
(DLBCL, NOS) is the predominant entity comprising about 80% of all the cases. It still
presents a high clinical and biological heterogeneity, includes tumors that cannot be
classified as any other entity, and is subclassified into the cell COO subgroups germinal
center B-cell type (GCB), and activated B-cell type (ABC) (Campo, 2017).

1.4.2 Clinical presentation at diagnosis

The DLBCL, NOS heterogeneous entity is slightly more common in males than
females. The common age of diagnosis, is along the 70s although it may also occur in

infants and younger adults. It usually arises de novo, but it can also originate from
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transformation of indolent malignancies such as follicular lymphoma (FL) or chronic
lymphocytic leukemia (CLL). Patients at diagnosis commonly present adenopathy and
60% suffer B symptoms. Although it is a mainly nodal disease, 30% of the patients
present affectation in extra nodal sites such as bone, gastrointestinal track, skin,
thyroids or gonads. Additionally, 20-30% of the cases present BM involvement at
diagnosis (Campo et al., 2011).

Morphology, immunophenotype, cytogenetics and molecular biology are used

for DLBCL diagnosis and variant identification. Cluster of differentiation (CD) are
DLBCL is diagnosed based on histopathological lymphocyte  markers.  Membrane
proteins that identify a particular
linage or differentiation stage. All
lymph node). This biopsy is fixed and analyzed leukocyte surface antigens whose
structures are defined are given a CD
designation. Classification of
confirm B-cell proliferation and linage (CD19+, lymphocytes by CD antigens is widely

CD20+, CD79a+, CD45+, CD5-/+, CD10-/+, Ki67). used in the clinics and research.

Immunophenotypical, combined with morphological analysis are used for the definitive

analysis of a biopsy of the affected area (i.e.

by IHC stained with antibody panels designed to

diagnosis.

It is recommended to send a fresh biopsy to the laboratory to perform flow
cytometry studies that will aid a faster diagnosis prediction, and to enable high quality
DNA and RNA extraction for further possible use in medical research and personalized
medicine. Primary tumor cells may also be cryopreserved for functional translational
research studies (Kubuschok et al., 2015; Tilly et al., 2015).

Due to the costs of GEP which requires frozen tissue often unavailable, and the
difficulties in the reproducibility of distinguishing the GCB and ABC subsets by
immunohistochemistry (IHC) (Colomo et al., 2003; Choi et al., 2009; Gutiérrez-Garcia et
al., 2011; Hans et al., 2004; Meyer et al., 2010; Muris et al., 2006), the WHO committee
decided not to require their distinction in daily clinical practice in 2008 (Swerdlow et al.,
2008). Nevertheless, as the worst prognosis impact of the ABC subtype has become
clear, and new therapeutic strategies are considering the differential treatment of these
subgroups, the 2016 revision requires their classification and accepts the use of IHC

algorithms (Swerdlow et al., 2016).

As a consequence of this requirement, and the subjectivity and variability of
IHC based strategies, an effort is being made to develop new, higher resolution assays
viable to be used in the clinics. The nCounter platform of NanoString Technologies
(Seattle, WA, USA) allows for gene expression detection using formalin-fixed paraffin

wax-embedded (FFPE) tissues, and the Lymph2Cx assay coupled to the NanoString
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platform is a promising example that has recently proven to identify COO of DLBCL and
predict prognosis better than IHC algorithms (Scott et al., 2014; Yoon et al., 2017).

1.4.3 Staging and risk assessment

Staging of DLBCL is determined according to the Ann Arbor classification (Table
2). The international prognostic index (IPI) is used for patient classification with
prognostic purposes and takes into account 5 predictors: age, blood levels of lactate
dehydrogenase (LDH), extra nodal involvement, Eastern Cooperative Oncology Group
(ECOG) performance status (Oken et al., 1982), and Ann Arbor stage (Table 3). To
classify young patients with aggressive lymphomas, age adjusted IPI (aalPl) is used
(Table 4) (Kubuschok et al., 2015; Tilly et al., 2015).

Maximum bulk of the disease, a factor that is not included in the IPI, should be
assessed as the MabThera International Trial (MinT) study showed a linear relationship
between bulk and prognosis (Pfreundschuh et al., 2006) however it is becoming clearer

that this factor may not affect current treatment strategies (Lamy et al., 2017).

Stage

| Involvement of a single lymphatic region (I) or localized involvement of single
extralymphatic organ or site (IE)

Il Involvement of two or more lymphatic regions on the same side of the diaphragm
(I1) or localized involvement of a single extralymphatic organ or site and of one or
more lymphatic regions on the same site of the diaphragm (IIE)

1] Involvement of lymphatic regions on both sides of the diaphragm

\Y Diffuse or disseminated involvement of one or more extralymphatic organs with or
without lymphatic involvement

Table 2.- Ann Arbor staging classification. Adapted from (Tilly et al., 2015).
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International prognostic Index

Risk factors

Age >60 years

Serum LDH>normal
Stage llI-IV
Performance status 2-4

Extranodal sites>1

Risk categories Number of Estimated 3-year overall
risk factors survival (95% Cl)

Low 0-1 91 (89-94)

Low intermediate 2 81 (73-86)

High intermediate 3 65 (58-73)

High 4-5 59 (49-69)

Table 3.- International prognostic index. Abbreviations: LDH, lactat dehydrogenase; Cl, confidence
interval. Adapted from (Tilly et al., 2015).

Age adjusted international prognostic index (aalPl) in patients <60 years

Risk factors
Serum LDH>normal
Stage IlI-IV

Performance status 2-4

Risk Number of Estimated 3-year overall
categories risk factors  survival (95% Cl)

Low 0-1 91 (89-94)

Low intermediate 2 81 (73-86)

High intermediate 3 65 (58-73)

High 4-5 59 (49-69)

Table 4.- Age adjusted international prognostic index (aalPl) in patients <60 years. Abbreviations: LDH,
lactate dehydrogenase; Cl, confidence interval. Adapted from (Tilly et al., 2015).

As detailed in the next chapter of this introduction, biological factors such as

COO subtype and TME also affect prognosis and response to treatment.

1.4.4 Pathobiology

GEP studies have confirmed the heterogeneity of DLBCL, NOS, and have
recognized two major subtypes according to the putative COO from which they
develop: GCB and ABC (Figure 3). GCB-DLBCL and ABC-DLBCL rely on different

11
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oncogenic pathways and differ on prognostic impact, being ABC the most aggressive
subgroup (Figure 4) (Alizadeh et al., 2000; Bea et al., 2005; Rosenwald et al., 2002;
Staudt and Dave, 2005).

Follicular
dendritic cell

Memory

Antigen

Light zone

Light
zone

B cell

Tcell Plasma cell

GC B cell-like
DLBCL \

Figure 3.- Origin of GCB and ABC DLBCL. Adapted from (Basso and Dalla-Favera, 2015).
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Figure 4.- Kaplan Mayer plot of overall survival of GCB and ABC DLBCL subgroups. ABC patients present
a poorer outcome than GCB patients. From (Alizadeh et al., 2000).

Another sub-classification that considers other aspects of DLBCL biology and
that is gaining increased importance is the consensus clustering classification (CCC). It
includes 3 groups that capture tumor-intrinsic characteristics: the BCR/proliferation
cluster (BCR-DLBCL) characterized by up-regulation of component genes of the BCR, the

OxPhos cluster (OxPhos-DLBCL) that presents an increase in mitochondrial oxidative

12
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phosphorylation, and the host response (HR) group that is characterized by an

inflammatory immune infiltrate (Scott et al., 2014).

Both genetic alterations in the tumor cells and TME play an important role in

DLBCL, NOS development and progression.

1.4.4.1  Genetic alterations

With a high number of point mutations, copy number aberrations, and
chromosomal translocations, DLBCL, NOS shows significantly higher genomic instability
than other B-cell neoplasms (Pasqualucci and Dalla-Favera, 2014). Many tumor cells
present genomic instability that leads to aberrant chromosomic structures that may be
due to three forms of chromosomal alterations: translocations, duplications and
deletions. A translocation takes place when a proto-oncogene, is translocated into a
different chromosome and, under control of a different promoter, becomes aberrantly
expressed. The rapid proliferation rate, and immunoglobulin mutations and
rearrangements that the CG B-cells are exposed to, is the main reason for the high
genomic instability found in post GC lymphomas like DLBCL, NOS where insertions of
protoncogenes in immunoglobulin loci of chromosome 14 are often detected.
Translocations of MYC t(8;14), BCL2 t(14;18) or BCL6 t(3;14) are found in DLBCL, NOS
with a frequency of 20%, 40% and 40% respectively (Testoni et al., 2015).

Below are the common oncogenic alterations found in DLBCL depending on

the COO subgroup also summarized in Table 5.

GCB-DLBCL

GCB-DLBCL derives from GC B-cells and presents SHM in Ig genes accordingly.

The following alterations are characteristic of GCB-DLBCL:

The EZH2 methyltransferase is a component of the polycomb repressive
complex and acts as a gene silencer through methylation of histone 3 (H3). It is targeted
by gain of function SHM that are a hallmark of GCB-DLBCL and have been reported in
20% of the cases. These mutations lead to EZH2 overexpression and enhanced activity
linked to aberrant repression of tumor suppressor genes (Béguelin et al., 2013; McCabe
et al., 2012a). Recurrent mutations of the GNA13 gene that codifies for a Gal3 protein
involved in several cellular processes and dynamics such as cell-cycle, and actin
polymerization are also found in 30% of the cases of this subtype of DLBCL (Lenz et
al.,2008a). Given the variability that characterize DLBCL, other recurrent mutations or
genomic rearrangements of oncogenes or tumor suppressor genes such as PTEN,
CREBB, TNFRSF14, MLL2, and members of the PI3K pathway may also be detected in a

13
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percentage of GCB-DLBCL (Basso and Dalla-Favera, 2015; Pasqualucci, 2013;
Pasqualucci and Dalla-Favera, 2014, Pasqualucci and Dalla-Favera, 2015) (Table 5).

ABC-DLBCL

ABC-DLBCL seems to derive from plasmablasts, from GC cells arrested during
the early stages of post-GC plasma cell differentiation. Therefore this subtype expresses
genes that are upregulated in B-cells with activated BCRs such as /RF4 and XBPI1.
Genetic alterations that repress BLIMP1 and therefore block differentiation into final

stage of plasma cells are also found in ABC-DLBCL.

Constitutive activation of the NF-kB pathway through different mechanisms
distinguishes the ABC subtype. For instance, MYD88, and adaptor protein of toll like
receptors (TLR), is found to be mutated in 30% of the cases and it constitutively
activates its downstream target NF-kB (Ngo et al., 2011). Recurrent mutations in CD798,
CD79A (20%) and CARD11 (10%) lead to an aberrant constitutive activation of the BCR
and consequent tumorigenic survival signals and NF-kB activation. In addition, the
TNFAIP3 which encodes the negative regulator of NF-kB, A20, is genetically inactivated
in 30% of the cases (Basso and Dalla-Favera, 2015; Pasqualucci and Dalla-Favera, 2014;
Pasqualucci and Dalla-Favera, 2015) (Table 5).

GENETIC ALTERATIONS SHARED ACROSS SUBTYPES

In addition, several alterations are common in both GCB-DLBCL and ABC-
DLBCL.

Ectopic expression of the transcription factor and oncogene MYC consequent
to chromosomal translocations is detected in 20% of GCB- and 5% of ABC-DLBCL cases.
BCL-2 translocations, which occur in 40% of the cases lead to the consequent over-
expression of the antiapoptotic BCL-2 protein that drives tumorigenesis (Basso and
Dalla-Favera, 2015). Genetic lesions that result in a deregulation of BCL-6 are common
in DLBCL. BCL-6, is a transcription factor required for GC formation, and is responsible
for 1) allowing cells to sustain rapid proliferation rates and the genotoxic stress of SHM,
2) preventing activation of immature B-cells by T-cells, and 3) blocking B-cell
differentiation into plasma cells (Basso and Dalla-Favera, 2012; Basso and Dalla-Favera,
2015; Pasqualucci, 2013). Deregulation of BCL-6 expression plays an important role in
lymphomagenesis and may be given through chromosomal translocations (40%), point
mutations of the gene (15%), or through mutations or deletions in the BCL6 negative
regulators CREBBP and EP300 (40%). Mutations or deletion of FBX011 (13%) (Duan et
al., 2012), which controls protein degradation, and MEF2B (11%) (Ying et al., 2013),

which inactivates BCL-6, also lead to its overexpression.
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Escape of the immune response is a crucial mechanism for tumorigenesis. In
DLBCL it may be due to lack of human leukocyte antigen | (HLA-I) expression
consequent to the loss of B2M (60%), the escape from Cytotoxic T lymphocytes, or to a
lack of CD58 (21%) expression allowing B-cells to escape from natural killer cells (Challa-

Malladi et al., 2011; Pasqualucci and Dalla-Favera, 2014; Pasqualucci and Dalla-Favera,

2015) (Table 5).

Altered gene Product Function in tumorigenesis
GCB-DLBCL
EZH2 Enhancer of zeste homologue 2 Aberrant suppression of tumor
(methyltransferase of the PRC) suppressor genes
GNA13 Gal3 protein Modulator of migration and PI3K
signaling
PTEN Phosphatase and tensin homolog (loss of function)
Constitutive activation of PI3K
signaling pathway
TNFRSF14 Tumor necrosis factor receptor (loss of function)
superfamily, member 14, Tumor-suppressor. It negatively
regulates BCR signaling. Activated by
BTLA
ABC-DLBCL
MYD88 Myeloid differentiation primary Constitutive NF-kB activation trough

CD79A & CD79B

response 88
Components of the BCR

enhance of the TLR signaling
Constitutive activation of the BCR and
consequent tumorigenic signaling, NF-
KB activation

CARD11 Caspase recruitment domain- Acts a s a scaffold downstream of BCR
containing protein 11 and is a positive regulator of NF-kB
activation
TNFAIP3 A20 (loss of function)

Shared across subtypes

NF-kB negative regulator

mMYC BHLH transcription factor Transcription of multiple oncogenes
BCL6 Zinc finger transcription factor Multiple functions (see text)
BCL2 Anti-apoptotic protein Inhibition of apoptosis
MEF2B Myocyte enhancer factor 2B (loss of function)
Negative regulator of BCL6
CREBBP CREB-binding protein (histone (loss of function)
acetyltransferase) Negative regulator of BCL6
EP300 (chromatin modifier) (loss of function)
E1A-binding protein p300 Negative regulator of BCL6
FBXO11 F-box only protein 11 (loss of function)
Negative regulator of BCL6
B2M 2 microglobulin (loss of function)
Immune escape from cytotoxic T-cells
CD58 CD recognized by NKs Escape from natural killers due to loss

of CD58 expression

Table 5.- Genetic alterations in DLBCL. Refer to text for more details. Abbreviations: PRC, polycomb
repressive complex; BCR, B-cell receptor; BTLA, B- and T-lymphocyte attenuator; TLR, toll like receptor;
BHLH, basic-helix-loop-helix.
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1.4.4.2 DLBCL microenvironment

The sub-classification of DLBCL, NOS in the GCB and ABC pathogenically
distinct subgroups narrows the variability of this entity and is expected to lead to higher
therapeutic success, but fails to provide information on the particular role of the
microenvironment in this disease. GEP studies have evidenced the role of the stromal
microenvironment in environment-mediated resistance to chemotherapeutics and in
the pathogenesis of DLBCL (Alizadeh et al., 2000; Lenz et al., 2008b; Monti et al., 2005;
Rosenwald et al., 2002), and so has the CCC. In both CHOP and R-CHOP pre-treated
biopsies of 233 and 181 patients respectively, Lenz et al. found two differentiated
stromal signatures of genes expressed by the stromal cells that conferred prognostic
factor. They showed that the "stromal signature 2" significantly correlated with blood-
vessel density, a parameter associated with bad prognosis in DLBCL (Cardesa-Salzmann
et al.,, 2011; Lenz et al., 2008b). Not surprisingly, among the genes included in this
signature are endothelial markers, key angiogenesis regulators, and the chemokine

CXCL12 that is secreted by stromal cells that may promote angiogenesis.

It seems therefore clear that microenvironment biomarkers would be potential
predictors of patients outcome and response to treatment. However, the
determination of relevant biomarkers that could be easily studied in the context of a

clinical laboratory remains a challenge (Coutinho et al., 2015).

1.4.5 Treatment

Treatment of DLBCL has undergone notable advances in the last 50 years. As a
consequence, what was considered a fatal disease in many patients is now curable in a

higher proportion.

The use polychemotherapy was established in the 70s, and a study in 1993
reviled that the chemotherapeutic regime CHOP (cyclophosphamide, doxorubicin,
vincristine and prednisone) obtained similar complete remission results than other
more complex and toxic regimens (Fisher et al., 1993). CHOP was therefore established

as the standard treatment for DLBCL patients.

CHOP is a combination of chemotherapeutic agents with a complex mechanism
of action composed of cyclophosphamide, doxorubicin, vincristine and prednisone.
Cyclophosphamide acts when it is metabolized to phosphoramide mustard. This
alkylating agent, transfers an alkyl group to the guanine bases of the DNA which
impedes replication (Colvin et al.,, 1976). Doxorubicin is from the family of
anthracyclines and exerts an antitumor effect mainly by DNA intercalation and blockage

of topoisomerase Il which leads to inhibition of macromolecule biosynthesis and
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replication. Vincristine binds to tubulin and prevents cell replication, and prednisone is a
corticosteroid that reduces inflammation, suppresses immune response, and has the

ability to decrease normal and malignant lymphoid tissue (Moreno et al., 2000).

Altogether, these agents inhibit tumor cell proliferation and induce cancer cell

death with a 3-years complete response of approximately 50%.

1.45.1 Immunochemotherapy

CD20 is a transmembrane receptor, with no known ligand, expressed in normal
and malignant B-cells. Rituximab is an anti-CD20 monoclonal (m) antibody. It is formed
by human kappa and IgG1 constant regions and murine light and heavy chain variable
regions making it a human/murine chimeric IgG1-k mAb. It exerts its antitumor
properties upon binding to the CD20 antigen by activation of the immune system
through induction of complement dependent cytotoxicity (CDC), antibody dependent
cell-mediated cytotoxicity (ADCC), and apoptosis (Salles et al., 2017). In 1997, Rituximab
was approved for treatment of low-grade NHL (Maloney et al., 1997) and was soon
applied for the treatment of DLBCL.

In 2002, the Groupe d'Etude des Lymphomes de I'Adulte (GELA) published the
results of the first clinical trial (LNH98-5) comparing CHOP vs Rituximab + CHOP (R-
CHOP) in DLBCL patients aged 60-80 years. The complete response was higher in those
patients treated with R-CHOP (76% vs 63%) (Coiffier et al., 2002; Coiffier et al., 2010).
The CALGB 9793/ECOG-SWOG 4494 clinical trial in 2006 further confirmed the benefit
of R-CHOP over CHOP and that the maintenance with rituximab after R-CHOP infusion
does not offer any therapeutic benefit (Habermann et al., 2006). With these studies, R-
CHOP was stablished as the standard therapy for DLBCL patients over 60 years.
Regarding young patients, a study by the Mab Thera International Trial (MInT), revealed
a complete remission of 85% in the R-CHOP group compared to the 68% in the CHOP
group in a cohort of young patients with good prognosis (Pfreundschuh et al., 2006);
(Pfreundschuh et al., 2011). It was therefore concluded that the benefit of Rituximab is
age independent and that treatment with immunochemotherapy significantly improved
the outcome of DLBCL patients. Nevertheless a proportion of 1/3 of the patients still did

not respond to treatment.

In an attempt to improve the results in these higher risk patients, the clinical
trials UK NCRI and LNH-03-6B compared the general R-CHOP administration (every 21
days, R-CHOP21) with intense chemotherapy (every 14 days, R-CHOP14). The results
showed that R-CHOP-14 was not superior to R-CHOP-21 administration and R-CHOP-21
remained the standard first-line treatment (Cunningham et al., 2013; Delarue et al,,

2013). Another attempt, which only provided therapeutic benefit for patients with high
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risk aalPl, was following R-CHOP with autologous hematopoietic stem cell
transplantation (AHSCT) (Greb et al., 2008; Stiff et al., 2013). Radiotherapy seemed to
show a significant better outcome in localized DLBCL in the pre-Rituximab era,
nevertheless, the long term outcome was statistically similar in both groups (Miller et
al., 1998). Whether radiotherapy is beneficial in combination with R-CHOP remains
controversial (Grande, 2011; Miyazaki, 2016).

In summary, at the present time, the treatment algorithms for DLBCL are
based on the state of the malignancy, differing between patients with local (Ann Arbor |
and Il) or with advanced disease (Ann Arbor Ill and IV). R-CHOP is the standard of care
for all DLBCL patients. It may be combined with field radiation in patients with localized,
low stage DLBCL or, followed by transplantation in patients with advanced disease

(National Comprehensive Cancer Network, 2014)

Still, refractory patients, and those that relapse after treatment with Rituximab
have a dismal outcome and new therapies need to be developed for these high risk

patients.

1.45.2  Cell-of-origin based therapies

The current clinical approach does not take into account the distinct biology of
the DLBCL molecular subtypes. Nevertheless, ABC and GCB are two defined entities
(with ABC presenting a worse prognostic) and new therapeutic strategies are being
designed to treat them differentially (Camicia et al., 2015; Campo et al., 2011; Grande,
2011; Miyazaki, 2016).

PROTEASOME INHIBITORS

ABC-DLBCL presents an elevated expression and activity of the NF-kB pathway
with a known role in inflammation and cancer (Lenz et al., 2008a). Bortezomib is a
proteasome inhibitor with antitumor activity and is approved for treatment of
haematological neoplasia like mantle cell lymphoma (MCL) (Moros et al., 2014a) and
multiple myeloma (MM) (Bueno et al.). It prevents the degradation of the NF-kB
physiological inhibitor kB after its phosphorylation and, in a relapse/refractory cohort it
improves response of ABC-DLBCL patients in combination with chemotherapy
compared to GCB-DLBCL patients (complete remission: 42% vs 6%) (Dunleavy et al.,
2009). In addition, with the introduction of bortezomib, Ruan et al. did not observe the
classical survival differences between GCB and non-GCB following R-CHOP in subjects
with untreated DLBCL (Ruan et al., 2010). In summary, bortezomib seems like a valid
strategy for the treatment of ABC-DLBCL.
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IMMUNOMODULATORY DRUGS

Lenalidomide is an immunomodulatory drug approved for treatment of MM,
myelodysplastic syndrome (MS) and MCL. It is known to inhibit angiogenesis, tumor
secreted cytokines and to induce apoptosis. Although its mechanism of action is not
fully understood, it inhibits NF-kB in vitro providing a rational for ABC-DLBCL treatment.
A retrospective clinical trial compared relapsed/refractory ABC vs GCB treated with
lenalidomide as a single agent and obtained a significant complete remission of 29.4%
vs 4.3% (Hernandez-llizaliturri et al., 2011). In addition, the worst prognosis of the ABC
subtype observed with the current standard of care was unnoticed when R-CHOP was
combined with lenalidomide (Nowakowski et al., 2016). These studies suggest that

lenalidomide mitigates the negative prognosis of the ABC subtype.

BTK INHIBITORS

Somatic mutations affecting the ITAM signaling modules of CD79B and CD79A
are found frequently in ABC-DLBCL and result in an over activation of the BCR signaling
and a consequent NF-kB activation (Davis et al., 2010). Inhibitors of signaling molecules
downstream of the BCR have been suggested as potential drugs for ABC-DLBCL
treatment. The Bruton's tyrosine kinase (BTK) inhibitor ibrutinib as a single agent has
shown a response rate of 37% in ABC subjects compared to a 5% in GCB. Wild type
CD79 ABC subjects in the study also benefited from the treatment indicating that future
ibrutinib-based clinical trials should also enroll ABC-DLBCLs with CD79A or CD79B wild
type tumors (Wilson et al., 2015). Encouraging clinical trial results are being published
on ibrutinib in combination with R-CHOP in relapsed/refractory non-GCB DLBCL (Goy et
al., 2016; Younes et al., 2014). Besides the above, several ongoing clinical trials with
ibrutinib are currently registered and if treatment with ibrutinib is a safe and successful

strategy for ABC-DLBCL will be confirmed in the near future.

EZH2 INHIBITORS

Twenty percent of GCB-DLBCL cases present gain of function point mutations
in EZH2 which confer a worst prognosis due to an over activation of the polycomb
repressive complex that causes aberrant histone methylation. The EZH2 inhibitor EPZ-
6438 is currently being evaluated in phase Il clinical trials for the treatment of NHL
(Brach et al., 2017; Garapaty-Rao et al., 2013; McCabe et al., 2012b; Qi et al., 2012; Van
Aller et al., 2013).

1.4.5.3  Other novel therapies

Targeted therapies against COO independent clue molecules are also being

currently developed and clinically and preclinically evaluated.
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PI3K INHIBITORS

The PI3K pathway plays a major role in cell survival and proliferation. Although
it is altered by through different mechanisms depending on the COO subtype, it is found
to be overactivated in DLBCL. Targeting the PI3K pathway with the PI3K& inhibitor
idelalisib was successful in CLL and aggressive lymphomas (Brown et al., 2014; Kahl et
al., 2014). However it has not been fully evaluated in DLBCL. A phase Il clinical trial with
the pan-PI3K inhibitor copanlisib in heavily pre-treated patients with relapsed or
refractory, indolent or aggressive malignant lymphoma demonstrated promising
efficacy. However, DLBCL was not included in the subtype specific posterior trials
(Dreyling et al., 2017). The next generation PI3K& inhibitor, umbralisib which overcomes
the toxicity of idelalisib, has an overall response rate (ORR) of 100% in several
aggressive and indolent NHLs. However it only showed an effectivity of 17% ORR in
DLBCL although a promising 66% ORR was obtained in combination with the anti-CD20
ublituximab, and the chemotherapeutic agent bendamustine (Lunning et al., 2017).
Even though the results of PI3K targeting in DLBCL are disappointing in the clinics, this
axis seems like a promising target, and efforts are being made to overcome the toxicity
of the first generation inhibitors, to understand the resistances of inhibition of this axis,

and to optimize combinatory strategies (Lampson and Brown, 2017).

BCL2 INHIBITORS

The pro-apoptotic protein BCL2 is up regulated in both ABC and GCB subtypes,
and its inhibition through the selective inhibitor venetoclax was FDA-approved as a
monotherapy in a subgroup of CLL patients (Deeks, 2016). A phase | study with
venetoclax has led to an underway phase Il trial in DLBCL (NCT02987400).

BCL6 INHIBITORS

BCL6 is crucial for the formation of GCs upon infection and plays an important
role in lymphomagenesis. DLBCL in vitro and in vivo models respond to treatment with

peptidomimetics or small molecule BCL6 inhibitors (Cardenas et al., 2017).

CAR-T CELLS

Chimeric antigen receptor T-cells (CAR T-cells) are the culmination of
immunotherapy. It is the first and only type of adoptive cell transfer (ACT) (infusion of
cells to a patient) FDA-approved. In 2017 it was approved for treatment of children with
ALL. In October 2018, the FDA approved the use of axicabtagene ciloleucel (axi-cel)
(Yescarta) for patients with relapsed/refractory DLBCL, among other NHLs, after a
clinical trial where approximately half of the patients presented a complete remission

and nearly 30% of patients a partial response (Neelapu et al.,, 2017). The CAR T-cell
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therapy consists of an autologous transplantation of genetically modified T-cells that
express, in the case of axi-cel, a CD19-directed CAR to generate a B-cell specific
cytotoxic immune response. The results of this therapy are being highly successful, but
common and severe side effects is an issue that needs to be addressed and CAR T-cells
therapy is still waiting for approval by the European Medicines Agency (EMA) (National
Institute of Health, 2017a; National insitute of Health, 2017b).

This thesis focuses on CXCR4 and MYC targeting and therefore therapeutic

inhibition strategies for these molecules are widely described below.

1.5 CXCR4

Chemokines are small signaling peptides secreted by cells involved in several
cellular processes such as survival and chemotaxis. As mentioned earlier in this
introduction (section 1.3.2) they play an important role in tumorigenesis as they are

secreted by accompanying cells of the TME.

CXCR4 (formally known as fusin or CD184) is a membrane bound chemokine G-
protein coupled receptor (GPCR). As a GPCR, it contains 7 a-helix transmembrane
domains (TMD) interconnected by extra membrane loops (Figure 5A and B). It is
expressed in several tissues particularly in B and T-lymphocytes. Its role as a co-receptor
in CD4+ T-cell human immunodeficiency virus (HIV) infection owes its discovery in 1996
(Feng et al., 1996).
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Figure 5.- CXCR4 structure. A) CXCR4 primary structure. Adapted from (Berson et al., 1996). B) CXCR4
tertiary structure. Adapted from (Pawig et al., 2015).

Chemokines are a family of chemostatic cytokines. These small secreted
signaling peptides (8-12 KDa) function as chemoattractants and are involved in cell

trafficking, survival, differentiation, and proliferation. They signal through GPCRs, have 4
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conserved cysteines, and are classified in subfamilies according to the spacing of their
first 2 N-terminal Cys. CXCL12 (formally called stromal cell-derived factor (SDF-1a)) is a
homeostatic chemokine of the CXC subfamily that signals through CXCR4. It was first
discovered as a stroma secreted pre-B-cell proliferation stimulating factor in the early
90s (Nagasawa et al., 1994; Tashiro et al., 1993), and in 1996 CXCL12 was described as a
highly efficacious lymphocyte chemoattractant produced by bone marrow stromal cell
lines (Bleul et al., 1996).

1.5.1 The CXCL12 - CXCR4 pathway
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Figure 6.- CXCR4 signaling pathway. Abbreviations: ER, endoplasmic reticulum; GTP, Guanosine-5'-
triphosphate; RTK, receptor tyrosine kinase; CXCL, chemokine (C-X-C motif) ligand; CXCR, C-X-C
chemokine receptor; cAMP, cyclic adenosine monophosphate; PKA, protein kinase A; JAK, Janus kinase;
STAT, signal transducer and activator of transcription; Cdc42, Cell division control protein 42 homolog;
Rac, Ras-related C3 botulinum toxin substrate; Rho, Ras homolog gene family; GRK, G protein-coupled
receptor kinase; FOXO, Forkhead box protein; NFkB, nuclear factor kappa-light-chain-enhancer of
activated B cells; PIP2, phosphatidylinositol bisphosphate; FAK, focal adhesion kinase; PLC,
phospholipase C; PKC, protein kinase C; Ras, Rat sarcoma protein family; ERK, extracellular-signal-
regulated kinase. Adapted from (Cojoc et al., 2013).

Upon activation by its only ligand, CXCL12, the CXCR4 GPCR activates its
heteromeric G-protein composed of the Gai, GB and Gy subunits that initiate different

pathways culminating in chemotaxis, survival, and proliferation (Figure 6).
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Activation of the MAPK pathway leads to ERK1/2 phosphorylation at
Thr202/Tyr204 and consequent triggering of cell chemotaxis and transcription of a

number NF-kB dependent genes involved in cell survival.

PI3K activation phosphorylates AKT (Ser473) and provides the cell with survival
signals by inhibiting apoptosis through phosphorylation of proapoptotic BAD. AKT may
also activate NF-kB and consequent gene transcription. Moreover, PI3K may induce
chemotaxis and angiogenesis through activation of FAK and so does the intracellular

calcium mobilization induced by activation of PLC.

The MAPK, p38, which is also a downstream target of CXCR4, is known to be

implicated in cell survival.

CXCR4 activates mTOR and consequent cell growth and proliferation. CXCR4
has also been reported to activate BTK phosphorylation evidencing a crosstalk between
CXCR4 and the BCR.

Finally, B-arrestin is responsible for the antagonist induced internalization of
CXCR4 by clathrin induced vesicles for a posterior lysosomal degradation of the
receptor and signal finalization. CXCL12 may also bind to CXCR7 that is believed to
sequester CXCL12 and attenuate CXCR4 activation (Busillo and Benovic, 2007;
Marchese, 2014; Scala, 2015; Sun et al., 2010; Teicher and Fricker, 2010).

1.5.2 The role of CXCL12 - CXCR4 in healthy biological processes

After they discovered CXCL12 (Nagasawa et al., 1994), Nagasawa et al.
reported that CXCL12 was essential for mice development and BM hematopoiesis as
mice with CXCL12 disruption died before birth and presented reduced myeloid
progenitors in the BM (Nagasawa et al., 1996). Later, other studies continued to
evidence the role of the CXCL12-CXCR4 axis in heart, brain, and vascular development
and lymphopoiesis (Tachibana et al., 1998; Zou et al., 1998), while hematopoietic stem
cells (HSC) engraftment in the BM was found to be CXCR4-dependent (Peled et al.,
1999).

In the present, the function of CXCR4-CXCL12 in normal B-cell development is
well known. In adults, this axis is mainly specific to homing of HSCs to the bone marrow,
lymphocyte homing, lymphoid hematopoiesis, leukocyte trafficking, survival and
proliferation. CXCR4 expression is higher in GC B-cells compared to follicular B-cells and
is more abundant in the centroblasts localized in the CXCL12 rich dark zone in
comparison to light zone centrocytes. CXCR4 and CXCL12 differential expression is
therefore responsible for positioning of B cells in the dark or light zone of the GC during

antigen driven immune response (Allen et al., 2004; Bannard et al., 2013).
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Apart from HSC, T-lymphocytes and B-lymphocytes, CXCR4 is also expressed in
a variety of other cells including monocytes, macrophages, eosinophils, endothelial and
epithelial cells, and tissue-committed stem-cells. These CXCR4 expressing cells migrate
along CXCL12 gradients and home to CXCL12-expressing sites to execute their site-
specific biological function. If damaged, brain, heart, kidney, bone, skin and BM
upregulate CXCL12 to promote migration of CXCR4+ stem cell progenitors that

participate in repair and regeneration of the injured tissues (Anders et al., 2014).

In summary, the CXCL12-CXCR4 axis plays a fundamental role in embryonic
development, hematopoiesis, lymphoid trafficking and tissue repair by positioning and

retaining specific CXCR4-expressing cells to the correct CXCL12-expressing site.

1.5.3 The role of CXCL12 - CXCR4 in cancer

As normal B-cells harbor a strong dependence on stroma-secreted cytokines
for their development and throughout their whole life, it is not surprising that
lymphoma cells exploit their microenvironment interaction properties for their own
selective advantage. As a chemokine receptor, CXCR4 interacts with the chemokines
secreted by the TME. In the last years, a large number of studies have evidenced the
role of the TME, CXCL12, and CXCR4 in tumor progression and in DLBCL pathogenesis.

CXCR4 was first connected to cancer in 1999, in a study in CLL by Burger et al.
where they demonstrated that CLL cells displayed CXCR4, and chemotaxis towards
CXCL12-expressing BM stromal cells, that could be blocked by CXCR4 inhibition (Burger
et al., 1999). Since then, CXCR4 has been shown to be expressed or overexpressed and
linked to organ-specific metastasis in several cancers including breast, kidney, brain,
prostate, ovarian, lung and melanomas (Zlotnik et al., 2011). CXCR4 overexpression may
be induced by hypoxia, growth factors such as FGF, VEGF, EGF or NRF, and NF-kB, YY1,
or MYC (Hatano et al., 2013).

Metastasis is defined as the capacity of localized tumors to invade and spread
to other parts of the body. To accomplish this, cancer cells need to acquire metastatic
potential and have the ability to leave the primary tumor, extravasate to the blood or
lymph torrent, and colonize and proliferate in a secondary site. The CXCR4-CXCL12 axis
has been found to play a crucial role in this process. CXCL12 is highest expressed in
brain, bone marrow, lungs and liver, common sites of metastasis and, in mouse models,
abrogation of this axis reduces metastasis. In addition, high expression levels of CXCR4

have been linked to increased metastatic activity (Moreno et al., 2015).

As schematized in figure 7, CXCL12 retains tumor cells in their tumor site and,

together with other cytokines secreted by cells of the TME, it provides the tumor with
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pro-survival signals. CXCL12 attracts metastatic CXCR4-expressing neoplastic cells and
retains them in favorable niches for tumor growth and survival, such as the BM, which
protect tumor cells from chemotherapy through CAM-DR (Burger and Kipps, 2006).
These niches are therefore a reservoir for minimal residual disease (MRD) and play an
important role in relapses. If local levels of CXCL12 become low, CXCR4 expressing
tumor cells may follow a CXCL12 cue and migrate, along a positive concentration
gradient, towards sites of metastasis with high CXCL12 expression. Once they reach the
secondary site, again, the chemokine ligand retains the tumor cells and encourages
survival and growth (Balkwill, 2004). In addition, CXCR4-expressing endothelial

progenitors are also recruited to the tumor and angiogenesis takes place (Figure 7).

)Survival
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Tumor
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(C) Angiogenesis Metastasis

Endothelial
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Blood vessel

Tumor ceIIs CXCR4
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Marrow stromal cells

(A) Retentlon HSC

Figure 7.- Role of the CXCL12 - CXCR4 axis in cancer. Bone marrow (BM) stromal cells secrete CXCL12
and retain CXCR4 HSC cells in the BM. In the same way, tumor stromal cells also secrete CXCL12 and
retain CXCR4 expressing tumor cells (A). Activation of the receptor induces survival and proliferation of
the malignant cells (B). High levels of CXCL12 in the tumor also recruit endothelial progenitors and
favor angiogenesis (C). If for some reason, CXCL12 at the tumor site becomes low, tumor cells will
migrate towards a secondary site with higher levels of the chemokine (D). Abbreviations: HSC and HPC,
hematopoietic stem cells. Adapted from (Burger and Kipps, 2006).

25



1-INTRODUCTION

1.5.4 The role of CXCL12 - CXCR4 in DLBCL

High CXCR4 levels have been recently identified as an adverse prognostic
factor in DLBCL. Moreno et al. correlated CXCR4 expression of DLBCL cell lines with
increased migration capacity in vitro and tumor dissemination in vivo. They also
described CXCR4 as an independent predictor of worst prognosis in DLBCL patients
(Moreno et al., 2015). In addition, a study by Chen et al. also correlated CXCR4
expression with worst prognosis in de novo DLBCL patients treated with R-CHOP. They
found that CXCR4 expression was associated with MYC overexpression in DLBCL, while
GEP pointed out an immunosuppressive, proliferative and anti-apoptotic CXCR4
signature both in GCB and ABC subtypes (Chen et al., 2015). Accordingly, in a recent
publication by Xu et al., in DLBCL, CXCR4 was also significantly linked to worst prognosis
and to the expression of mTOR, an essential regulator of cell growth, proliferation,

survival, and motility (Xu et al., 2017).

Additionally, the CXCR4 ligand, CXCL12, is among the genes included in the
proangiogenic “stromal 2 signature” which is associated with an unfavorable outcome
in DLBCL (Lenz et al., 2008b). Accordingly previous work in the lab had shown that
CXCL12 protein levels in tumor biopsies correlated with BM involvement and with
highly vascularized tumors (factors associated to worst prognosis) (Recasens-Zorzo et
al., 2017).

The above studies have uncovered the CXCR4-CXCL12 axis as a new prognostic
marker in cancer and DLBCL. They have also evidenced the role of this axis in drug

resistance.

1.5.5 CXCR4 inhibition

CXCR4 plays a role in tumor progression, metastasis and drug resistance and
thus represents a potential pharmacological anti-cancer target. Various ongoing clinical
trials and preclinical studies are evaluating the benefit of targeting the CXCL12-CXCR4

axis (see section 1.5.6).

Four main putative mechanisms of action are to be considered prior the

evaluation of new anti-CXCR4 approaches:

The CXCR4 signaling pathway leads to survival and proliferation.
Therefore, CXCR4 inhibition should stop cell proliferation and induce

apoptosis in the targeted CXCR4 expressing tumor cells.
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Il. CXCL12, the CXCR4 ligand, is a major inducer of cell chemotaxis and
this axis is known to play a crucial role in tumor metastasis. Therefore
treatment with CXCR4 inhibitors should influence the high capacity of
CXCR4 to mobilize cells. In this regard, inhibition of CXCR4 should
reduce engraftment of tumor cells to CXCL12-expressing sites and

inhibit metastasis.

. The CXCL12-CXCR4 axis also plays an important role in homing of
CXCR4 expressing cells, retention and CAM-DR. Disruption of the
interaction between CXCL12-secreting stromal cells and CXCR4-
expressing tumor cells may lead to the mobilization of these
malignant cells that are trapped in a protected niche inaccessible to
chemotherapy into the blood flow, and to a consequent sensitization

to treatment.

IV. CXCL12 attracts CXCR4-expressing endothelial cells. As a consequence
the CXCL12-CXCR4 axis induces angiogenesis. CXCR4 inhibition may

therefore induce blockade of blood flow to the tumor.

The therapeutic benefits of targeting this axis as well as its biological relevance
in DLBCL, and what effect would CXCR4 inhibition exert in this pathology have just
started to be investigated and remain largely unexplored. Moreno et al. first reported in
2015 that CXCR4 inhibition reduced CXCL12-induced migration of DLBCL cell lines in
vitro, and dissemination in a xenograft mouse model of DLBCL (Moreno et al., 2015).
Another study has shown that CXCR4 inhibition enhances the growth-inhibitory and
apoptotic effect of Rituximab in two DLBCL cell lines in vitro (Reinholdt et al., 2016).
Finally, CXCR4 inhibition in combination with the mTOR inhibitor everolimus had a

synergistic effect in inhibiting proliferation of DLBCL cell lines (Xu et al., 2017).

1.5.6 CXCR4 inhibitors in the clinic or in development

Except for the study by Xu et al., which uses the CXCR4 inhibitor WZ811, the
previous studies of CXCR4 inhibition in DLBCL, use the first in class CXCR4 inhibitor
AMD3100 (Figure 8). Due to the patent role of CXCR4 in cancer and other pathologies,

and the pharmacological limitations of AMD3100, several new CXCR4 inhibitors are
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being synthesized and tested. In this section, AMD3100, the standard CXCR4 inhibitor,
as well as 1QS-01.01, the CXCR4 inhibitor studied in this thesis, are described in detail.

Additionally, the CXCR4 inhibitors that are currently in clinical trials are also outlined.

1.56.1 AMD3100

« 8HCI *xHx0

\f

Figure 8.- Molecular structure of AMD3100. Presented as a chlorohydrate salt, AMD3100 is composed
of two cyclam rings attached by an aromatic bridge.

AMD3100 (Plerixafor, Mozobil) is the only CXCR4 inhibitor approved by the FDA
and the EMA for clinical use. Synthesized by Johnson Matthey (AnorMED) in
collaboration with the Rega Institute of Leuven, Belgium, it is characterized as a
bicyclam with the bicyclam rings bound by an aromatic bridge and presented as a
chloride salt (Figure 8). It was developed as an anti-HIV drug in 1994 and in 1997
bicyclams were demonstrated to target only CD4+ T-cell tropic X4 HIV strains which use
CXCR4 as a co-receptor for infection (De Clercg, 2009). After proofing that AMD3100
was a highly specific CXCR4 inhibitor with no cross-reactivity with other chemokine
receptors, a phase | clinical trial in healthy volunteers, prior anti-HIV activity evaluation,
exhibited an increase in leukocyte blood count as an unexpected side effect (Hendrix et
al., 2000). Further studies demonstrated that the mobilized cells were predominantly
HSC (Liles et al., 2003). These findings lead to the investigation of AMD3100 as an HSC
mobilizing agent for HSC collection and transplantation. In 2005 it was concluded that
addition of AMD3100 to healthy volunteers treated with granulocyte-colony stimulating
factor (G-CSF), the HSC mobilizing therapy used at that time, had a synergistic effect
(Liles et al., 2005). Further studies showed that AMD3100 in combination with G-CSF
mobilized HSC in patients affected by NHL and MM.

In 2008, AMD3100 was authorized in the USA by the FDA (De Clercg, 2009) and
approved one year later by the European Medicines Agency (EMA) (European
Medicines Agency). AMD3100 is authorized to treat the condition of myelosuppression
caused by chemotherapy treatment of malignant disorders, which requires an AHSCT. It

is indicated in combination with granulocyte colony stimulating factor (G-CSF) to
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enhance mobilization of hematopoietic stem cells to the peripheral blood for collection

and subsequent AHSCT in patients with lymphoma and MM whose cells mobilize poorly.

Around 30 clinical trials with Plerixafor are documented by the U. S. National
Library of Medicine (National Institute of Health b). Most of the trials aim at evaluating
and improving AMD3100 HSC mobilization capacity in leukemia and lymphoma such as
acute myeloid leukemia (AML), MM, and NHL for AHSCT. Additionally, the following
clinical trials are based in the hypothesis that CXCR4 inhibition by AMD3100 might be an

anticancer pharmacological strategy (Table 6):

Combined with chemotherapy and radiation therapy, AMD3100 is being
evaluated in glioma patients in a Phase I/Il study (NCT01977677).

Clinical trials in adult patients with relapsed AML have demonstrated promising
results when combining AMD3100 with cytotoxic chemotherapy. A Phase | study is
testing the safety of AMD3100 together with chemotherapy in pediatric patients with
relapsed or refractory acute lymphoblastic leukemia (ALL), AML and myelodysplastic
syndromes (MDS) with the purpose of mobilizing leukemia cells from their protective

stromal environment and chemosensitizing them (NCT01319864).

Another phase | study in elderly AML patients is also assessing if AMD3100 will
improve treatment outcomes via mobilization of leukemia stem cellsin combination
with chemotherapy (NCT01352650).

The NCT01236144 trial also aims at establishing the feasibility of combining
AMD3100 with chemotherapy in older patients with AML and high risk MDS.

A phase | study in patients with advanced pancreatic, high grade serous
ovarian and colorectal adenocarcinomas is recruiting to assess the impact of treatment
with AMD3100 on the TME modulation (NCT02179970).

Malignancy Combined with  Phase Reference

Glioma Chemotherapy, Phase NCT01977677
radiation 1/11

Pediatric relapsed or refractory ALL, AML ~ Chemotherapy  Phase | NCT01319864

and MDS

Elderly AML Chemotherapy  Phase | NCT01352650

Elderly AML and high risk MDS Chemotherapy  Phase NCT01236144

1/
Advanced pancreatic, high grade serous - Phase | NCT02179970

ovarian, and colorectal adenocarcinomas

Table 6.- Ongoing clinical trials with AMD3100 as an antitumor drug. Abbreviations: ALL, acute
lymphoblastic leukemia; AML, acute myeloid leukemia; MDS, myelodysplastic syndromes.
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In summary, the antitumor effect of CXCR4 inhibition by means of AMD3100
has, and is being investigated in the clinics in glioma, AML, MM, MDS, and ovarian,
colorectal, and pancreatic cancer. There are currently no ongoing trials in other
malignancies such as DLBCL (European Medicines Agency; National Institute of Health
b).

LIMITATIONS OF AMD3100

Anti-HIV studies were precluded because, in clinical trials, treatment with
AMD3100 had poor anti-HIV efficacy and resulted in serious side effects. In fact, in a
phase I/l clinical trial in HIV, out of 40 enrolled patients, 8 subjects discontinued drug
study due to serious adverse events or adverse events including cardiac toxicity such as
ventricular ectopy and bigeminy, thrombocytopenia and parenthesias. Other adverse
events such as gastrointestinal disorders, abdominal pain, hypertension and tachycardia
were frequent (Hendrix et al., 2004). This dose escalation study administered AMD3100
as a 10 day continuous effusion at doses ranging from 2.5ug/kg/h to 160ug/kg/h.

The authorized route of administration for AMD3100 is subcutaneous injection
and it should be administered 6 to 11 hours prior to initiation of each apheresis
following 4 day pre-treatment with G-CSF. AMD3100, has been commonly used for 2 to
4 consecutive days as a single dose in clinical trials. It may be used for up to seven
consecutive days being suitable for the short-term setting regimens required for
AHSCT. In this treatment context, the most common side effects (which may affect
more than 1 patient in 10) are diarrhea, nausea and reactions at the site of injection

(European Medicines Agency, 2017).

To enable a continuous CXCR4 inhibition needed to obtain an antitumor effect,
an orally available, more stable, and adequate for long-term administration inhibitor

would be required.

1.5.6.2 Other CXCR4 inhibitors in clinical trials

CXCR4 inhibitors with better pharmacological properties than AMD3100 for
use in the treatment of different tumors are being explored in several clinical trials
(Table 7).

BL-8040/BKT-140 is an orally available peptidic CXCR4 inhibitor developed by
Biokine and licensed to BiolLineLX. It is currently in phase Il clinical trials for anticancer
treatment of ALL or lymphoblastic lymphoma (LL), unresectable or metastatic gastric
cancer, AML, pancreatic cancer, and mobilization for AHSCT. And in phase | in

metastatic non-small cell lung cancer (NSCLC).
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PF-06747143 is a CXCR4 antagonist IgG1 antibody developed by Pfizer for the
treatment of hematological malignancies. Promising results have been obtained in
preclinical studies (Liu et al., 2017) and its safety is currently being evaluated in a phase
| clinical study administered intravenously (NCT02954653).

Ulocuplumab (BMS-936564) (MDX-1338) is a Bristol-Myers Squibb fully human
lgG4 anti-CXCR4 with antitumor properties in vitro and in vivo in preclinical models of
haematological malignancies (Kuhne et al., 2011). Administered intravenously, its safety
is being tested in phase Ib clinical trials in MM, AML, CLL and FL (Amaya-Chanaga et al.,
2013).

Originated and developed by Proximagen (Upsher-Smith Laboratories), USL311
is an orally available small molecule that is under a phase I/l clinical trial for advanced
solid tumors and glioblastoma (NCT02765165).

LY2510924 is a small peptide developed by Lilly that is subcutaneously
administered in phase | studies for advanced refractory solid tumors (NCT02737072,
NCT01391130, NCT01439568).

Drug Type Administration ~ Company
route

BL-8040/ BKT-140 Peptidic Oral BioLinelLX

PF-06747143 1gG1 Antibody Intravenous Pfizer

Ulocuplumab (BMS- 1gG4 Antibody Intravenous Bristol-Myers

936564) (MDX-1338) Squibb

uUsL311 Small molecule Oral Proximagen

(Upsher-Smith
Laboratories)
LY2510924 Small peptide Subcutaneous Lilly

Table 7.- CXCR4 inhibitors in clinical trials other than AMD3100.
1.5.6.3 10S-01.01

With the aim to find a CXCR4 inhibitor with improved pharmacological
properties, in this thesis we have analyzed the preclinical activity of the new CXCR4
inhibitor 1QS-01.01. Like the reference CXCR4 inhibitor AMD3100, IQS-01.01 is a
symmetric molecule with a central p-phenylene group. Nitrogen atoms on each site are

intercalated in carbon chains (Figure 8 and 9).

It was designed by the Molecular Engineering Group (GEM) at Institut Quimic
de Sarria (1QS) School of Engineering as an anti-HIV drug. 1QS-01.01 (referred as 1 {8,8}
in the original study) was the best lead candidate of a library of 53 compounds designed
to improve AMD3100. Structurally, it preserves the main features of AMD3100;

symmetry, a central p-phenylene grup, and nitrogen atoms on each site at a similar
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distance than those of the cyclam in AMD3100. By computational calculations, it has
been determined that at physiological pH, these nitrogens become positive and interact
electrostatically with the lateral chains of acidic amino acids of CXCR4. A methyl group is
attached to the chiral carbon of each of the two piperidine rings on each site of the
molecule. The spatial orientation of these methyl groups is responsible for the different
stereoisomers (RR, SS, and RS) (Pettersson et al., 2008) (Figure 9).

(o

Figure 9.- Molecular structure of 1QS-01.01. Skeletal structure of 1QS-01.01. *chiral carbons.
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As AMD3100, 1QS-01.01 was originally designed as an anti-HIV drug. CXCR4
residues that are crucial for HIV binding and consequent cell infection have been
determined by site-directed mutagenesis (SDM) (Brelot et al., 2000). In silico docking
studies predicted 1QS-01.01 to bind to this CXCR4 SDM-defined binding pocket through
electrostatic interactions between the positively charged nitrogen atoms of the drug
and the negatively charged lateral chains of Asp262 and Glu288. In vitro experiments
showed that, among the 53 tested compounds, IQS-01.01 presented the higher antiviral
activity with an EC50 of 0.008 pg/ml that was comparable to the EC50 of 0.001 ug/ml of
AMD3100, without cytotoxicity at the tested concentrations. Additionally, time-of-drug
addition experiments reviled that 1QS-01.01 presented a similar time and site of
interaction than AMD3100. Finally, an occupancy assay demonstrated that 1QS-01.01
efficiently prevented the binding of an anti-CXCR4 antibody, but failed to block the
binding of anti-CD4, CCR5, or CD45 antibodies, pointing out the specificity of the
compound toward CXCR4, but not other lymphoid receptors (Pettersson et al., 2008).

As a new CXCR4 inhibitor with comparable activity to the reference compound
AMD3100, 1QS-01.01's antitumor activity has been investigated in a preclinical model of
glioma. The tetrachlorohydrate of 1 {8,8} (referred as compound 11 in their study) and
its 3 stereoisomers (SS, RR and RS) were evaluated and compared using AMD3100 as a
reference. With the lowest Kg the stereoisomer 1QS-01.01RS was the compound with
the highest CXCR4 binding activity. 1QS-01.01RS could also inhibit AKT phosphorylation
in patient-derived neutrospheres suggesting that it is a more potent CXCR4 inhibitor
than AMD3100 and the other stereoisomers. Although none of the compounds had a

major effect on cell proliferation or viability, the four CXCR4 inhibitors decreased the
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amount of glioma initiating cells of the neutrospheres. This translated into a decrease in
tumor number and mass in an orthotropic human glioma mouse model generated from
IQS-01.01 or AMD3100 pre-treated glioma cells (Ros-Blanco et al., 2012).

According to the published results detailed above, 1Q5-01.01 seems like a
promising lead CXCR4 inhibitor and therefore, further testing should be carried out in
other to understand and improve its limitations and potentiate its strengths. This thesis
aims at the evaluation of the anti-tumor activity of this new CXCR4 inhibitor in

preclinical models of DLBCL.

1.6 MYC

1.6.1 The role of MYC in healthy biological processes

Located in chromosome 824, MYC was first described in 1978 as an homolog
of the avian retroviral oncogene v-myc (Hayward et al., 1981; Sheiness et al., 1978). It is
an essential transcription factor (TF), member of the basic-helix-loop-helix-leucine
zipper (bHLH-LZ) family, that by recruiting histone-modifying and chromatin-remodeling
enzymes, regulates genes related to basic cellular processes such as cell growth and
proliferation, metabolism, and apoptosis. MYC requires the dimerization with its
partner MAX (another bHLH-LZ TF) to bind to DNA enhancer box sequences (E-boxes)
(Figure 10). In healthy adults, MYC expression is generally low and restricted to cells
with proliferative and regenerative potential. B-cells are rapid proliferating cells that
rely on MYC for their normal development and maturation (Adhikary and Eilers, 2005;
Karube and Campo, 2015; Kress et al., 2015).

DNA

Figure 10.- MYC-MAX heterodimer and DNA binding. Adapted from (Garcia et al., 2017).
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1.6.2 The role of MYC in cancer and DLBCL

The normal function of MYC in cell growth and proliferation makes MYC a

potent proto-oncogene implicated in the generation of several different tumors.

The discovery of the translocation of MYC into the Ig heavy chain locus in
Burkitt lymphoma (BL) was the first evidence of the involvement of MYC in human
neoplasia (Dalla-Favera et al., 1982). Considering the power of MYC as an oncogene and
the important role it plays in B-cell development, the relevance of MYC in lymphomas is

not surprising

Between 30 and 50% of DLBCLs aberrantly overexpress MYC and around 20%
present MYC chromosomal translocations. The presence of MYC rearrangements is an
independent predictor of poor outcome in DLBCL patients treated with standard
therapy. MYC overexpression is associated with shorter survival in DLBCL patients while
Valera et al. have correlated high MYC protein levels with poorer overall survival
(Karube and Campo, 2015; Valera et al., 2013).

1.6.3 MYCinhibition

MYC had been historically considered an undruggable oncogene mainly due to
its nuclear localization, lack of a defined ligand binding site, and physiological function
essential to the maintenance of normal tissues. At the present, several direct and
indirect MYC inhibitory strategies are being evaluated (Whitfield et al., 2017).

An exciting first approach in the 90s was the use of antisense oligonucleotides
that interacted with MYC mRNA to impair the expression of the gene, a strategy that in
spite of improving overall survival in a neointimal hyperplasia phase /Il study in 2007,
hasn't been further developed (Kipshidze et al., 2007). Small molecules to inhibit the
MYC-MAX dimerization have also been investigated and shown to be effective in vitro,
however no specific druggable domain is involved in this interaction, and poor
bioavailability and lack of selectivity characterize this strategy (Whitfield et al., 2017).
Omomyc is a miniprotein that acts as a dominant negative of MYC. It displaces MYC by
binding to MAX and generates DNA-bound inactive dimers. Based on promising
preclinical results, the Vall d'Hebron Instituto de Oncologia (VHIO) spinoff Peptomyc S.L.
is planning the initiation of clinical trials (Annibali et al., 2014; Soucek et al., 2008;
Soucek et al., 2013).

1.6.3.1 BET inhibitors

BRD4 is a member of the subfamily bromodomain and extra-terminal (BET)

which belongs to the bromodomain (BD) family. The BD family is constituted by a group
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of proteins that contain BDs. BDs recognize acetylated lysines (Ac-Lys) in the N-terminal
(Nt) histone tails and attach to them through easily druggable, specific, hydrophobic
binding pockets (Filippakopoulos et al., 2012). The BET subfamily is characterized by
containing 2 BDs plus an extra-terminal (ET) domain responsible of protein-protein
interactions. This ET domain confers BET proteins the capacity to act as scaffolds for
transcription factors (TF) and form active transcription complexes. BRD4 was identified
as a component of a recurrent t(15;19) chromosomal translocation in the aggressive
NUT midline carcinoma (NMC) (French et al., 2008). As a BET family member, BRD4 is a
global regulator of gene transcription that selectively recognizes and binds to Ac-Lys
residues in histones to activate transcription and mitosis. It preferentially localizes in
super-enhancers associated with key transcription factors implicated in
lymphomagenesis such as MYC that are, therefore, specifically sensitive to BRD4
inhibition. This explains the selective anti-tumor effect of BRD4 inhibitors (Whitfield et
al., 2017) (Figure 11).

BFL1
EZH2

BET inhibitors
MYC
BCL2

1
.
220

Figure 11.- BET inhibition. Schematic representation of the mechanism of action of BET inhibitors.
Histones represented in gray and DNA string in black. Abbreviations: Ac, acetyl group; Pol II,
polymerase Il. Adapted from (Zhu et al., 2016).

The development of the first BRD4 inhibitor JQ1 in 2010 by Filippakopoulos et
al. was a promising indirect strategy to target MYC. They showed that JQ1 displaced
BRD4 from nuclear chromatin in cells and that it was antitumoral in NMC mice
xenografts (Filippakopoulos et al.,, 2010). This highly potent, selective and cell
permeable inhibitor of BRD4 also showed preclinical antitumor activity in several tumor
types including MM, ALL, AML and DH lymphoma among others (Filippakopoulos and
Knapp, 2014; Whitfield et al, 2017). Several other BRD4 inhibitors have been
synthesized with the aim to improve JQ1 pharmacological properties and further
studies have validated BET-bromodomain targeting as a promising therapeutic strategy
in different subtypes of aggressive B-cell lymphoma, including DLBCL (Boi et al., 2015;
Esteve-Arenys et al., 2018). GSK525762 (I-BET762) is in a phase I/Il study in subjects with
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relapsed, refractory hematologic malignancies (Borthakur et al., 2016) and is also being
evaluated in solid tumors. BI-894999 is under a clinical trial for solid malignancies and
DLBCL (NCT02516553). A phase I/Il trial in DLBCL and other haematological
malignancies using the BET-inhibitor OTX015 (MK-8628) is being executed
(NCT01713582). FT-1101, GS-5829 and INCB054329 are also under evaluation in clinical
trials of hematologic malignancies (NCT02543879, NCT02392611 and NCT02431260).

Promising results are arising from this trials, however, resistances due to
rebound increase in protein levels of BRD4 target genes or other mechanisms have
been reported (Kumar et al., 2015) and besides, an atypical kinase activity has been
associated to BRD4 (Devaiah et al., 2012). To address this, combination of BET-
bromodomain inhibitors with classic kinase inhibitors screened by their ability to bind to
the Ac-Lys binding pockets is being evaluated and so is a new generation of dual-activity
BET-kinase inhibitors (Ember et al.,, 2014). Moreover, proteolysis targeting chimeras
(PROTACs) of BET-inhibitors with a linked E3 ligase have appeared with the aim of
simultaneously targeting BET-BD and degrading them showing promising activity (Saenz
etal., 2017).

CPI1203

CPI203 is a BRD4 inhibitor developed by Constellation Pharmaceuticals (Figure
12) with improved bioavailability in mice compared to JQ1 that has proved antitumor
activity through MYC down regulation in neuroendocrine tumors, MCL and MM (Diaz et
al., 2017; Moros et al., 2014b; Siegel et al., 2015; Wong et al., 2014). CPI0610 is a CPI
203 analogue that is currently in three separate phase | clinical studies in progressive
lymphoma, MM and AML (NCT01949883, NCT02157636 and NCT02158858).
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Figure 12.- Molecular structure of the BRD4 inhibitor CPI203.
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It is worth pointing out that BET inhibition downregulates other tumor related
genes apart from MYC. Nevertheless, in this work, we focused on the capacity of CPI1203
to inhibit MYC.

1.7 CXCR4 and MYC

Association between CXCR4 and MYC has been observed in DLBCL. Chen et al.
reported that CXCR4 positive patients presented a higher MYC expression compared to
CXCR4 negative patients regardless the ABC/GCB subtype (Chen et al., 2015).

1.7.1 MYC stability

MYC protein is highly unstable with a half-life of between 20 and 30 minutes
(Gregory and Hann, 2000). This rapid turnover is caused by regulation of MYC mRNA
stability (Dani et al., 1984; Herrick and Ross, 1994), translational and posttranslational

modifications (Kress et al., 2015).

MYC proteolysis is mediated by the ubiquitin-proteasome pathway (Gregory
and Hann, 2000) and its poly-ubiquitination is regulated by two evolutionally conserved
phosphorylation sites, Ser62 and Thr58. When Ser62 is phosphorylated by phospho (p)
ERK1/2, MYC is stabilized. P-Ser62 may then be recognized by glycogen synthase kinase
3B (GSK-3B) which phosphorylates MYC at Thr58. Only when Thr58 is phosphorylated,
the phosphatase PP2A is able to remove the phosphate from Ser62 and the E3 ubiquitin
ligase may bind to MYC p-Thr58 and proceed to its N-terminal ubiquitination.
Ubiquitinated MYC undergoes proteolysis through proteasomal degradation (Hann,
2006; Jozwiak et al., 2014; Sears et al., 2000). P-AKT, may also induce MYC protein
stability because it has the ability to phosphorylate GSK-3B at Ser9 and inhibit its activity
(Vervoorts et al.,, 2006) (Figure 13). As a GPCR, activation of CXCR4 leads to the
activation of ERK1/2 and the PI3K/AKT pathway (Figure 6) which may stabilize MYC.

Deregulation of any of the components of these regulatory pathways may lead
to the aberrant overexpression of the MYC oncogene and add up to the tumor effects
of any possible genetic aberration. In fact, stabilization of MYC through ERK or AKT has
been related to resistance to chemotherapy and aggressiveness in melanoma (Tsai et

al., 2012) and prostate cancer (Hatano et al., 2013).
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Figure 13.- Regulation of MYC protein stability. Adapted from (J6zwiak et al., 2014). Abbreviati-ons: PP2A,
phosphatase 2A.

1.7.2 The CXCR4 - ERK1/2 - MYC signaling loop

As ERK1/2 and AKT are downstream targets of CXCR4, activation of the
receptor should lead to the stabilization of MYC. In this sense, Moriuchi et al. reported
that not only MYC is regulated by CXCR4, but that CXCR4 is among the MYC target
genes. In a study published in 1999, they showed that MYC enhanced the promoter
activity of CXCR4. They identified an E-box in the promoter of CXCR4 (at -260 relative to
CXCR4 transcription start site) and confirmed that, as a bHLH-LZ transcription factor,
MYC was able to bind to this E-box. They further showed that PBMCs transfected with
MYC, up-regulated the expression of CXCR4 promoter-luciferase reporter constructs. In
addition, they showed that when the E-box was mutated, CXCR4 promoter activity
ceased to be upregulated (Moriuchi et al., 1999).

Hatano et al. have also investigated the link between CXCR4 and MYC in
prostate cancer (Hatano et al., 2013). In their attempt to understand the mechanism of
resistance to chemotherapy, they found constitutive activation of CXCR4, ERK1/2, and
MYC signaling in tissue samples from therapy-resistant patients. After confirming that
chemotherapy-resistant residual prostate cancer cells had a higher tumorigenic
potential than primary cancer cells, they aimed to understand the mechanisms
underlying this increase in aggressiveness. They found an over-activation of ERK1/2 in

resistant cells that was linked to posttranslational MYC stabilization. They also found
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that CXCR4 transcript levels were upregulated in resistant cells and that the observed
over-activation of ERK1/2 and consequent MYC stabilization was induced by the
CXCL12-CXCR4 pathway. Chemotherapy also upregulated CXCR4 in primary cancer cells,
a phenomenon that was inhibited by MYC knock-down, suggesting that, as in the study
by Moriuchi et al. (Moriuchi et al., 1999), MYC was enhancing the transcription of
CXCR4 that, in turn, stabilized MYC through ERK1/2 activation (Figure 14). They
therefore concluded that residual prostate cancer cells after chemotherapy increased
their tumorigenic potential via a CXCR4-ERK1/2-MYC positive feedback loop and that

the activation of this loop confered, to the tumor cells, a more aggressive phenotype.

CXCR4 ERKA1/2

Promoter
activity

MYC

Figure 14.- CXCR4 - ERK1/2 - MYC signaling loop. Schematic representation of the CXCR4, ERK1/2 and
MYC positive feedback loop described by Hatano et al. (Hatano et al., 2013).
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2 Hypothesis & Aims






2.1 Hypothesis

There is increased awareness of the pivotal role of tumor-TME crosstalk in the
outcome of many types of cancer, including lymphoid malignancies. Consequently, the

disruption of this communication has become a source of new targeted therapies.

In the model of study of this doctoral thesis, DLBCL, a correlation between the
expression of the chemokine receptor CXCR4 and the patient outcome has been
recently acknowledged. Hence we hypothesized that CXCR4 inhibition might be a

promising anti-tumor strategy to treat this disease.

In the context of cancer, CXCR4 has been previously associated to MYC
expression. Based on this, the second hypothesis of this thesis is that inhibition of MYC
is a rational therapeutic strategy of combination that could potentiate the antitumor
effect of CXCR4 targeting.
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2.2 General aim and specific objectives

The general aim of this thesis is to investigate the therapeutic potential of
targeting CXCR4 in DLBCL as well as to improve the current pharmacological
intervention toward this receptor for the translation into the clinics of an effective and

safe therapy.

In the context of this general aim, we established the following specific

objectives:

1. To evaluate the antitumor effects of the new CXCR4 inhibitor 1QS-01.01 in

preclinical models of DLBCL.

1.1. To determine the most potent stereoisomer of 1QS-01.01.
1.2. To compare the selected stereoisomer with the first-in-class CXCR4 inhibitor,

AMD3100.

2. To study the therapeutic effects of simultaneous CXCR4 and MYC inhibition in
preclinical models of DLBCL by combining 1QS-01.01 with the BET bromodomain
inhibitor CPI203.

2.1. To determine the combinational effect of CXCR4 and MYC targeting in vitro.

2.2. To validate this therapeutic combination in vivo using a DLBCL mouse

xenograft model.
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3.1 Celllines, cell culture and patient samples

3.1.1 DLBCL cell lines

The following DLBCL cell lines from GCB and ABC subtypes were used in this
study (Table 8). SUDHL4, SUDHL6, SUDHL8, SUDHL16, NUDHL1 and U2932 cell lines
were purchased at DSMZ. SUDHL2 and WSU-DLCL2 were obtained from ATCC cell bank
(LGC Standards). OCI-Ly8 and Toledo were kindly provided by Dr. M. Raffeld (National
Cancer Institute Bethesda, MD, USA) and Dr. MA. Piris (Fundacion Jiménez Diaz, Madrid,
Spain). OCl-Ly3 and OCI-Ly10 cells were provided by Dr. A. Staiger (Dr. Margarete
Fischer-Bosch Institute of Clinical Pharmacology, Stuttgart, Germany). HBL1 was
provided by Dr. E. Valls (Transcriptional regulation of gene expression group, IDIBAPS,

Barcelona, Spain).

All cell lines were routinely cultured at 37°C in a humidified atmosphere with
5% carbon dioxide in RPMI 1640 or IMDM medium supplemented with 10% to 20%
heat-inactivated fetal bovine serum (FBS), 2 mM glutamine and 50 pg/ml penicillin-
streptomycin (Thermo Fisher) (Table 8). Mycoplasma infection was routinely tested by
PCR. Cell line authentication was performed upon reception by short tandem repeat
(STR) profiling, using AmpFISTR identifier kit (Thermo Fisher Scientific), and based on
available STR profiles.

The following table shows the culture medium and main characteristics and

genetic alterations of each cell line.

Subtype Cell line Culture media Gender Age Ethnicity Year MYC BCL2 BCL6 Relevant
karyotype
GCB OCl-y8 IMDM, 20% FBS - - - - trans trans trans 1(8;14), t(14;18),
(3;14;8)
SUDHL4 RPMI, 10% FBS M 38 Caucasian 1975 trans trans t(14;18) t(1;3)
Non-IG
SUDHL6 RPMI, 20% FBS M 43 Caucasian 1977 trans trans 1(8;19;9), t(14;18)
Non-IG
SUDHL16 RPMI, 20% FBS M - - 1980 trans t(14;18)
WSU-DLCL2 RPMI, 10% FBS M 41 Caucasian 1990 trans (14;18)
Toledo RPMI, 10% FBS F Adult Caucasian 1990 trans trans (8;14), t(14,18)
SUDHL8 RPMI, 20% FBS M 59 Caucasian - trans (8;22)
NUDHL1 RPMI, 20% FBS M 73 Caucasian 1982 trans trans (3;8), t(14;18)
Non-IG
ABC OCI-y3 IMDM, 10% FBS M 57 = 1983 trans (4;18)
OCl-Ly10 RPMI, 20% FBS, 10
mM Hepes, 0.9
mM B-
mercaptoetanol
SUDHL2 RPMI, 10% FBS F 73 Caucasian 1974
u2932 RPMI, 10% FBS F 29 - 1996 amp amp amp(18q21), amp
(3927)
HBL1 RPMI, 10% FBS M 65 Asian 1984

Table 8.- Main characteristics of the DLBCL cell lines used in this study. Abbreviations: FBS, fetal bovine
serum; M, male; F, female; IG, immunoglobulin; trans, translocation; amp, amplification.

47



3.1.2 Generation of SUDHL6-GFP+/Luc+

The generation of stable green fluorescence protein (GFP) and luciferase (Luc)
expressing SUDHL6 cells (SUDHL6-GFP+/Luc+) through lentiviral infection was
performed as previously described (Bosch et al., 2011) at the Institute of Biomedical
Research (IIB Sant Pau), Hospital de la Santa Creu i Sant Pau, in Barcelona, in the group

headed by Dr. Ramon Mangues and under the supervision of Dr. Isolda Casanova.

Briefly, the following steps were followed:

3.1.2.1  Plasmid amplification

To obtain the necessary plasmids for the generation of the lentivirus, the
competent strain of Escherichia Coli DH5a transformed with the following plasmids was

amplified in LB with the corresponding selection antibiotic.

e pVSV-G contains the genes of the virus envelope
e p8.91 contains the capsid genes
e  pSIN-DUAL-GFP-Luc contains the genes of interest (GFP and Luc)

Plasmids were purified using the maxi kit (Qiagen), and confirmed by enzyme

restriction digestion and agarose gel analysis of the molecular weight of the fragments.

3.1.2.2 Lentivirus generation

293-T cells were grown in poly-lysine coated plates and transfected in
lipofectamine (Thermo Fisher) with the 3 plasmids above. Supernatant containing the

virus was collected after 3 days and virus titration was determined using 293T cells.

3.1.2.3 Infection of SUDHL6 and sorting of GFP+ cells

Virus supernatant was added to the SUDHL6 cell line using different multiplicity
of infection (MOI). The optimum MOI of 0.5 was determined through GFP positivity
detected by flow cytometry. GFP positive cells were gradually sorted using a FACSAria
cell sorter (BD Biosciences) until the recovery of > 90% GFP+ cells. Luc expression was
confirmed in vitro using the luciferase assay system with reporter lysis buffer

(Promega).

3.1.3 StromaNKtert

The mesenchymal stromal cell line StromaNKtert is an immortalized cell line
generated by isolation of adherent cells from human bone marrow transduced with
hTERT to maintain the length of the telomeres (Kawano et al., 2003). It prevents ex vivo

cultured primary cells from dying. This cell line was obtained from Riken Cell Bank
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(Tsukuba, lbaraki, Japan) and cultured in MEM a, no nucleosides media (Gibco)
supplemented with 2 mM glutamine and 50 ug/ml penicillin-streptomycin, 12.5% heat-
inactivated FBS, 12.5% horse serum, 100 uM B-mercaptoetanol (Sigma), and 1 pM

Hydrocortisone solution (Sigma).

3.1.4 Isolation and culture of DLBCL primary cells

DLBCL patients were diagnosed according to the WHO classification criteria
(see clinical characteristics in Table 9). Primary cells were obtained from lymph nodes
(LN), spleen or peritoneal biopsies through aspiration using a fine needle, with RPMI
1640 (Thermo Fisher) culture medium. Samples were stored within the
Hematopathology collection of our institution registered at the Biobank from Hospital
Clinic-IDIBAPS (R121004-094). The ethical approval for this project including the
informed consent of the patients was granted following the guidelines of the Hospital
Clinic Ethics Committee (IRB, reg. num. 2012/7498).

Cells were thawed at 37°C, DMSO was removed by washing with RPMI 10%
FBS, and cells were resuspended in complete RPMI 1640 medium as above and
cocultured with StromaNKtert at a proportion of 5:1 (DLBCL:StromaNKtert) to prevent
spontaneous ex vivo apoptosis and used for functional studies. Percentage of tumor
cells was determined by staining with a fluorescent-conjugated anti-CD19 or anti-CD20
antibodies (BD biosciences) followed by analysis on an Attune acoustic cytometer.
CXCR4 surface expression was determined in CD20 or CD19 positive cells as explained in
3.7.1.

Patient Source Gender Date of Age at Previous Response to Stage LDH 1PI % CXCR4
diagnosis diagnosis treatment treatment tumor expression
cells
DLBCL#1 Peritoneal M = = = = - - - 92% ND
effusion

DLBCL #2 Spleen M 1992 63 - - - - - 20% 2.8

DLBCL #3 Tonsil [F 2016 78 R-CHOP CR 1A Normal 2 6% ND

DLBCL #4 LN M 2000 78 CHOP Refractory 1A Abnor 3 70% 12.1

mal
DLBCL #5 Spleen F 2010 80 No - 1A Normal 1 34% 8.7

treatment

Table 9.- Patients characteristics. Abbreviations: LN; lymph node; ND, non-determined; R-CHOP,
Rituximab CHOP; CR, complete remission.

3.1.5 Isolation and culture of PBMCs

Peripheral blood mononuclear cells (PBMCs) were isolated by gradient
centrifugation on ficoll (GE Healthcare, Little Chalfont, UK) from buffy coats of healthy
donors and cultured freshly in RPMI 1640 supplemented with 10% FBS, 2 mM

glutamine and 50 pg/ml penicillin-streptomycin (Thermo Fisher).
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3.2 Drugs

The following drugs were used in this study:

The CXCR4 inhibitors 1QS-01.01 (racemic mixture), 1QS-01.01SS, 1QS-01.01RR,
IQS-01.01RS and 1QS-01.01RS tetrahydrochloride hydrate were synthesized by the
Molecular Engineering group (GEM) at IQS School of Engineering (Pettersson et al,,
2008). The first-in-class CXCR4 inhibitor AMD3100 octahydrochloride hydrate was
purchased from Sigma-Aldrich. CPI203 was kindly provided by Constellation
Pharmaceuticals (Cambridge, MA, USA).

For in vitro studies, racemic 1QS-01.01 and the individual stereoisomers were
reconstituted in DMSO, aliquoted, and stored at -20°C. AMD3100 was reconstituted in
ddH20, aliquoted, and kept frozen at -20°C. CPI203 was reconstituted in DMSO,
aliquoted and stored at -80°C. Immediately prior the experiment every drug was diluted
in culture media to obtain the indicated concentration for the treatment. A dose of 100
uM for 1QS-01.01 and AMD3100, and 100 and 500 nM for CPI203 was used throughout

the study unless otherwise specified.

For in vivo studies, 1QS-01.01RS tetrahydrochloride hydrate was reconstituted
in physiological serum (B.Braun) immediately prior treatment. AMD3100 was
reconstituted in physiological serum (B.Braun) at the indicated concentration, aliquoted
and stored at -20°C. An aliquot was defrosted immediately prior treatment. CPI203 was
weekly reconstituted in DMSO and diluted in a 20% solution of 2-hydroxypropyl-B-
cyclodextrin (Sigma- Aldrich) to obtain the indicated concentration prior i.p. inoculation.
Vehicles were prepared the same way excluding the drug. See section 3.11.2 for more

information on doses and administration details.

3.3 cAMP-based CXCR4 activity assay

CXCR4-dependent modulation of intracellular cAMP by the racemic 1QS-01.01,
the stereoisomers SS, RR and RS, and AMD3100 was evaluated at DiscoveRx (Fremont,
CA, USA). The cAMP Hunter™ CHO-K1 CXCR4 Gi cell line was stimulated with
recombinant CXCL12 + forskolin to determine the ECgy of the receptor's physiological
ligand. Forskolin is a cAMP activator. Cells were then exposed for 1 hour to CXCL12 at
the ECgy dose (0.004 uM), with or without a 30 minutes pre-treatment with the
different compounds (10 pM), and intracellular cAMP was quantified with the

HitHunter cAMP XS+ assay. Incubation with forskolin alone was used as a positive
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control (Figure 15). Chemiluminescent signal was detected on a Perkin Elmer Envision

instrument. Percentage inhibition was calculated using the following formula:

. sas mean RLU of test sample — mean RLU of EC80 control
%inhibition = 100% L

mean RLU of forskolin positive control — mean RLU of EC80 control

where: RLU stands for relative luminescence unit; test sample refers to the condition
treated with forskolin and an ECgq concentration of CXCL12 plus the compound of
interest; forskolin positive control refers to the condition treated with forskolin; and
ECgo control refers to the condition treated with an ECgy concentration of CXCL12 plus

forskolin.

Low Levels of Cellular cAMP
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Figure 15.- Schematic representation of the HitHunter cAMP Assay Principle. This assay uses a
technology called Enzyme Fragment Complementation that relays on the capacity of the enzyme B-
galactosidase to hydrolyze a substrate and produce detectable luminescence. The enzyme is split into
two complementary portions, the enzyme acceptor (EA), and the enzyme donor that is covalently
bound to exogenous cAMP (ED-cAMP). In addition, anti-cAMP antibodies are added to the reaction.
When cellular cAMP is low, the ED-cAMP is arrested by the antibody and no luminescence reaction
takes place. In contrast, when cellular cAMP levels are high, it competes for binding to the antibody
and, free ED-cAMP together with the EA become active and generate luminescence. Therefore,
luminescence intensity is proportional to levels of cAMP. Abbreviations: EA, enzyme acceptor; ED,
enzyme donor; Ab, antibody; EFC, Enzyme Fragment Complementation. From (Discoverex SL).

3.4 MTT assay

PBMCs and cell lines were seeded in 96 well plates (5x104 cells per well) and
incubated for 24-48 hours with racemic 1QS-01.01, 1QS-01.01RR, SS or RS, AMD3100
and/or CPI203 at the indicated doses. MTT (3-(4,5-dimethylthiazolyl-2)-2,5-
diphenyltetrazolium bromide) reagent (Sigma-Aldrich) was added 1-5 hours before
formazan dissolution with acidified isopropanol and posterior spectrophotometric
measurement with a Synergy HT (BioTeck). Each measurement was made in triplicate.
Values were represented using untreated control cells as reference. Combination
indexes (Cls) were calculated using the Calcusyn software version 2.0 (Biosoft). The

interaction between two drugs was considered synergistic when Cl< 0.8.
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3.5 Chemotaxis assay

DLBCL cells (5><106 cells/ml) were cultured for 1 hour in FBS-free culture
medium supplemented with 0.5% bovine serum albumin (Sigma-Aldrich), in the
presence or absence of AMD3100 or IQS-01.01RS 100 uM. CXCL12- induced migration
was evaluated using 24-well chemotaxis chambers containing 8 um or 5 um pore size
inserts (Corning Life Science, Tewksbury, MA, USA). Treated or untreated cells (5x10°)
were placed in the upper chamber of the inserts and incubated for 5 hours. The number
of cells that migrated towards the CXCL12-containing medium in the lower chamber
was counted on an Attune acoustic focusing cytometer (Thermo Fisher) (Figure 16). In
parallel, all the conditions were also placed in a well without CXCL12 in order to
determine the basal, CXCL12-independent chemotaxis. Migration Index was calculated
as the number of cells having migrated to lower chamber containing CXCL12, divided by
the number of cells present in the lower chamber without CXCL12 .

Cell count with CXCL12
Cell count without CXCL12

Migration Index =

DLBCL
cells

CXCL12 Transwell Collecting
membrane

Figure 16.- Schematic representation of the transwell chemotaxis assay system. 1) Media with
200ng/ml of recombinant CXCL12 was added to a 24 well plate. 2) A membrane with pore inserts and
an upper chamber was placed over the well. 3) 5-10° pre-treated or control DLBCL cell lines were
placed in the upper chamber and plates were kept in the incubator for 5 hours for the cells to migrate
towards CXCL12. 4) Media from the lower chamber was collected and the number of cells counted.

3.6 Docking study

The interaction of the small molecule CXCR4 inhibitors with CXCR4 was
predicted by molecular docking using Autodock software. IQS-01.01RS, SS and RR, and
AMD3100 molecular structures were generated and geometry optimized with the MOE
software (Chemical Computing Group). CXCL12 and CXCR4 structures were obtained
from the Protein Data Bank (accession numbers 2N55 and 30E6). Blind docking was
conducted including the whole receptor into the grid box. The best interaction

conformation was found in the binding pocket.
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3.7 Flow cytometry analysis

3.7.1 CXCR4 staining

For the detection of surface (sCXCR4) and intracellular (iCXCR4) CXCR4, either
fresh, or paraformaldehyde (PFA)-fixed and saponin-permeabilized cells (2x10°) were
stained with a phycoerythrin (PE)-labeled anti-CXCR4 or isotype control antibody (BD
Biosciences) for 20 minutes and washed. A total of 10.000 events were acquired and
analyzed on an Attune cytometer. Median fluorescence intensity ratio (MFI-R) was
calculated as the ratio between median fluorescence intensity (MFI) of the CXCR4-

labeled sample and the MFI of the isotype.

3.7.2 Occupancy assay

Cells were pre-treated for 1 hour with 1QS-01.01RS, AMD3100 (Sigma-Aldrich)
or an anti-human CXCR4 blocking antibody (30 ug/ml, R&D Systems) followed by
sCXCR4 staining as above.

3.7.3 Annexin V staining

For apoptosis quantification, cells lines treated for 48 hours were labelled with
Pacific Blue-conjugated Annexin V (Thermo Fisher). Patient derived samples cocultured
with StromaNKtert were co-stained with anti-CD20 or anti-CD19 antibodies (BD
Biosciences) and Pacific Blue-conjugated Annexin V (Thermo Fisher). To determine the
percentage of apoptotic cells, 10.000 events were acquired and analyzed on an Attune

acoustic cytometer.

3.8 Protein isolation and Western blot

Proteins were extracted from 10 DLBCL cells lysed using RIPA buffer (Sigma-
Aldrich) or Triton buffer (20 mM TrisH-HCI pH7.6, 0.15 M NaCl, 1 M EDTA, 1% TritonX-
100 (Sigma-Aldrich)) complemented with Halt™ Protease and Phosphatase Inhibitor
Cocktail (Invitrogen). Protein extracts were quantified using the Bradford reagent
(BioRad), and 30-50 pg/lane were subjected to 10% sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE), and transferred onto PVDF membranes
(Immobilon-P; Millipore), or nitrocellulose membranes (Amersham Biosciences).
Membranes were then incubated with primary and secondary antibodies (Table 10 and
see below) and visualized on a mini-LAS4000 device (Fujifilm) by enhanced

chemiluminescence (ECL, Amersham Life Science).
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WESTERN BLOT ANTIBODIES

PVDF membranes were incubated with anti-p-ERK1/2 (T202/Y204), anti-p-AKT
(S473), anti-AKT, anti-p-MYC (S62), anti-MYC, anti-p-GSK-3B (S9) (Cell Signaling
Technology), anti-ERK 1/2 (Santa Cruz), anti-a-tubulin and anti-B-actin (Sigma-Aldrich)
antibodies, and nitrocellulose membranes with anti-CXCR4 (ProSci Incorporated)
antibody, followed by species-matched secondary horseradish peroxidase (HRP)-

labelled antibodies (Cell Signaling Technology) (Table 10).

Antibody against ~ Concentration Diluent Incubation Company Reference
(in TBS-T) time

p-ERK 1/1000 2.5 % p-blocker O/N Cell Signaling Technology #4377

(T202/Y204)

p-AKT 1/1000 5% non-fat milk O/N Cell Signaling Technology #4060S

(S473)

p-MYC (S62) 1/1000 5% BSA O/N Cell Signaling Technology #13748S

p-GSK-3p (S9) 1/1000 5% BSA O/N Cell Signaling Technology #5558

CXCR4 1.5 um/ml 5% non-fat milk O/N ProSci Incorporated 1009

ERK 1/500 5% BSA 2h Santa Cruz sc-94

AKT 1/1000 5% BSA O/N Cell Signaling Technology #9272

MYC 1/1000 5% BSA O/N Cell Signaling Technology #5605

a-tubulin 1/5000 5% non-fat milk 1h Sigma-Aldrich T6074

B -actin 1/5000 5% non-fat milk 1h Sigma-Aldrich A5441

Table 10.- Description of primary antibodies used for western blotting. Abbreviations: p, phospho; TBS-
T, tris-buffered saline-Tween 20; BSA, bovine serum albumin; O/N, overnight; h, hour.

BLOTS QUANTIFICATION

Densitometry of western blot bands was quantified using the Image J software.
Mean grey value was determined for each band and normalized to the mean value of its
corresponding loading control post subtraction of the blank value. Data was then

represented using the control condition as a reference.

3.9 Protein stability assay

SUDHL6 cells were treated with 50 ng/ml of the protein translation blocker
cycloheximide (CHX; Sigma) in the presence or absence of 100 uM 1QS-01.01RS for O to
30 minutes and then harvested. Time-dependent MYC protein levels were determined

by SDS-PAGE as previously. B-actin was used as a loading control.
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3.10 RNA isolation and real-time PCR

Total RNA was extracted using TRIZOL (Thermo Fisher) following
manufacturer’s instructions. To avoid amplification of genomic DNA, purified RNA was
subjected to DNase treatment using the DNA-free™ Kit (Ambion) following
manufacturer’s instructions. Concentration of RNA was quantified with a Nanodrop
(Thermo Fisher) and one microgram of RNA was retrotranscribed to complementary
DNA using moloney murine leukemia virus reverse transcriptase (M-MLV-RT) (Thermo
Fisher) and random hexamer primers (Roche). mRNA expression was analyzed in
duplicate by quantitative real-time PCR on the Step One system by using predesigned
Assay-on-Demand primers and probes (Thermo Fisher): MYC (Hs00153408m1), CXCR4
(Hs00607978s1). The relative expression of MYC and CXCR4 was quantified by the
comparative cycle threshold method (AAC;). 8-ACTIN was used as an endogenous

control.

3.11 Invivo experiments

Mice were housed and bred in the specific pathogen free (SPF) animal facility
of the University of Barcelona, under a 12/12 hour light/dark cycle at 22°C, where they
received a standard diet and acidified water ad libitum. Animal handling was performed
following protocols approved by the Animal Ethics Committee of the University of
Barcelona (protocol #154/16).

3.11.1 NOD/SCID-IL2rynull strain

NOD/SCID-IL2rynull (NSG) mice have been used in this study for the
subcutaneous and systemic model of DLBCL. Deletion of multiple genes in this mouse
strain causes severe impairment in T and B-cell development and absence of NK cells.
This defective immune system increases human tissue engraftment. Table 11 presents

the status of immune cells in NSG.

Mature B-cells Absent
Mature T-cells Absent
Macrophages Defective
Natural Killers Absent
Complement Absent

Table 11.- Characteristics of the immune system of NSG mice.
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3.11.2 Drug administration

3.11.2.1 Toxicity assay

To establish the dosages and route of administration for our DLBCL in vivo
model, an acute toxicity assay was conducted in NSG mice exposed to IQS-01.01RS
tetrahydrocloride or AMD3100 prior efficacy testing. Animals (2 adult males and 2 adult
females per dose) received a single administration of vehicle, 1QS-01.01RS (p.o.) or
Plerixafor (i.p.) at doses ranging from 2 to 10 mg/kg, and were monitored during the
first 4 hours after administration, and daily for 2 weeks for viability/mortality, and vital
parameters. This toxicity test defined a maximum tolerated dose (MTD) of 5 mg/kg for
AMD3100. The MTD dose for orally administered 1QS-01.01RS was not reached and is
therefore greater than 10mg/kg. CPI203 in vivo administration had been previously
established (Moros et al., 2014b).

3.11.2.2 Doses

The administration route and in vivo doses of the studied compounds are
gathered in Table 12.

Compound Route of Dose
administration
Systemic model Subcutaneous
model
1QS-01.01RS Oral 10 mg/kg 2 mg/kg
(gavage)
AMD3100 Intraperitoneal 5 mg/kg -
(syringe)
CPI1203 Intraperitoneal = 1.5 mg/kg
(syringe)

Table 12.- In vivo route of administration and doses.

3.11.3 Systemic model

For the systemic DLBCL model, 8-week old NSG female mice were inoculated
intravenously with 10" SUDHL6-GFP+/Luc+ cells, randomly assigned into 3 equivalent
cohorts of four mice, and treated daily on a 5 on/2 off schedule with 5 mg/kg AMD3100
(i.p.), 10 mg/kg 1QS-01.01RS salt (p.o.) or vehicle.

After 27 days, animals were sacrificed and peripheral blood was collected by
submandibular puncture. Erythrocytes were lysed using ACK buffer (Quality Biological).
Brains and ovaries were homogenized and filtered through 70 um nylon sieves (Becton
Dickinson). Percentage of SUDHL6-GFP+/Luc+ cells was evaluated by the detection of

GFP signal on an Attune acoustic cytometer.
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3.11.4 Subcutaneous model

For the subcutaneous DLBCL model, 10’ SUDHL6-GFP+/Luc+ cells were
inoculated subcutaneously in 8-week old NSG female mice into their lower dorsum in
matrigel basement membrane matrix (Becton Dickinson). When tumors were palpable,
mice were randomized into 4 cohorts of 4 mice each, receiving a twice daily dose of
1.5 mg/kg CPI203 (i.p.), a daily dose of 2 mg/kg IQS-01.01RS (p.o.), both agents, or an
equal volume of vehicle on a 5 on/2 off schedule. Tumor engraftment was determined
weekly following mice injection with 75 mg/kg of D-luciferin (AnaSpec) and
bioluminescence imaging (BLI) using an Aequoria Luxiflux device equipped with an
ORCA-ER camera (Hamamatsu). Color maps were generated with Matlab and BLI signal
was quantified using Image J software. The shortest and longest diameters of the
tumors were measured with external calipers twice a week, up to 28 days, and tumor
volume was calculated with the use of the standard formula % x L x W’ where L=
length (longest diameter), and W= width (shortest diameter) (Tomayko and Reynolds,
1989). Animals were then sacrificed and tumors were weighted and harvested, and
formalin-fixed before paraffin embedding on silane-coated slides in a fully automated

immunostainer (Bond Max; Vision Biosystems).

3.12 IHC

Xenograft tumor samples were subjected to immunohistochemical staining
using primary antibodies against p-histone H3 (1:1000; Epitomics), cleaved caspase-3
(1:1000; Cell Signaling Technology), MYC (1/100; Cell Signaling Technology), p-AKT-
Ser473 (1/50; Cell Signaling Technology), and CD20 (DAKO) (Table 13). Paraffin sections
on silane-coated slides were developed in a fully automated immunostainer (Bond Max,
Vision Biosystems, Mount Waverley, Australia). Low or high pH (Table 13) retrieval was
done in a Bond ER1 Buffer solution (Vision Biosystems) for 20 minutes followed by the
incubation with primary antibody at room temperature and 30 minutes of Bond Refine
Polymer (Vision Biosystems). 5,3-diaminobenzidine was used for 10 minutes as a
chromogen. Preparations were evaluated on a DP70 or a BX51 microscope using the

Cell B Basic Imaging Software (Olympus).

Antibody Reference dilution pH Company

Cleaved caspase-3 (5A1E) #9664 1/100 high  Cell Signaling Technology
MYC #5605 1/100 high  Cell Signaling Technology
p-AKT (Ser473) (D9E) XP #4060S 1/50 high  Cell Signaling Technology
p-histone H3 #1173-1 1/100 high  Epitomics

CD20 #1S604 Ready touse high  DAKO

Table 13.- Description of the antibodies used for IHC. Abbreviations: p, phospho.
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3.13 Statistics

Unpaired t-tests were employed to obtain the statistical significance. Non-
parametric Wilcoxon signed rank test was used to compare the median of a set of
samples against a hypothetical median. All results are expressed as mean+SD except in
vivo results where SEM is used. Results were considered statistically significant when
p<0.05 (*p<0.05, **p<0.01, ***p<0.001).

For the correlation studies, the software SPSS Statistics was used for the
determination of Spearman's rank correlation coefficient (p). To test the null hypothesis
that the slope of the regression line equaled 0 and that there was therefore no linear
dependence between the tested variables, the t-Student's t-distribution was used
(Scheaffer and McClave, 1993).
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4 Results






4.1 Description of IQS-01.01 and its stereoisomers

4.1.1 1QS-01.01RS stereoisomer is the most potent CXCR4 inhibitor

As stated in the introduction (section 1.5.6.3), 1QS-01.01 is a racemic mixture
of 3 stereoisomers (IQS-01.01RR, 1QS-01.01SS and 1QS-01.01RS). A previous study
suggested that 1QS-01.01RS (Figure 17A) had a slightly higher CXCR4 inhibitory activity
than the racemic mixture, the other two stereoisomers (RR and SS), and AMD3100 in
glioma models (Ros-Blanco et al., 2012). To compare the racemic mixture with its 3
individually purified stereoisomers, we performed a cAMP-based antagonist screening
using AMD3100 as a reference CXCR4 antagonist. Figure 17B shows that all the
stereoisomers harbored an improved inhibitory activity when compared to AMD3100,
and that 1QS-01.01RS was the most potent agent with a 181% efficacy of inhibition. An
effect of a 100% corresponds to the inhibition of the activation of the CXCR4 receptor
with an ECgq dose of CXCL12 down to the basal activity of the GPCR. When a compound,
like 1QS-01.01RS, inibits greater than 100% some inverse agonist activity is suspected
(see section 3.3 for detailed methodology). We then analyzed the antitumor activity of
this highly active stereoisomer, together with the racemic mixture in 6 representative
DLBCL cell lines from both GCB and ABC subtypes. As shown in Figure 19C, 1QS-01.01RS
was significantly more active than the racemic mixture at all the doses tested, with a
major effect observed at the 100 uM dose (mean cytotoxicity: 44%, range 42-49%). In
agreement with this observation, migration experiments against a CXCL12 gradient,
further demonstrated that 1QS-01.01RS was a more potent inhibitor of cell chemotaxis
than the racemic mixture with a 2-fold improvement of cell migration blockade (Figure
17D).
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Figure 17.- Design of a new potent CXCR4 inhibitor. A) Ball-and-stick representation of 1QS-01.01RS.
*chiral carbons. B) Inhibition of CXCL12-mediated intracellular cAMP release was determined in
presence of 10 pM of 1QS-01.01 racemic mixture or its 3 individually purified stereoisomers, using
AMD3100 blocking activity as a reference control. C) MTT assay shows superior antitumor effect of 1QS-
01.01RS when compared to 1QS-01.01 racemic mixture after 48 hours. Shown are the mean values
obtained from n=3 GCB-DLBCL cell lines (SUDHL6, SUDHL16, WSU-DLCL2) and n=3 ABC-DLBCL cell lines
(OClI-Ly3, OCI-Ly10 and SUDHL2). D) Inhibition of CXCL12-induced migration upon DLBCL cell treatment
with a 100 uM dose of 1QS-01.01 racemic mixture or 1QS-01.01RS. Shown are mean values from
SUDHL6 and OCI-Ly3 cell lines.

4.1.2 Differential CXCR4 binding properties of IQS-01.01RS over
other stereoisomers

In order to understand the differences in activity between the different 1QS-
01.01 stereoisomers, a comparative docking model was generated. Figure 18 shows the
predicted position of 1QS-01.01RS and 1QS-01.01SS within the binding pocket of CXCRA4.
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4-RESULTS

Due to the difference in the spatial conformation caused by the chiral carbons, the
stereoisomer RS adopts a more internal binding position compared to the RS. The same
was observed when RS was compared to the RR stereoisomer (data not shown). The
fact that each methyl group bound to the chiral carbons faces opposite each other in
the stereoisomer RS confers the molecule a higher flexibility that could reduce some
allosteric impediments and facilitate its binding to a deeper CXCR4 domain. This might
localize 1QS-01.01RS closer to the negatively charged lateral chain of Glu288 and explain
its higher activity.

Figure 18.- Docking model. Predicted docking of 1QS-01.01RS (red) and 1QS-01.01SS (green) on their
target, CXCR4 (orange) from an overhead shot perspective. The binding pocket is shaded in blue.

Based on these results, we proceeded to fully characterize the stereoisomer of
choice, 1QS-01.01RS, in comparison with the first in class CXCR4 inhibitor AMD3100.

4.2 1QS-01.01RS holds better pharmacological
properties than AMD3100

4.2.1 1QS-01.01RS binds to a deeper area in CXCR4 than AMD3100

As above described, 1QS-01.01RS is the most active stereoisomer of the
compound and it inhibits CXCL12-induced CXCR4 activation more potently than
AMD3100 (Figure 17B). In an attempt to understand this difference, we generated
another predictive docking model that showed that IQS-01.01RS was able to bind to a
more internal area of the binding pocket of CXCR4 than AMD3100 (Figure 19A).
According to this model, while the binding site of AMD3100 overlaps almost completely
with that of the physiological ligand, CXCL12, IQS-01.01RS shares its binding site with
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4-RESULTS

CXCL12 only partially (see zoomed image in Figure 19A). This suggests that, when
CXCL12 is absent, both 1QS-01.01RS and AMD3100 are able to bind the receptor, but
that only IQS-01.01RS has the ability to bind CXCR4 in the presence of the ligand.

To validate this predictive informatics model, we performed a CXCR4
occupancy assay by fluorescent labeling of the receptor and flow cytometry analysis, in
the representative cell line SUDHL6 that presents average to high levels of surface
CXCR4 (Table 14). When compared to a control CXCR4 blocking antibody, 1QS-01.01RS
showed a similar occupancy of the receptor, as demonstrated by an equivalent
decrease in CXCR4 labelling, thus confirming the specificity of the compound towards
CXCR4 (Figure 21B). In addition, according to the previous in silico docking model, 1QS-
01.01RS showed slightly lower CXCR4 occupancy activity than AMD3100 (Figure 19B).
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Figure 19.- Docking model. A) Predicted docking of 1QS-01.01RS (red) and AMD3100 (blue) on their
target, CXCR4 (orange). The physiological ligand CXCL12 is represented in green. In the amplification
green shade represents space occupied by CXCL12. B) CXCR4 occupancy assay shows the competition
between IQS-01.01RS or AMD3100 (100 pM) with a PE-labeled anti-CXCR4 antibody for the binding to
the receptor. A control blocking antibody (30 pg/ml, R&D Systems) was used as a control.

Abbreviations: Ab, antibody; sSCXCR4, surface CXCR4.
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Based on these results, 1QS-01.01RS stands as a novel promising CXCR4
inhibitor. We therefore proceeded to analyze the antitumor activity of this small
molecule compared side-by-side with the standard CXCR4 inhibitor AMD3100.

4.2.2 1QS-01.01RS blocks migration of DLBCL tumor cells

To compare the anti-migratory capacity of both drugs, we performed a
CXCL12-induced transwell chemotaxis assay. We found that in ABC and GCB DLBCL cell
lines, both 1QS-01.01RS and AMD3100 harbored comparable anti-migratory properties
against a CXCL12 gradient (Figure 20).
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Figure 20.- Anti-CXCL12-induced chemotaxis activity of 1QS-01.01RS and AMD3100. A) Inhibition of
CXCL12-induced migration upon DLBCL cell treatment with 1QS-01.01RS (100 uM) and AMD3100 (100
UM). Shown are the mean values from n=3 GCB-DLBCL cell lines (SUDHLS8, Toledo and SUDHL6) and n=2
ABC-DLBCL cell lines (U2932 and OCI-Ly3). Data are representative of at least three independent
experiments. B) Shown is the individual migration index of each line and the effect of IQS-01.01RS and
AMD3100. GCB cell lines are in the upper panel and ABC in the lower panel.

4.2.3 1QS-01.01RS increases mobilization of DLBCL tumor cells

A protein-protein blast revealed a 93% of homology between the query murine
CXCL12 and human CXCL12 (National Center for Biotechnology Information) (Figure 21).
This makes the mouse an excellent model to understand CXCL12-CXCR4 dependent
tumor cell recruitment and metastasis, as well as the effect of targeting this axis in

tumor cell mobilization and inhibition of metastasis.
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4-RESULTS

stromal cell-derived factor 1 isoform alpha precursor [Homo sapiens]
Sequence ID: NP_954637.1 Length: 89 Number of Matches: 1

p See 7 more title(s)

Range 1: 1 to 89 GenPept Graphics
Score Expect Method Identities Positives Gaps
159 bits(403) 7e-52 Compositional matrix adjust. 83/89(93%) 86/89(96%) 0/89(0%)

Query 1  MDAKVVAVLALVLAALCISDGKPVSLSYRCPCRFFESHIARANVKHLKILNTPNCALQIV 66
Sbjct 1 B L Vet i ittt enneaa 60

Query 61 ARLKNNNRQVCIDPKLKWIQEVLEKALNK 89
SBICE 61 veeerererieneaaaaaan 89

Figure 21.- Protein-protein blast using Mus musculus CXCL12 protein sequence (accession number:
CAJ18596.1) as a query shows 93% of amino acid identities with human CXCL12. Dots indicate
identities; red indicates unmatched amino acids.

To evaluate the capacity of IQS-01.01RS to inhibit CXCL12 induced chemotaxis
in comparison with AMD3100, we generated a systemic mouse model of DLBCL
mimicking the physiological dissemination pattern of the disease. The SUDHL6 DLBCL
cell line was genetically modified to express GFP and luciferase (SUDHL6-GFP+/Luc+)
(see materials and methods, section 3.1.2), and injected intravenously in the tail vein of

immunocompromised NSG mice.

In this systemic model of DLBCL, both SUDHL6 and SUDHL6-GFP+/Luc+
circulating tumor cells migrated and were retained in the brain and the ovaries, as
shown by IHC detection of CD20 positive cells and confirmed by bioluminescence signal

recording and GFP cytometric detection (Figure 22).
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Figure 22.-Homing of SUDHL6 and SUDHL6-GFP+/Luc+ injected intravenously in NSG mice. A) Detection
of SUDHL6 cells on the infiltrated organs by CD20 IHC 27 days after inoculation. B) In vivo
bioluminescence detected on day 22 after SUDHL6-GFP+/Luc+ injection. C) Percentage of GFP+ cells
assessed by flow cytometry 27 days post inoculation. Abbreviations: EH, hematoxylin and eosin stain;
GFP, green fluorescent protein.
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Treatment of mice with both 1QS-01.01RS and AMD3100 impaired tumor cell
infiltration into the brain, as observed by a decreased cytofluorimetric detection of GFP
positive cells in this organ (Figure 23A). In addition, 1QS-01.01RS triggered superior
mobilization of DLBCL cells into the circulating blood of these animals 12 hours after the
last administration of the compound (Figure 23B). No difference in the tumor load

between the vehicle and the treatment groups was observed in the ovaries (data not

shown).
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Figure 23.- Comparison of 1QS-01.01RS vs AMD3100 in a systemic mouse model. Mean percentage of
GFP positive tumor B-cells detected in brain (A) and blood (B) samples of NSG mice injected
intravenously with SUDHL6-GFP+/-Luc+ cells and treated for 27 days with 1QS-01.01RS, AMD3100, or
vehicle (n=4 animals/group).

4.2.4 1QS-01.01RS inhibits DLBCL tumor growth

CXCR4 has a major role in CXCL12-mediated chemotaxis, but its activation also
leads to survival and proliferation. It is reported that AMD3100 has a minor effect in
tumor cell proliferation and that it is not able to induce apoptosis in DLBCL cell lines
(Reinholdt et al., 2016). Nevertheless, considering the improved pharmacological
properties of 1QS-01.01RS over AMD3100, we investigated the capacity of the
compound to impair tumor cell proliferation beside its inhibitory effect towards
CXCL12-induced chemotaxis. In a panel of 13 DLBCL cell lines, we observed that IQS-
01.01RS was able to block cell proliferation, in a time- and dose-dependent manner,
contrasting with the moderate antitumor activity of AMD3100 (40% versus 12% mean
cell growth inhibition at 48 hours) (Figure 24A and B, and Table 14).

67



A kK

g% B QS-01.01RS
-
5 . m AMD3100
=
()]
gt m 24h
£
5 =0 048h
=
._E
© 20
)]
Z 10
=
5
e 0
1QS-01.01RS AMD3100
-, Oci-Ly8 SUDHL4 SUDHL6 SUDHL16
2 g i 7 70
g 5w G 5 o
= Q
o % B 5 .
[s} o
= =3 = =
Ew E 2 S E 0 .
@ o @
o 2 wn I Zw I g
© [ . R ? w0 1
2 s ﬁ _ﬂ . __I A o lDI I B Lé.l _0
10 50 100 100 10 50 100 100 10 50 100100 10 50 100 100 pM
WSU-DLCL2 Toledo SUDHLS NUDHLA
g 70 g T gm g 70
E L 2 ® 'gw E &0
5w 5 . S 5 .
S g <] 5
§ 40 5 “0 gqo g 40
E 30 . E 30 ‘Ew :E; 30
§ 20 . Z 2 _‘é’m .g 20
E I[II % 7H ¢ I E i H
@ w0 2 n N B [CRRT
) b I . J%I.DI [ [ ,;ID i \ I Ij i
10 50 100 100 10 50 100 100 10 50 100100 10 50 100 100 pM
Oci-Ly3 SUDHL2 u2932 HBLA1
§70 z ™ §'m g’“
*gau :6: €0 ':'::Eu B
D o @ o
%sn ? 50 ﬁsu :%:._)50
= <] ] o
§|U 5 40 Edu gﬂﬂ
%30 ‘g 30 %JD ‘530 T
[T : .g 20 | _g 0 gzu T
= k5] K] =
o | . | IH A [
[3) T
I | . m | , b L old

10 50 100100 10 50 100 100 10 50 100100 10 50 100100 pM

Figure 24.- Anti-tumor effect of IQS-01.01RS. A) Mean values of the time dependent effect of IQS-
01.01RS and AMD3100 of the 13 DLBCL cell lines in B. B) Time and dose dependent antitumor effect of
1QS-01.01RS and AMD3100 in the indicated cell lines, as determined by MTT assay at the indicated
times and UM concentrations. Shown are representative results from at least n=3 independent
experiments.
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Subtype Cell line sCXCR4 10S-01.01RS CPI1203 Combination

expression cytotoxic effect cytotoxic effect Index
(MFI-R) (100 uM) (0.5 uM)
GCB OCl-Ly8 36 32% 38% 1.1
SUDHL4 25 37% 59% 0.6
SUDHL6 41 42% 47% 0.4
SUDHL16 1 36% 86% 0.5
WSU-DLCL2 3 35% 55% 0.4
Toledo 52 9% 43% 0.5
SUDHL8 91 38% 14% 11
NUDHL1 1 36% 60% 0.8
ABC OCl-Ly3 4 48% 75% 0.7
OCl-Ly10 1 40% 40% 0.8
SUDHL2 1 53% 95% 0.8
U2932 46 43% 31% 0.9
HBL1 1 63% 39% 0.6

Table 14.- Sensitivity of DLBCL cell lines to CXCR4 and BET bromodomain inhibition. Abbreviations:
sCXCR4, surface CXCR4; MFI-R, median fluorescence intensity ratio.

To further analyze the antitumor effect of IQS-01.01RS, we evaluated the level
of apoptosis induction after a 48 hours treatment with 1QS-01.01RS by standard
Annexin V assay and flow cytometry analysis. As shown in figure 25A, a marginal
induction of apoptosis (< 5%) could be detected in cells exposed to the compound. This
confirmed that the effect seen in figure 24 was mainly due to proliferation blockade.
However, in a set of 5 DLBCL primary cultures (Table 9), a dose-dependent apoptosis
induction of an 18+7% was observed in tumor B-cells, contrasting with the reported
inability of AMD3100 to induce cell death in DLBCL (Reinholdt et al., 2016) (Figure 25B).
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Figure 25.- Apoptosis induction by 1QS-01.01RS. A) Percentage of apoptosis induction calculated by
means of Annexin V staining in SUDHL6, SUDHLS, Toledo and U2932 upon 48 hours of treatment with
10S-01.01RS. B) Relative apoptosis induction in CD19 or CD20 positive tumor B-cells after a 48 hour
treatment of primary DLBCL biopsies (n=5) with the indicated doses of 1QS-01.01RS. Mean viability of
untreated primary cells was 79+8%.

4.2.4.1 1QS-01.01RS anti-proliferative activity does not correlate with CXCR4

expression levels

To investigate whether 1QS-01.01RS anti-proliferative activity correlated with
CXCR4 expression levels, we proceeded to characterize the levels of sCXCR4 in our
panel of DLBCL cell lines (Table 14). For each cell line, we plotted the 1QS-01.01RS
antitumor activity versus sCXCR4 and, using a lineal regression the null hypothesis that
IQS-01.01RS antitumor effect was not affected by CXCR4 levels could not be refuted
indicating that the antiproliferative activity of the molecule was not significantly
affected by sCXCR4 levels linearly (Figure 26). This result was confirmed by a
Spearman's correlation of p= -0.26 and p= 0.38, which indicated that no other
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monotonic relationship exists (Figure 26A). Similarly, no relation was found between
IQS-01.01RS antitumor effect and levels of iCXCR4 protein by either t-Student or
Spearman’s correlation (Figure 26B). Neither it correlated with CXCR4 RNA levels (data

not shown).
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Figure 26.- 1QS-01.01RS antitumor effect vs CXCR4 expression dot plot in DLBCL cell lines. Spearman's
correlation (p) in the right top corner of each dot plot. A) IQS-01.01RS antiproliferative effect vs SCXCR4
in 13 DLBCL cell lines. B) 1QS-01.01RS antiproliferative effect vs iCXCR4 in 13 DLBCL cell lines.
Abbreviations: MFI-R, median fluorescence intensity ratio; SCXCR4, surface CXCR4; iCXCR4, intracellular
CXCR4.

4.24.2  1QS-01.01RS presents selectivity towards tumor cells

We investigated the selectivity of 1QS-01.01RS by treating peripheral blood
mononuclear cells (PBMCs) from healthy donors with 100 uM of the compound or of
AMD3100 for 24 or 48 hours. Then we compared the effect with that in DLBCL cell lines.
A significant difference was observed in the antitumor effect of IQS-01.01RS at 24 and
48 hours between normal PBMCs and DLBCL cells, indicating that the compounds may
exert selective cytotoxic effect in malignant B cells. Of note, AMD3100 did not show

significant activity either in normal or DLBCL cell culture (Figure 27).
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Figure 27.- 1QS-01.01RS selectivity. Time-dependent mean effect of IQS-01.01RS (100 uM) and
AMD3100 (100 uM) was compared between PBMCs from healthy donors (n=5) and DLBCL cell lines
(n=13) determined by MTT assay.
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4.2.5 1QS-01.01RS potently inhibits CXCR4 downstream signaling

We further proceeded to investigate the different capacity of 1QS-01.01RS and
AMD3100 to disrupt CXCR4 downstream signaling. For this aim, SUDHL6 and U2932
cells were starved and pretreated with 1QS-01.01RS or AMD3100 for 1 hour. Post
stimulation with CXCL12 for 1 minute, they were subjected to western blot analysis of
different CXCR4 downstream effectors. As shown on figure 28, IQS-01.01RS presented a
superior capacity to inhibit CXCL12-induced phosphorylation of ERK1/2 and AKT at
Thr202/Tyr204 and Ser473 residues, respectively. Of special interest, we observed that
IQS-01.01RS treatment led to an efficient down-regulation of the potent proto-
oncogene MYC known to have an important role in the pathogenesis of DLBCL (see
introduction).
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Figure 28.- Effect of 1QS-01.01RS and AMD3100 on CXCR4 signaling. Western blot analysis of CXCR4
downstream signaling in SUDHL6 (GCB) and U2932 (ABC) cells upon 2 hour-starvation, followed by a 1
minute exposure to recombinant CXCL12, with or without 1 hour pretreatment with indicated doses of
1QS-01.01RS or AMD3100. B-actin was used as a loading control.

ALTOGETHER, THESE RESULTS SHOW that the orally available CXCR4 inhibitor
IQS-01.01RS inhibits in vitro CXCL12-induced chemotaxis and presents improved
mobilizing properties in vivo compared to AMD3100. It also inhibits the proliferation of
DLBCL cell lines independently of CXCR4 expression levels and shows pro-apoptotic
activity in DLBCL patient samples. At a molecular level, IQS-01.01RS inhibits CXCR4
downstream signaling more efficiently than AMD3100 and is capable of reducing MYC
protein levels. As the blockade of MYC oncogenic signature remains a challenge in
DLBCL, this specific feature makes IQS-01.01RS a potent relevant agent for the
treatment of MYC-overexpressing tumors.
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4.3 1QS-01.01RS destabilizes MYC protein

4.3.1 CXCL12 mediates MYC upregulation

Following the above results, we observed that in the representative DLBCL cell
line, SUDHL6, MYC protein levels were not only affected by CXCR4 inhibition, but also by
CXCL12-mediated triggering of the receptor (Figure 30A). As this upregulation was
observed after only 1 minute of CXCL12 stimulation, we discarded a transcriptional
regulation of these phenomena, a hypothesis that was experimentally confirmed by the
analysis of MYC mRNA levels by gPCR (Figure 29).
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Figure 29.- Relative MYC transcript levels in SUDHL6 cells upon stimulation with CXCL12. B8-ACTIN was
used as a housekeeping gene.

4.3.2 1QS-01.01RS sustainably downregulates MYC

Together with MYC, p-ERK and p-AKT protein levels were upregulated as soon
as 1 min after CXCL12-mediated activation of CXCR4 in cells previously starved (Figure
30A). This effect was maintained up to 30 minutes and over 3 hours following the
stimulation (Figure 30A and data not shown). The addition of 1QS-01.01RS almost
completely abrogated basal and CXCL12-induced ERK1/2 and AKT phosphorylation. This
was accompanied by the downregulation of MYC protein, which could be maintained
for at least 3 hours (Figure 30A and data not shown). These results suggest that IQS-
01.01RS offers a strong and sustained blockade of CXCR4 signaling, with the consequent

downregulation of MYC.
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Figure 30.- Modulation of CXCR4 signaling. A) CXCR4 downstream signaling and MYC modulation in
SUDHL6 cells at different time points, after a 2 hour starvation followed by receptor triggering in the
presence or absence of 100 uM IQS-01.01RS was used as a loading control. B) Quantification of MYC
and p-MYC levels in A normalized to B-actin and relative to the 1 minute untreated basal condition.

Based on these observations, we further investigated the mechanism
underlying the observed effect of IQS-01.01RS on MYC protein expression in DLBCL

cells.
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4.3.3 1QS-01.01RS destabilizes MYC protein via AKT

We first evaluated the possible existence in DLBCL cells of a CXCR4-ERK1/2-
MYC positive feedback loop, as described by Hatano et al. in prostate cancer cells
(Hatano et al., 2013) (see section 1.7.2). To this end, we analyzed the ERK-dependent
stabilizing phosphorylation of MYC at Ser62. No correlation was found between total
MYC and p-MYC levels upon CXCR4 stimulation by CXCL12 or inhibition by 1QS-01.01RS
(Figure 30A and B). This suggested that, at least in our model, ERK1/2 was not involved
in the control of MYC stability and that the destabilization of MYC by 1QS-01.01RS must
be linked to an alternative pathway. We then investigated a possible role for the AKT-
GSK-3B axis in MYC stabilization, by checking GSK-3B phosphorylation levels at Ser9
residue. Supporting the hypothesis that the downregulation of MYC may be consequent
to the inhibition of the CXCR4-AKT axis in 1QS-01.01RS-treated cells, GSK-3B
phosphorylation levels correlated well with p-AKT and MYC protein levels in CXCR4-
inhibited cells (Figure 28). To confirm that IQS-01.01RS was downregulating MYC at a
post-translational level, we performed a MYC protein stability assay using the inhibitor
of protein biosynthesis, cycloheximide (CHX). With this assay we confirmed that the
half-life of MYC in DLBCL was between 5 and 30 minutes, according to published data
(Gregory and Hann, 2000), and that IQS-01.01RS treatment accelerated the MYC
degradation process (Figure 31). Accordingly, figure 34 confirmed that 1QS-01.01RS did
not affect MYC transcription.
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Figure 31.- MYC protein stability assay. Time-dependent determination of MYC protein levels in
SUDHLS6 cells treated with the translational blocker cycloheximide (CHX) as previously described (Moros
et al., 2014 b), in the presence or absence of 100 uM 1QS-01.01RS. B-actin was used as a loading
control.

These results indicate that CXCR4 activation regulates MYC at a
posttranslational level by modulation of an AKT-GSK-3B-mediated degradation
machinery in DLBCL cells, and that 1QS-01.01RS efficiently disrupts this signaling axis.
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4.4 1QS-01.01RS cooperates with BET bromodomain
inhibition in vitro

Based on our observation that IQS-01.01RS had the capacity to downregulate
MYC, we further investigated in our 13 DLBCL cell lines whether the compound could
cooperate with the BET bromodomain antagonist, CPI1203, the main effect of which
relies on the disruption of MYC oncogenic signaling trough repression of its

transcription (see section 1.6.3 of the introduction).

4.4.1 CPI203 enhances IQS-01.01RS toxicity in DLBCL

To evaluate if CP1203 could enhance the anti-tumor activity of IQS-01.01RS, we
analyzed the combination of different doses of each agent by MTT assay. The
combination induced a 78% cytotoxicity at the optimal doses of 100 uM 1QS-01.01RS
and 500 nM CPI203, with a mean Cl of 0.67, indicative of a synergistic drug interaction
in both GCB and ABC DLBCL cells (Figure 32 and Table 14). We noted that if the GCB and
ABC subgroups were analyzed separately, even though the differences were not
statistically significant, the first group presented a slightly more synergistic profile with
a Cl value of 0.5940.33, whereas the ABC subgroup appeared slightly less synergistic
with a Cl value of 0.77+0.1.

While CPI203 and 1QS-01.01RS alone failed to trigger apoptosis in these cell
lines, the cell death rates observed upon exposure to the combination ranged from a
5% increase in U2932 cells to a 37% in SUDHLS8 cells, when compared to the untreated
control (Figure 32B).
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Figure 32.- Antitumor effect of the combination of IQS-01.01RS and CPI203 in DLBCL cell lines. A)
Relative antitumor effect of IQS-01.01RS, CPI1203, and the combination of both was determined by MTT
assay, after 48 hours. Data shown are the mean results of the 13 DLBCL cell lines. B) Percentage of
apoptosis induction by Annexin V staining and flow cytometer analysis in the indicated cell lines.

These results pointed out that the addition of CPI1203 to IQS-01.01RS showed a
promising synergistic activity in DLBCL, regardless the subtype.

4.4.2 1QS-01.01RS and CPI203 cooperate by reducing MYC protein

expression
We then proceeded to analyze if the combination of IQS-01.01RS with CPI203
further reduced MYC protein levels. A dramatic downregulation in MYC protein

expression was seen in cells treated with the combination when compared to untreated

cells or cells exposed to single agents (Figure 33).

77



% %
,\9"25 e ,\9&,5 O

O AN
& KL O P
D-AKT [m= ————

N e (E S

MYC | . — - e e
a-tubulin - - .

a-tubulin S ———E— | W S S S—
SUDHL6 U2932

Figure 33.- Effects of the IQS-01.01RS and CPI1203 combination on signaling. Cooperation between IQS-
01.01RS and CPI203 in the inhibition of CXCR4 downstream signaling, as assessed by western blot
analysis of p-AKT and MYC. SUDHL6 cells were treated for 6 hours with 100 uM 1QS-01.01RS and/or
CPI1203 (0.5 uM) and starved for 2 hours, prior a 1 minute stimulation with 200 ng/ml of recombinant
CXCL12. a-tubulin was used as a loading control.

As expected, figure 34 shows that CPI203 treatment led to the transcriptional
repression of MYC, strongly suggesting that the synergistic downregulation of MYC seen
in cells exposed to the drug combination in figure 35 is the consequence of a
simultaneous CPI203-induced transcriptional repression of MYC and 1QS-01.01RS-
mediated MYC protein destabilization.
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Figure 34.- Effect of the treatment on MYC transcription. Relative MYC transcript levels in SUDHL6 and
U2932 cells upon a 6 hours treatment with 100 uM 1QS-01.01RS, 0.5 uM CPI203 and the combination
of both. Control untreated cells were used as a reference. 8-ACTIN was used a housekeeping control.
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4.4.3 CXCR4 levels are not affected by CPI203

Excluding that the synergistic effect of the combination was not consequent to
a BRD4 inhibition-mediated alteration in CXCR4 expression as previously described in T
lymphocytes following JQ1 treatment (Banerjee et al., 2012), figure 33 shows that
CPI203 addition did not alter CXCR4 protein levels either in the presence or absence of
IQS-01.01RS. Flow cytometry analysis further confirmed that surface levels of CXCR4
were unmodified by BET bromodomain inhibition (Figure 35A). Figure 35B shows an
increase in CXCR4 mRNA levels in SUDHL6 upon exposure to 1QS-01.01RS, which was
not observed in the presence of CPI203 or in U2932 cells.
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Figure 35.- Effect of CPI203 on CXCR4 levels. A) CXCR4 surface levels assessed by flow cytometry. B)
Relative CXCR4 transcript levels in SUDHL6 and U2932 cells upon a 6 hours treatment with 100 uM 1QS-
01.01RS, 0.5 uM CPI203, and the combination of both. Control untreated cells were used as a
reference. 6-ACTIN was used a housekeeping gene.
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Considering these results altogether, we concluded that there were no
significant changes in CXCR4 protein levels in DLBCL cells exposed to CPI203 and that
the synergistic effect of the combination was due to the activity of the effect of both

drugs towards MYC.

4.5 1QS-01.01RS cooperates with BET-bromodomain
inhibition in vivo

To further assess the efficacy of the drug combination in vivo, NSG mice were
subcutaneously injected with SUDHL6-GFP+/Luc+ cells and randomized into four groups
receiving either 2 mg/kg 1QS-01.01RS, 1.5 mg/kg CPI203, the combination of both

agents, or the equivalent volume of vehicle for 13 days on a 5 on/2 off schedule.

4.5.1 1QS-01.01RS and CPI203 combination reduces tumor burden

Tumor burden was evaluated twice a week by external calipers and weekly by
bioluminescence signal recording. At the final time point, tumors were extracted and
weighted. Figure 36A shows that CPI1203 and 1QS-01.01RS single agents induced a 27%
and 4% reduction in tumor growth, respectively, while the combination of both drugs
induced a 38% decrease in tumor burden. Accordingly, a reduced luciferase activity as
well as a significant (38%, p=0.05) decrease in tumor weight was detected in COMBO-

receiving mice, when compared to the vehicle group (Figure 36B and C).
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Figure 36.- 1QS-01.01RS and CPI203 cooperate to reduce tumor growth in a subcutaneous mouse
model of DLBCL. NSG mice were subcutaneously injected with SUDHL6-GFP+/Luc+ cells and tumor-
bearing mice were randomly assigned to one of the following treatment arms: 1QS-01.01RS 2mg/kg
daily (p.o.), CP1203 1.5mg/kg (i.p.), both agents or equal volume of vehicle, for two weeks. n=4 mice per
group. A) Tumor volume was evaluated twice a week using external calipers. B) Tumor burden was
evaluated at week 3 and week 4 by analysis of the bioluminescence signal. Upper panel: color maps of
2 representative animals per group. Lower panel: quantification of Luc activity using the Image J
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software. C) Mean tumor weight in each treatment group at the final time point.
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4-RESULTS

4.5.2 In vivo activity of IQS-01.01RS/CPI203 combination relies on
CXCR4 downstream signaling blockade and subsequent
triggering of apoptosis

To investigate the molecular events underlying the tumor reduction observed
in COMBO-receiving mice, we performed a histological analysis by staining the
corresponding tumors with the proliferation marker p-histone H3, the apoptotic
activated caspase-3 (act. casp3), p-AKT and MYC. As shown in figure 37, a decreased
expression of p-histone H3 was seen in the tumors of the 1QS-01.01RS, CPI203, and
COMBO groups, highlighting an increased reduction of tumor mitotic index by the
combination treatment, when compared to the single agent groups. In addition, IHC
detection of activated-caspase-3 indicated an accumulation of apoptotic cells by the
combination therapy, together with an enhanced reduction in MYC and p-AKT levels

(Figure 37), in agreement with the in vitro results shown previously.
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Figure 37.- Molecular effects underlying the combination of IQS-01.01RS and CPI203 in a subcutaneous
model of DLBCL. Immunohistochemical labeling of p-histone H3, activated caspase-3 (act. casp3), MYC
and p-AKT in consecutive tissue sections from four representative tumor specimens (magnification
x200).

COLLECTIVELY, THESE RESULTS CONFIRMED our in vitro data, showing that the
combination of 1QS-01.01RS with the BET inhibitor CPI203 enhances the antitumor
properties of each single agent, through to the blockade of CXCR4 signaling, followed by
the abrogation of MYC expression and culminating in a synergistic proliferation

blockade and sensitization to apoptosis.
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5 Discussion






The rapid and important progress in the knowledge of the molecular and
genetic factors responsible for cancer development and progression thanks to the
advances in basic, preclinical and clinical research has provided clinicians with a broad
range of new targeted therapies that has improved patient overall survival. However,

long term survival in aggressive neoplasms still needs to be improved.

DLBCL is an aggressive neoplasm that represents the most common subtype of
NHL. The establishment of immunochemotherapy as the standard of care in the early
2000s significantly improved the outcome of the disease, and at the present about two
thirds of patients can be cured with R-CHOP. However, relapse is often observed and
generally associated with dismal prognosis. Development of more effective strategies

remains, therefore, an important objective (Pasqualucci, 2013).

Multiple GEP, functional, and clinical studies have translated to a better
knowledge of the pathobiology of DLBCL and have served to improve its classification
and stratification. For instance, these studies have enabled the classification of DLBCL,
NOS into the subgroups GCB an ABC. In addition, the 2016 revision of the WHO
classification considers the cases that carry simultaneous MYC and BCL2 and/or BCL6
aberrations as "High-grade B-cell lymphoma with MYC and BCL2 and/or BCL6
rearrangements" shortened as "double or triple hit" (DH or TH) as a new entity
separated from DLBCL, NOS (Campo, 2017; Swerdlow et al., 2016). Yet, DLBCL, NOS still
remains a heterogeneous disease with the same standard of care regardless its sub-
classification and stratification. A better understanding of the molecular pathways
involved in DLBCL pathogenesis should translate into the discovery of new
pharmacological strategies and widen therapeutic options to improve patients
outcome. This thesis has focused on investigating the relevance of targeting
simultaneously the MYC oncogene, with a crucial role in DLBCL development and
maintenance, and the chemokine receptor CXCR4, which is gaining an emerging role in
cancer and DLBCL.

Although the CXCR4-CXCL12 axis has been recently proposed as an adverse
prognostic marker in DLBCL (Chen et al., 2015; Lenz et al., 2008b; Moreno et al., 2015;
Xu et al., 2017), its biological relevance remains underexplored. Additionally, as stated
in the introduction, the FDA-approved CXCR4 inhibitor, AMD3100/Plerixafor presents
serious limitations that could preclude its use as an anticancer drug (De Clercq, 2009).
Thus, the lack of a CXCR4 inhibitor suitable to be administered as a standard regimen,
together with the emerging role of CXCR4 in tumor pathogenesis, supports the

development of a less toxic and more stable CXCR4-targeting agent.
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The first part of this doctoral thesis aimed at shedding light into the effect of
targeting the CXCR4-CXCL12 axis in DLBCL, and at the characterization of a new CXCR4
inhibitor, 1QS-01.01. Our results show that the stereoisomer 1QS-01.01RS is a potent
CXCR4 inhibitor with the capacity to downregulate MYC. We have seen for the first time
a connection between CXCR4, AKT, and MYC in DLBCL.

We have shown that the stereoisomer IQS-01.01RS presents a higher activity
than 1QS-01.01RR, 1QS-01.01SS, or the racemate. We hypothesized that the position of
the chiral carbons in the RS stereoisomer is responsible for reduced allosteric
impediments as it provides this molecule with the most flexible structure. However, the
fact that the separated stereoisomers present a higher cAMP release inhibitory profile
than the racemic mixture is somewhat striking as one would expect the activity of each
single stereoisomers to add up when administered together. Numerous stereo-selective
drug-drug interactions have been reported (Fassihi, 1993) and the generation of non-
covalent bonds between the stereoisomers of the racemate could be a plausible

explanation for their activity loss.

Inhibition of CXCR4 has been recurrently suggested as an emerging sensitizer
for anticancer therapies, as it favors the peripheral mobilization of malignant cells and
increases their exposure to chemotherapy in different types of cancer (Calinescu et al,,
2017; Rios et al., 2016). AMD3100 is used in the clinics for HSC mobilization and is
under clinical trials for mobilization of tumor cells and consequent chemo-sensitization
(see introduction). In our in vivo DLBCL systemic model however, 12 hours after the last
administration, 1QS-01.01RS, but not AMD3100, efficiently mobilized xenografted tumor
cells into the blood current. This is in agreement with published data where mice
treated with AMD3100 exhibited a peak of AML cell mobilization 3 hours after
AMD3100 administration, with cell count returning to basal levels within 12 hours
(Nervi et al., 2009). Our results indicate that 1QS-01.01RS has a longer-term effect that
might be due to its oral bioavailability and to a higher stability of the molecule. This
evidences the short half-life of AMD3100 as one of its pharmacological drawbacks. It
would be of interest to analyze tumor cell content in the blood at time points closer to

drug administration to further compare the kinetics of both drugs.

Supporting the better pharmacology of 1QS-01.01RS, it appears to be less toxic
than AMD3100 in NSG mice. Previous data shows a higher toxicity of 1QS-01.01RS
compared to AMD3100 intravenously administrated to CD-1 mice (Ros-Blanco et al.,
2012). Nonetheless, both drugs differ in administration routes. In the clinics, the

administration route of AMD3100 is intraperitoneal (i.p), while IQS-01.01 was designed
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to be orally available. Our data shows how at MTD, cell mobilization by AMD3100 is
inferior to that of IQS-01.01RS. We can therefore conclude that at least in our model,
AMD3100 presents a higher toxicity than IQS-01.01RS.

Moreno et al. claimed that pharmacological inhibition of CXCR4 by AMD3100
impairs the propagation of tumor B cells in a systemic mouse model of DLBCL (Moreno
et al,, 2015). In our systemic model, we observed only a mild tendency of tumor load
reduction in the brain and no differences in ovary tumor content upon treatment with
either 1QS-01.01RS or AMD3100. The variations in the models used might explain this
difference. Moreno et al. pretreated the cells before inoculation and used a different
cell line. In addition, we use NSG mice, characterized by a superior immune-suppression

and better engraftment-promoting properties than the SCID mice used in their study.

Since its discovery in the 90s, CXCL12 is described as a potent chemo-
attractant that induces cell migration towards a CXCL12 concentration gradient (Bleul et
al., 1996). The initial concept that the CXCL12-CXCR4 axis exclusively induced cell
chemotaxis, leads to the belief that cells should remain static upon exposure to a CXCR4
inhibitor. This is in accordance with our in vitro results where CXCR4 inhibition reduces
the trans-migration induced by CXCL12. However, since the first decade of the 2000s
and the discovery of the secondary effect of AMD3100 toward HSC mobilization into
the peripheral blood, it is widely accepted in the clinics, that inhibition of the CXCL12-
CXCR4 axis, disrupts cells retention leading to cell mobilization into peripheral blood
(Karpova et al.,, 2017). This is in accordance with the results of our in vivo systemic
model where 1QS-01.01RS induces mobilization of tumor cells. Conceptually, these two
apparent opposite effects of CXCR4 inhibition seem incoherent, but have a simple
explanation. The effect of CXCR4 triggering by CXCL12 depends on the localization of
the cells in relation to CXCL12, and so does the effect of inhibiting this signaling axis.
Using a metal and a magnet as an analogy, CXCR4 expressing cells would represent a
metal, and a CXCL12 secreting site a magnet. In the CXCL12-induced chemotaxis
experiments performed in vitro, the metal (cells) is artificially positioned close enough
the magnet (CXCL12) for it to exert an attraction force. It would be like starting the
experiment with the metal inside the magnetic field and thus being instantly attracted
to the magnet (CXCR4 expressing cells immediately migrate towards a CXCL12
gradient). Inhibiting CXCR4 would be like disrupting the magnetic field and stop cell
migration. However, in the clinical context where AMD3100 is administered, the
scenario differs. In this setting HSC are already attached to the CXCL12 secreting BM
(the metal is attached to the magnet) and cells are retained in a static way. If the
inhibition of the axis is forced in this setting, disruption of the "magnetic field" leads to

detachment of the cells that are now vulnerable to being carried away (mobilized) into

87



the blood flow. These two effects of CXCR4 inhibition need to be clearly distinguished

by the accurate use of the words migration and mobilization.

It seems logical that in the context of a tumor both settings co-occur. CXCR4
has been linked to metastasis in several cancer types (Zlotnik et al., 2011) and CXCR4
inhibition reduces engraftment of tumor cells in a systemic mouse model of DLBCL
(Moreno et al., 2015). In fact, in this mouse model, like in ours, injected circulating cells
home to the brain, the ovary, and the BM where they form detectable metastasis.
Interestingly, all those metastatic sites have been reported to express high levels of
CXCL12 (Zlotnik et al., 2011). Based on the bibliography and on our observations, the
mechanism we propose for the colonization of these sites, that should be translational
to human cases, is the following: Once cells are inoculated, they freely circulate through
the blood torrent until, by chance, a single cell (or more than one) finds itself close
enough to a CXCL12-secreting site or organ. This tumor cell (or cells) is then trapped by
the CXCL12 "magnetic field", migrates towards the CXCL12 concentration gradient and
gets retained there. If it encounters a favorable microenvironment, a metastatic tumor
will be further formed. This attachment to a CXCL12 rich site with a favorable
microenvironment is responsible for CAM-DR. Accordingly, the use of CXCR4 inhibition
as an antitumor strategy should impair colonization of new organs and therefore
metastasis as described by Moreno et al and others (Juarez et al., 2007; Moreno et al.,
2015). Unexpectedly, as discussed earlier, we do not see a significant reduction of
tumor cell engraftment upon inhibition of CXCR4 suggesting that, in our model, CXCR4
inhibition is not sufficient to impair engraftment and tissue colonization. This might be
also due to the complexity of the metastatic mechanism which is regulated by many
other pathways and molecules that could be replaceable (Gandaloviova et al., 2017).
Retained tumor cells in a metastatic site, takes us to the second scenario where the
cells are already attached to the magnet. In fact, inhibition of CXCR4 is currently being
investigated in the clinics, mainly due to the subsequent mobilization of tumor cell.
AMD3100 is under 5 clinical trials as an anticancer agent in different cancer types (see
introduction, section 1.5.6.2), and is mainly used to mobilize the malignant cells that are
located in a protective microenvironment or niche, with the aim to sensitize them to
chemotherapy or other antitumor treatments. This approach is well established in
different cancer models and may lead to promising results for CXCR4 inhibition as an
anti-cancer therapy. Yet, it is unclear if CXCR4 inhibition would reduce metastasis in a
clinical setting and clinical trials should include assessment of metastasis to elucidate

this possible antitumor effect.

CXCR4 inhibition through 1QS-01.01RS lead to a cytotoxic effect of 40% in

tumor cells in vitro. Nevertheless, this toxic effect was not detected in our in vivo
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systemic model as 1QS-01.01RS treatment induced no significant differences in tumor
load compared to mice treated with AMD3100 or the vehicle. It is worth pointing out
that due to the type of animal model used in these experiments, the toxic effect of IQS-
01.01RS could be underestimated. We use NSG immunodeficient mice and the toxic
effect in a fully immunized organism could possibly be more notable as it should induce
an inflammatory response that would collaborate in the removal of malignant cells
(Dunn et al., 2004; Palucka and Coussens, 2016). Anyhow, our current data supports the
direction that CXCR4 inhibitors are taking in the clinics, in combination with a more

potent tumoricidal agent like Rituximab (Reinholdt et al., 2016).

While it has been previously published that levels of sCXCR4 correlate with
CXCL12-induced migration in DLBCL cell lines both in vitro and in vivo, and in other
tumors (Crazzolara et al., 2001; Moreno et al., 2015), our findings in this regard are
inconclusive. We have observed that basal in vitro migration of cells determined by
transwell migration assays is variable, possibly because it may depend on several factors
(not only CXCR4 expression level), that could mask this correlation. Nevertheless, the
cytotoxic effect of IQS-01.01RS was consistently replicated in all the cell lines studied,
and we were able to predict a lack of correlation between sCXCR4 levels and
antiproliferative effect, illustrated by the fact that cells that express very low levels of
CXCR4 harbored a high sensitivity to the compound. Upon its ligation by CXCL12, CXCR4
is internalized into the cytoplasm (Marchese, 2014), and in addition, nuclear CXCR4 has
been reported and associated with poor prognosis in different cancer types (Masuda et
al., 2014; Speetjens et al., 2009; Wang et al., 2009). Nevertheless the cytotoxic effect of
the drug did not correlate with the levels of iCXCR4 in permeabilized DLBCL cells either.
Globally, this lack of relationship between CXCR4 expression level and cell sensitivity to
our compound, puts forward for consideration a possible off-target effect of this latest.
However, this small inhibitor was designed to bind to a transmembrane receptor and,
due to its chemical characteristics, it is plausible that it has not the capacity to cross the
cell membrane, an observation which reduces the possible off-target molecules to
transmembrane cell receptors. In addition, our and previous occupancy studies have
confirmed that 1QS-01.01 binds specifically to CXCR4, while it lacks affinity to other
lymphoid receptors (Pettersson et al., 2008). Finally, beside cell chemotaxis, the CXCR4
pathway triggers different survival and proliferation signaling, making plausible that a
CXCR4 inhibitor can exert a cytotoxic activity in malignant B cells. Several CXCR4
inhibitors have been reported to exert in vitro and in vivo antitumor activity (Abraham
et al., 2017; Kim et al., 2010), supporting our belief that IQS-01.01RS cytotoxic effect is
due to the specific inhibition of CXCR4. However, and given the relevance of the

observed toxicity especially in the combinatorial part of this study, further studies of the
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effect of genetic depletion of CXCR4 in cell viability are currently being performed in our

laboratory.

AN INTERESTING INSIGHT gained from this study is the post-transcriptional
modulation of MYC levels, through regulation of protein stability by the CXCR4-AKT axis
in DLBCL cells. Our data show a CXCL12-mediated upregulation of MYC protein that can
be counteracted in vitro by treatment with 1QS-01.01RS, in both ABC- and GCB-DLBCL

cell lines.

MYC is tightly regulated at a transcriptional, translational and post-
translational level (Kress et al., 2015) and overexpression of this oncogene is associated
with poorer survival in DLBCL patients (Karube and Campo, 2015; Nguyen et al., 2017;
Valera et al., 2013). CXCR4 is also overexpressed in cancer and might contribute to the
aberrant increment of MYC levels. In agreement with our results, MYC has been found
to be stabilized by CXCR4 in prostate cancer cells via the pro-survival MAPK, ERK1/2
(Hatano et al., 2013) (see section 1.7.2 in the introduction). However, our data suggest
that this loop is not active in our DLBCL model. It is well established that CXCR4
activates the PI3K/AKT pathway as well as ERK. Accordingly, in pancreatic cancer, CXCR4
promotes proliferation and invasion due to CXCL12-induced activating phosphorylation
of ERK and AKT (Shen et al., 2010). As detailed in the introduction section 1.7, AKT may
also stabilize MYC post-transcriptionally by inhibiting the GSK-3B kinase that mediates
MYC ubiquitination. AKT-mediated inhibitory phosphorylation of GSK-3B at Ser9 is
responsible for the increase of MYC protein stability. In an attempt to further
investigate the molecular mechanisms by which CXCR4 contributes to human
pancreatic cancer, Ma et al. confirmed that overexpression of CXCR4 promotes p-AKT

expression and found, in addition, an overexpression of GSK-3 (Ma et al., 2015).

GSK-3B is a major regulator of protein stability with over a hundred substrates
that are degraded in response to its phosphorylation. This kinase is active in most cells
and regulated through decreasing its activity through phosphorylation by, for instance,
p-AKT. MYC, NF-kB and B-catenin proto-oncogenes, among others, are known to be
destabilized by GSK-3B (Robertson et al.,, 2017). As highlighted in several reviews
focused on the functions of GSK-3B (Mancinelli et al., 2017; Maurer et al., 2014, Patel
and Woodgett, 2008), the role of this protein in cancer is controversial. As a deactivator
of potent proto-oncogenes, such as MYC, its overexpression results in cell death and
negative regulation of cell proliferation or self-renewal (Robertson et al., 2017).
Conversely, it has been found to be overexpressed in some cancers (Ma et al., 2015)

and GSK-3 inhibition induces apoptosis in different leukemia cell lines (Mirlashari et al.,
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2012). GSK-3 inhibitors have been tested clinically for cancer treatment (NCT01632306)
(NCT01287520) (NCT01214603), with no available results yet. Recent findings indicate
that repression of GSK-3 restores NK cell cytotoxicity in AML patients through activation
of NF-kB, suggesting that the antitumor effect of GSK-3 inhibition may be due to the
activation of the immune response against tumor cells and not to a direct tumoricidal
effect (Guillerey et al., 2016; Parameswaran et al., 2016). In favor of an antitumor role
of GSK-3p in DLBCL, we have seen that AKT phosphorylation correlates well with GSK-
3B-pSer9 levels. In that sense, PI3K/AKT inhibition leads to a reduced inhibitory
phosphorylation of GSK-3B and consequent apoptosis induction (Uddin et al., 2006).
Independently, activation of GSK-3B trough cMet/AKT inhibition induced apoptosis in
DLBCL cell lines (Uddin et al.,, 2010). Accordingly, in our model, GSK-3B activation
consequent to 1QS-01.01RS-mediated blockade of CXCR4/AKT signaling, leads to an
antitumor effect mediated by the downregulation of, at least, MYC oncoprotein. As a
broad regulator of protein stability, this effect of GSK-3B on cell fate and behavior may
be cell type-dependent. The reason why its overexpression in some cancers is related to
a worst prognostic, and why its inhibition leads to apoptotic effects, is still to be clearly
defined. Our results point out for the first time a possible relationship between CXCR4
signaling and AKT/GSK-3B-dependent regulation of MYC protein stability in DLBCL,

shedding some light in the misty role of GSK-38 in cancer.

In this doctoral thesis, we focused our attention on the impact of this new axis
on the stability of MYC. However, GSK-3p also regulates the NF-kB pathway, providing a
new rational towards the effectiveness of IQS-01.01RS in the ABC-DLBCL subtype, that

should be further investigated.

Supporting the link between CXCR4 signaling and MYC protein levels in DLBCL,
our results have shown how the first-in-class and FDA-approved CXCR4 inhibitor
destabilized MYC protein, as IQS-01.01RS does, but to a lower extent. Accordingly, in
osteosarcoma cells AMD3100 alone and in combination also induced MYC
downregulation (Jiang et al.,, 2017), suggesting that the role of CXCR4 toward MYC

stability levels may be extrapolated to other types of malignant neoplasm.

IN THE SECOND PART of this thesis, we have proposed the combination of
CXCR4 and BET inhibition as a synergic therapeutic strategy to treat DLBCL.

MYC is an oncogene with a prominent role in the development of DLBCL as
well as many other tumors. As previously commented, the total abrogation of MYC still
remains a challenge. BET inhibition is one of the most successful strategies for MYC

inhibition currently used in clinical settings (Whitfield et al., 2017). Responding to the
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second aim of this thesis, our data show that ABC and GCB DLBCL cells are highly
sensitive to the BET inhibitor CPI203 when used in monotherapy, and that the
transcriptional downregulation of MYC achieved by this compound allows to an almost
complete abrogation of MYC protein expression in cells exposed to the IQS-
01.01RS/CPI203 combination. We attribute this rapid abrogation of MYC protein levels
(after only 6 hours of treatment) to the simultaneous BET inhibition-mediated
transcriptional and CXCR4 inhibition-mediated post-translational targeting of this
oncogene. This dual approach underlies the synergistic interaction of the two

compounds and consequent sensitization to apoptosis in vitro and in vivo.

Extensive research has been performed regarding MYC gene alterations in
DLBCL, however limited information is available about the prognostic impact of MYC
total protein levels in this disease. Valera et al. analyzed the clinical impact of MYC
genetic alterations and protein expression. In agreement with other studies, the
authors found that in a cohort of DLBCL patients, 7% presented MYC rearrangements,
2% amplifications, and 19% gains of MYC copy number. They also concluded that MYC
translocations and amplifications, but not gains (less than four copies), conferred an
unfavorable prognosis to DLBCL patients (Valera et al., 2013). Additionally analysis of
MYC expression by IHC revealed an overexpression of the protein in 50% of patients.
According to other studies (Horn et al., 2013; Tapia et al.,, 2011), MYC protein
overexpression correlated with MYC rearrangements. However, 20% of the cases that
overexpressed MYC lacked any kind of MYC gene alteration, but yet presented a similar
poor prognosis. Altogether, these results confirm the impact of MYC oncogene in DLBCL
patients' survival and reinforce the fact that apart from genetically, MYC is also
aberrantly regulated trough other mechanisms in DLBCL. Of note, almost 20% of DLBCL
cases with MYC rearrangement harbor an unchanged expression of the oncogene.
These observations, together with our results, strengthen the immunohistochemical
evaluation of MYC protein as a reliable strategy prior to the stratification of DLBCL
patients in the clinics. Another aspect to take into account is that in the new WHO
classification of aggressive mature B-cell lymphomas, those cases that carry
simultaneous MYC and BCL2 and/or BCL6 aberrations are now excluded from DLBCL,
NOS and are classified as DH or TH. In our study, we have included DH and TH cell lines
(see Table 8), following the methodology of Valera et al.. Between 40 and 80% of the
cases that present MYC rearrangements are accompanied by an additional
rearrangement of BCL2 or BCL6 (Salaverria and Siebert, 2011). It would be of interest to
1) evaluate the impact of removing this cases from the study, 2) analyze whether the
percentage of cases with MYC protein overexpression and no genetic aberrations would

increment if DLBCL, NOS cases were studied separately, and 3) assess in these settings
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whether the targeting of MYC protein would gain even more relevance in this type of

lymphoma.

It is interesting to point out that the effect of 1QS-01.01RS and CPI203
combination was independent of the translocational status of the cell line. For instance,
OCI-Ly8, a TH cell line, and SUDHL8, a MYC-translocated cell line, responded poorly to
IQS-01.01RS/CPI203 combination with a Cl over the mean value. In contrast, Toledo,
another MYC-translocated cell line, presented a Cl below the mean value, indicating a
high sensitivity of the cells to the combination. These results reinforce the idea that
although genetic aberrations are relevant tumorigenic factors, the most relevant
feature is the aberrant MYC protein expression and the many other, translocation-
independent, factors involved in its regulation. All these observations provide a robust
rational for the dual MYC-targeting approach proposed herein, and suggest that more
efforts should be made in the clinics to evaluate MYC protein expression, rather than

MYC genetic deregulations.

BET inhibitors are known to regulate multiple other genes apart from MYC
(Whitfield et al., 2017). For instance, JQ1 has been reported to reduce CXCR4 levels
(Banerjee et al., 2012). Our results show that CXCR4 mRNA levels are not modified by
treatment with CPI203. In contrast, an upregulation of the gene was observed in
SUDHL6 upon exposure to 1QS-01.01RS, a phenomenon which was counteracted in the
presence of CPI203. Enhancement of CXCR4 promoter activity by MYC has been
previously reported (Hatano et al., 2013; Moriuchi et al., 1999) and could explain a
process that is, however, cell line-specific, as it was not seen in U2932 cells. In any case,
we concluded that there were no significant changes in CXCR4 protein levels in DLBCL
cells exposed to CPI1203, confirming that the effect of the combination was due to the
synergistic effect of both drugs towards MYC expression. BET inhibition may also
downregulate the transcription of other oncogenic transcription factors such as NF-kB,
BCL6 and BCL2. In this thesis, we have focused on the effects of the combination over
MYC.

Regarding CXCR4, there is controversy on the possible prognostic impact of its
expression, as it may depend on the subgroup of DLBCL considered. Xu et al. reported
that in a cohort of DLBCL patients, CXCR4 expression correlated with high IPI score, high
LDH levels and non-GCB subtype (Xu et al., 2017), whereas Chen et al. linked CXCR4
expression with the progression of GCB-DLBCL patients (Chen et al., 2015).
Independently, Moreno et al. found that the worst prognosis conferred by CXCR4

expression was subtype-independent (Moreno et al., 2015). In the present work, we
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observed that the response to both single agent CXCR4 inhibition, and CXCR4 inhibition

in combination with BET inhibition was subtype-independent.

IN SUMMARY, IN THIS THESIS a new potent orally available CXCR4 inhibitor
with antitumor properties has been described. Our work has uncovered a new CXCR4-
AKT-GSK-3B-MYC axis in DLBCL. In addition, this study offers the first rational basis for
the potential clinical evaluation of a dual approach combining BET inhibition and CXCR4
blockade in DLBCL. Thus, this doctoral thesis has contributed to the knowledge on the
relevance of the CXCL12-CXCR4 axis in DLBCL and pointed out a new therapeutic
interest in disrupting this axis, due to its role in the post-transcriptional regulation of
MYC. As presented along this discussion, we have encountered some questions that still

remain open, warranting further research on this topic.

Of importance, this study has been possible thanks to previous knowledge,
derived from both basic and clinical research, and resulted from a collaboration with
the Molecular Engineering Group (GEM) at 1QS School of Engineering whose members
synthesized the CXCR4 inhibitor evaluated in this thesis. Cancer, including DLBCL, is a
very complex and multifactorial disease, reflecting a malignancy driven by mutations
and genomic instability. It is a side effect of evolution and a consequence of aging, and
the hope of its eradication will remain a utopia. Pharmacological treatment is crucial to
slow, block, or reverse progression of aggressive cancers and may even lead to
complete remission in some cases. Anti-cancer drug development has experienced a
great advance since the discovery of chemotherapy in the 40s of the XX century, thanks
to the identification of new molecular targets that have led to the generation of new
targeted therapies. These studies have also evidenced the complexity of the disease,
and have illustrated the notion that joining efforts of multidisciplinary teams, with the
aim to achieve a more complete understanding of cancer and to attack it through

different perspectives should dictate the future of cancer research.
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6 Conclusions






The main conclusions derived from this doctoral thesis are the following:

1. 1QS-01.01 is a potent orally available CXCR4 inhibitor with antitumor properties in
preclinical models of DLBCL.

1.1. 1QS-01.01RS is the most potent stereoisomer of the 1QS-01.01 racemic
mixture.

1.2. 1QS-01.01RS mimics some aspects of AMD3100, holds better pharmacological
properties, and exerts a superior blockade of CXCR4 signaling, together with
an improved antitumor activity.

1.3. CXCR4 inhibition by means of 1QS-01.01RS affects MYC at a post-translational
level by decreasing the stability of the protein.

2. 1QS-01.01RS and the BET-bromodomain inhibitor CP1203 cooperate in DLBCL.

2.1. The combination reduces MYC expression through simultaneous CPI1203-
induced transcriptional repression of MYC and an IQS-01.01RS-mediated MYC
protein destabilization. This culminates in a synergistic proliferation blockade
and sensitization to apoptosis.

2.2. In vivo, it enhances the effect of both compounds as single agents by
triggering apoptosis through simultaneous inhibition of CXCR4 survival
signaling and downregulation of MYC consequently reducing tumor burden of

DLBCL mice xenografts.

As a general conclusion, that answers our broad aim, CXCR4 inhibition using
IQS-01.01RS in combination with an antitumor agent like CPI1203 is a promising novel

therapeutic approach in DLBCL.
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