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PREFACE 
 

The Experimental study presented in this doctoral thesis was performed at the Institut 

d'Investigació contra la Leucèmia Josep Carreras (IJC), in Barcelona in the Lymphoma 

Translational Group under the supervision of Dr. Gaël Roué (Group Leader at IJC). Part of this 

work has been co-financed by the European Regional Development Fund (ERDF) through the 

Interreg V-A Spain-France-Andorra (POCTEFA) program, project PROTEOblood (EFA360/19). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



10 
 

ABSTRACT 
 

Although a high proportion of diffuse large B cell lymphomas (DLBCL) can be cured with 

combination of rituximab, cyclophosphamide, adriamycin, vincristine and prednisone, almost 

a third of the patients, corresponding mainly to the activated B-cell (ABC) subtype of the 

disease, does not achieve complete remission or relapse. It is believed that these tumors rely 

almost exclusively on constitutive nuclear transcription factor κB (NF-κB) signaling for their 

survival, a phenomenon that has been linked to a variety of genetic alterations that aberrantly 

activate the B cell receptor (BCR) and the Toll-like receptor (TLR) signaling pathways.  

In this PhD dissertation we have evaluated the safety and efficacy of different approaches 

aimed at targeting the pathological overactivation of NF-κB in diffuse large B-cell lymphoma, 

with a special focus on the activated B-cell, hard-to-treat subtype of the disease. These 

approaches consist on one hand on the blockade of TLR signalling by direct inhibition of 

IRAK1/4 in association with BET bromodomain inhibition-mediated impairment of epigenetic 

reader’s activity and on the other on the inhibition of ubiquitin-proteasome system signalling 

by means of a novel covalent inhibitor of HOIP, the LUBAC catalytic subunit.  

For this purpose, we have developed innovative preclinical models of DLBCL such as  

Organotypic multicellular spheres and a chick embryo chorioallantoic membrane (CAM) 

model of ABC-DLBCL. With this cutting-edge technology, we have demonstrated that BET 

inhibitors offer synergistic antitumoral and pro-apoptotic activities with IRAK antagonist in 

vitro and in vivo. This effect is directly related to the downregulation of a set of NF-κB-

regulated genes, with a predominant impact on CD44 and MCL-1 expression, with the 

consequent blockade of cell motility and triggering of tumor cell death. Additionally we have 

developed a pyrido[2,3-d]pyrimidine derivative, CpdA,  that can efficiently and specifically 

bind to HOIP, resulting in the perturbation of LUBAC complex dynamic and in impaired 

downstream NF-κB signaling, exerting selective antitumor activity both in In vitro and In vivo 

models of DLBCL which is currently being evaluated for patentability. 

These results highlight the importance of NF-kB pathways in DLBCL and the potential as 

therapeutic target that it presents, confirming that HOIP represents a promising therapeutic 

target for ABC-DLBCL, specially with activating MYD88 mutation, as new combinatorial 

treatment tackling both MYD88p.L265P, as for example dual IRAK1 and IRAK4 inhibition, and 
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LUBAC could be developed in the search of synergistic effects which result in the control of 

the aberrant overactivation of the NF-kB pathway in these specific patients. 
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INTRODUCTION 
 

1. B-CELL DEVELOPMENT 
 

The immune system is responsible for protecting our organisms against pathogens. For this 

purpose, two immunological responses, with significant crosstalk between them, are known. 

The innate immune response, our first defensive line which depends on macrophages, 

dendritic cells, neutrophils, eosinophils, basophils, and natural killer cells to create an 

inflammatory environment. (1) On the other hand, the adaptive immune response, presents 

specificity against pathogens, triggered by B lymphocytes and T lymphocytes. These cells will 

produce effector and memory lymphocytes creating a faster and stronger response when 

exposed to the same pathogen for a second time. (2) 

 

1.1. Lineage differentiation 
 

A functional immune system requires a tight regulation of dynamic transcription-factor 

networks to activate and guide lineage-specific gene expression, limiting the differentiation 

options of hematopoietic stem cells (HSCs) (Figure 1).(3) This differentiation starts in the 

primary lymphoid organs (i.e. the foetal liver and bone marrow (BM)) and, during their lineage 

differentiation, B lymphocytes will migrate to the secondary lymphoid organs  (spleen and 

lymph nodes (LN)) to complete their specialization. The BM, a soft, spongy tissue rich in blood 

vessels found in the centre of most bones, is differentiated into two types: yellow BM, made 

mostly of fat and contains stem cells that can become chondrocytes, adipocytes, or 

osteocytes and red BM, containing HSCs and where common lymphocyte progenitor 

development occurs leading to the expression of surface immunoglobulins (Ig) converting 

HSCs into pro- or pre-B cells.(4)  

During this stage, DNA antigen receptor gene rearrangement in the variable regions of heavy 

chain (V(D)J recombination) takes place thanks to a combination of signalling pathways and 

activation of different transcription factors like IRF8, IRF4, IKZF3, IKZF1 among others. (5) 

Once this process is completed, these immature naïve B cells migrate across the circulatory 

system to the spleen to become transitional B cells (Figure 1). 
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Figure 1. – B cell development and differentiation. Differentiation from common lymphoid progenitor (CLP) to 
memory B cell and plasma cell. 

 

The spleen is the largest lymphatic organ in the body. It is surrounded by the marginal zone 

(MZ), a capsule formed of connective tissue, that extends inwards dividing the organ into 

lobules consisting of two additional types of tissue: the red pulp, where blood is filtered and 

macrophages reside, and the white pulp, where the T and B lymphocytes compartments are 

found. (6) B cells with affinity towards a specific antigen (Ag) are selected within a structure 

found in the white pulp known as germinal centre (GC) where these cells continue their 

development generating high affinity B cell receptors (BCRs). The BCR is composed of pairs of 

heavy (IgH) and light (IgL) chains that form surface antibodies which are coupled to a 

heterodimer formed by CD79A (Igα) and CD79B (Igβ).[62] Human lymphomas retain 

expression of BCR although the IgH locus is frequently altered by chromosomal 

translocations.[63] IgH and IgL are composed of constant regions that are fused to antigen 



25 
 

recognition variable regions, which are constructed from VH, DH and JH gene segments for 

IgH, and VL and JL gene segments for IgL. In the case of IgH, naïve B cells express IgM and IgD 

constant regions, but can change to either IgG, IgA or IgE constant regions following class 

switch recombination (CSR) in the GC. Finally, these cells complete their lineage 

differentiation forming plasma cells, a type of immune cell that produces large amounts of a 

specific antibody, or memory B cells, whose function is to memorize the characteristics of the 

antigen that activated their parent B cell during initial infection triggering an accelerated and 

robust secondary immune response when they encounter this antigen.(7,8) 

 

1.2. Germinal Center Dynamics 

 

As mentioned previously, GCs are developed in secondary lymphoid tissues, within B cell 

follicles. They are organized in two major zones (Figure 2): the dark zone, which contains large 

centroblasts, densely pack B cells, that are constantly proliferating and undergoing somatic 

mutation of their antibody variable region genes, and the light zone, where B cells, referred 

to as centrocytes, are selected in an Ag and T cell-dependent manner. This centrocytes will 

either re-entry the dark zone to undertake further rounds of somatic hypermutation or will 

give rise to high-affinity memory B cells and plasma cells, as GC B cells can migrate between 

both dark and light zone (Figure 2). (9,10) 
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Figure 2. – GC dynamics between centroblasts and centrocytes. Centroblasts (CB) become centrocytes (CC). This 
centrocytes may differentiate into plasma cells or memory B cells or re-cycle toward a round of somatic 
hypermutation.  

 

Plasma cells are terminally differentiated non-proliferative B cells that produce and secrete 

high affinity antibodies. These, will neutralize pathogens rapidly, and if there is an antigen-

recall response, memory cells may re-enter the GC and undergo expansion and differentiate 

into plasma cells.(11) 

In parallel, depending on microenvironment factors and BCR signalling, transitional B cells in 

the spleen complete their maturation into follicular B cells or marginal zone (MZ) B cells.(8) 

MZ B cells migrate into the MZ of the spleen and will be the first to be exposed to blood 

circulating Ag, triggering mainly a T-independent response. Once activated by an Ag, they will 

migrate into the red pulp and differentiate into plasma cells without need of T cells or GC 

formation.(12) However this MZ B cells are also known to interact with T cells and directly 

differentiating into plasma cells. (13) 

As for follicular B cells, these will interact with T helper follicular (Thf) cells, resulting in full 

activation followed by clonal expansion of B cells, which will rapidly migrate into the centre 

of the follicle and proliferate forming an early GC. (14)  
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In the case of microenvironment forming cells, follicular dendritic cells (FDC), a specialized 

type of stroma, have a pivotal role in GC formation. These, will capture antigens after 

immunization and present it to B cells, triggering the entire response. (15) 
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2. Diffuse Large B cell lymphoma, activated B-cell subtype (ABC-DLBCL) 
 

According to the Lugano staging system, DLBCL may be categorized in four stages with an 

additional four intermediate stages (Table 1), which correlate with an increasingly poorer 

prognosis. Apart from the stage, other parameters like age, extranodal involvement, 

biomarkers such as lactate dehydrogenase levels in blood or genetic alterations in NFKBIA and 

NCOR1, are used as prognosis predictors. (16) 

The most frequent genetic alterations in DLCBL are translocations of BCL6, BCL2, MYC, and 

amplifications of proto-oncogene c-Rel (REL). These mutations are found in approximately 30 

– 40% of all DLBCL cases. (17) 

 

Table 1. – Lugano staging classification.  Table adapted from (18) 

 

STAGE 

I Involvement of one node or group of adjacent nodes 

• stage IE: single extra-lymphatic site in the absence of nodal involvement 

 

II 

Involvement of two or more nodal groups, same side of diaphragm 

• stage IIE: contiguous extra-lymphatic extension from a nodal site with or 

without involvement of other lymph node regions on the same side of the 

diaphragm. 

III Involvement of lymph nodes on both sides of the diaphragm; nodes above the 

diaphragm with spleen involvement 

• stage III(1): involvement of the spleen or splenic, hilar, celiac, or portal 

nodes 

• stage III(2):  involvement of the para-aortic, iliac, inguinal, or mesenteric 

nodes 

 

IV 

Diffuse or disseminated involvement of one or more extralymphatic organs, or 

either: 

• Isolated extralymphatic organ involvement without adjacent regional lymph 

node involvement, but with disease in distant sites 

• involvement of the liver, bone marrow, pleura or cerebrospinal fluid 
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2.1. Classification of high-grade B-cell lymphoma 
 

High-grade B-cell lymphoma (HGBL) is used as a general term for B-cell lymphomas that are 

morphologically aggressive with multiple mitotic figures and a high proliferation rate. This 

morphology is linked with a very aggressive clinical behaviour. The concept was introduced in 

2008 by the World Health Organization (WHO), grouping the different subtypes in 2 groups:  

• HGBL with MYC and BCL2 and/or BCL6 translocations, characterized by translocations 

in the MYC and BCL2 and/or BCL6 genes. This category includes all NHL previously 

known as double/triple hit lymphoma. An estimate of 20-35% cases of DLBCL over-

express MYC and BCL2 proteins (called “double expressor lymphoma”), without 

oncogenic translocations of MYC and BCL2 and/or BCL6. These double-expressor 

DLBCL are less aggressive, and in consequence treated differently and excluded from 

the HGBL family. (19) 

• HGBL, not otherwise specified (NOS). This subtype includes aggressive B-cell 

lymphomas with mixed features of both DLBCL and Burkitt lymphoma (BL), blastoid-

appearing large B-cell lymphomas, and cases lacking MYC and BCL2 or BCL6 

translocations.(20) 

The major types of HGBL are depicted on Table 2. 
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Table 2. – Main subtypes of high-grade B-cell lymphomas 

 

2.2. Physiopathology and molecular subtypes of DLBCL 
 

Diffuse large B-cell lymphoma (DLBCL) is the most common type of non-Hodgkin lymphoma 

(NHL) among adults, with an annual incidence of 50 to 60 new cases per million people per 

year worldwide. This incidence, focused on Europe, results in 8,500 news cases a nd 4,000 

deaths each year. The incidence of this type of tumour increases with age, ranging from 

<1/100,000 in children to 10–15/100,000 in people older than 65 years, having a median age 

of diagnosis of approximately 70 years.[17] It is characterized by the presence of large 

neoplastic B cells with a diffuse pattern of growth. This aggressive lymphoma can arise in 

virtually any part of the body, and the first sign of illness is the observation of a rapidly growing 

mass, associated in some cases with light symptoms such as fever, weight loss, and night 

sweats. Usually DLBCL arises de novo, but it can also represent a malignant transformation of 

other types of lymphoma, like follicular lymphoma (FL) or even leukaemia, like chronic 

lymphocytic leukaemia (CLL). Immunodeficiencies and infection with Epstein-Barr virus (EBV) 

are considered potential risk factors that may contribute to the development of subtypes of 

DLBCL. [18,19]  

HIGH-GRADE B-CELL LYMPHOMA TYPES 

Diffuse large 

B cell 

lymphoma 

Each year about 5,500 people are diagnosed with diffuse large B cell 

lymphoma (DLBCL). This makes up about 40 out of 100 cases (40%) of NHL 

in adults. 

Burkitt 

Lymphoma 

Burkitt lymphoma is the most common type of NHL in children. Adults can 

also be diagnosed, but it is more unusual. It can affect people with low 

immunity, such as people who have had an organ transplant or who have 

AIDS.  

Lymphoblastic 

lymphoma 

Very similar to acute lymphoblastic leukaemia (ALL). In lymphoblastic 

lymphoma, the abnormal lymphocytes are generally in the chest lymph 

nodes or thymus gland. 

Treatment-

related B cell 

lymphomas 

They develop after an organ transplant or bone marrow transplant due to 

the immune-suppressors. It requires different treatment to other 

lymphomas. 
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Although several DLBCL molecular classifications have been established, the two most  

commonly used are cell of origin (COO) and consensus cluster classification (CCC).  COO 

classification (Figure 3) allows the division of DLBCL cases into different subtypes based on 

morphology and clinicopathology characteristics. Immunoblasts and centroblasts are large 

noncleaved cells with round or oval nuclei and a good prognosis, while plasmablastic 

lymphoma is a morphological form that varies immunophenotypically from other lymphomas. 

For instance, instead of the usual B-cell markers (CD20, CD79a) found in standard DLBCL, they 

express plasma cell markers (CD38, CD138). The anaplastic diffuse large B cell lymphoma (A-

DLBCL) is an uncommon distinct morphologic variant of DLBCL characterized by large 

polygonal cells with bizarre pleomorphic nuclei.(21) The not otherwise specified (NOS) cases 

do not fit within any of the previous four subtypes. Gene expression profiling (GEP) and 

immunohistochemistry (IHC) is commonly used to classify DLBCL into germinal centre B cell 

(GCB) like, non-GCB, and double hit lymphoma. 

 

Figure 3. – Genomic alterations and cell of origin in DLBCL subtypes. Resume of the most common alterations 
(mutations, translocations, or deletions) associated with GCB or ABC-DLBCL subtypes. 
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Among GCB like and ABC-like subtypes (Table 3), the ABC group harbours a substantially 

worse prognosis than the GCB group. The molecular subclassification of these cases gives 

important information both prognostically and therapeutically.  (22) 

 

 GCB-DLBCL ABC-DLBCL 

Clinical Result (5-year 

overall survival) 

59% 39% 

Immunophenotype CD10+, BCL2+, BCL6+, 

IRF4/MUM1- 

CD10- BCL2±, BCL6±, 

IRF4/MUM1+ 

Mechanism of 

carcinogenesis 

REL amplification Constitutive activation of NF-

κB 

Chromosomal translocation Gain 12q12 t (14;18) Trisomy 3 (FOXP1) gain 3Q 

Gain 18q21-q22 (BCL2) 

Deletion 6q21-q22 (BLIMP1) 

Treatment 

 

R-CHOP R-CHOP shows poor results. 

Lenalidomide, bortezomib and 

ibrutinib should be added to 

treatment plan 

Table 3 – Characteristics of germinal center B-cell and activated B-cell-diffuse large B-cell lymphoma. 

 

ABC-DLBCL is associated with higher aggressiveness, lower survival rates and substantially 

worse outcomes when treated with standard chemoimmunotherapy consisting of 

cyclophosphamide, doxorubicin, vincristine, and prednisone (CHOP). These, have maintained 

stable even in the modern medicine era with the addition to CHOP of powerful 

chemotherapeutic agents such as the anti-CD20 monoclonal antibody rituximab (R-

CHOP).(23) It represents approximately a third part of all lymphomas diagnosed and is 

characterized by chronic activation on BCR and Toll-like Receptor (TCR) signalling, which 

stimulates the nuclear factor kappa-light-chain-enhancer of activated B cells  (NF-κB) activity 

via Bruton’s tyrosine kinase (BTK) dependent signalling. A vast majority of this cases do not 

achieve complete remission or suffer relapse shortly after.(24)  
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On the other hand, the CCC classification, based on whole genome arrays and metabolic 

fingerprints, is used to classify molecular subtypes of DLBCL. One analysis, done by Chapuy et 

al, classifies DLBCL into in five clusters, termed C1–C5, each with a discrete genetic signature, 

as well as a cluster without any detectable alterations. (25)This classification is originated by 

the analysis of 304 DLBCL biopsies to identify candidate cancer driver genes. The study 

combines algorithms that classify mutations occurring more often than expected by chance 

(MutSigCV), mathematical models that identify clustering of missense mutations in 3-

dimensional protein structures (CLUMPS), and a model to identify significant copy number 

variants and structural aberrations. (26) In contrast, another genomic DLBCL analysis 

classified 574 tumors into genetic subtypes using the GenClass algorithm that starts with an 

initial set of genetic aberrations and then examines all possibly re-assortments of cases into 

classes to classify for genetic heterogeneity. This approach distinguished four genetic 

subtypes, named MCD, BN2, N1, and EZB. This nomenclature relates with the initial 

alterations that generate each genetic subgroups: MYD88L265P and CD79B mutations in MCD, 

BCL6 translocations and NOTCH2 mutations in BN2, NOTCH1 mutations in N1, and EZH2 

mutations and BCL2 translocations in EZB.(27) Although resulting in different classification, 

both analyses revealed that the different molecular groups had significantly different clinical 

outcomes, highlighting that these novel molecular taxonomies are biologically and clinically 

meaningful.(26) 

Lymphomagenesis covers from deregulation of transcriptional and epigenetic regulators in 

normal B cells to chromosomal alterations. These chromosomal alterations are due to the 

high degree of genomic instability present in these cells. Figure 3 depicts some of the major 

dysregulated pathways and oncogenic alterations.(28) Histone modification genes (MLL2 and 

CREBBP) are recurrent mutations sites as BCL6 deregulations, present in 35% of the cases.(29) 

If we focus on COO classification, there are also specific mutations and deletions associated 

with specific groups of this DLBCL classification. For instance, the aberrant activation of BCR 

present in ABC-DLBCL is linked to CD79B/A and CARD11 mutations, together with TLR 

pathway alterations like myeloid differentiation primary response 88 (MYD88) 

mutations.(28,29) In the case of GCB-DLBCL, MYC translocations, heterozygous somatic 

mutations of EZH2 and somatic BCL2 mutations are observed in 15%, 22% and 34% of patients 

respectively.  
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It is believed that this chronic activation of BCR and TCR confers extra survival to this type of 

tumours, vitally via NF-KB pathway, along which many mutations that overactivate both 

receptors signalling pathways have been described.(30) Point mutations in the BCR subunit 

CD79B, which are present in 21% of ABC-DLBCL, facilitate this chronic BCR signalling 

activation. (31) In cases that do not present these point mutations, an alternative pathway 

for constitutive NF-κB activation occurs through MYD88, a signal adaptor for the TLR (see 

section 2.3.2). A single oncogenic point mutation, known as MYD88L265P, occurs in 30% of ABC-

DLBCL, but is rarely observed in GCB-DLBCL.(32). This modification generates a chronic 

activation of both interleukin-1 receptor-associated kinase 1 (IRAK1) and interleukin-1 

receptor-associated kinase 4 (IRAK4) which finally lead to an overactivation of NF-KB pathway 

and expression of related genes. (33) 

 

2.3. ALTERED PATHWAYS IN ABC-DLBCL 

 

Thanks to the implementation of powerful genomic technologies, remarkable progress has 

been made in the understanding of the pathogenesis of this disease. These studies have 

deepened our knowledge on genomic alterations that contribute to the initiation and 

maintenance of the tumour clone by disrupting biological functions known to be critical for 

the normal biology of its cells of origin. Some of these alterations are simplified in Figure 4. 

All the new data generated these past decades offers unique opportunities for the 

development of improved diagnostic and prognostic tools. Furthermore, some of these newly 

identified alterations are potential targets that are currently being explored for the 

development of novel therapeutic strategies. 
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Figure 4. – Frequent altered pathways in ABC-DLBCL. Simplified altered pathways and targets with existing 

inhibitors in different stages of development.  

 

 

2.3.1. NF-kB signaling canonical and non-canonical pathways; therapeutic targeting 

 

AS highlighted previously, a hallmark of ABC-DLBCL is the constitutive activation of NF-kB 

pathway. Gene expression profiling in patient samples highlighted a preferential expression 

of NF-kB regulated genes in ABC-DLBCL when compared with the other major subtype GCB. 

This has also been shown in cell lines. The ABC subtype engages classical NF-kB pathway as 

they have a very fast turnover and phosphorylation of IkBα and an important degree of 

nuclear accumulation of the heterodimer p50/p65 in comparison with p50-c-rel 

heterodimer.(34) The suppression of this signaling pathway with IkB repressors or IKKβ  

inhibitors induces apoptosis in ABC-DLBCL but not in GCB-DLBCL cells.(34,35) 

As a result of this constitutive activation of NF-kB, malignant cells are propelled to the plasma 

cell stage of differentiation mediated by the NF-kB target gene, interferon regulatory factor 4 
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(IRF4). In healthy lymphocytes IRF4 drives terminal differentiation transactivating PRDM1, 

which encodes Blimp-1. However, in ABC-DLBCL genetic lesions that inactivate Blimp-1 are 

frequently observed.(36) Altogether, this suggests a model by which NF-kB activation in ABC-

DLBCL initiates plasmacytic differentiation via IRF4 transactivation but due to lesions 

inactivating Blimp-1 the cell fails to fully differentiate. This explains how tumor cells evade 

cell cycle arrest that typifies normal plasma cells.(37) 

Production of cytokines in ABC-DLBCL is also a consequence of NF-kB constitutive activation. 

For instance, both interleukin 6 (IL-6) and interleukin 10 (IL-10) are secreted by ABC-DLBCL 

cells and signal for the activation of transcription factor signal transducer and activator of 

transcription 3 (STAT3), a dimerizing transcription factor and oncogene involved in cytokine 

growth signaling and cell survival pathways.(38) This STAT3 activation is demonstrated by high 

STAT3 protein level, phosphorylated STAT3 present in the nucleus and the existence of a 

signature of STAT3 target genes that typifies ABC-DLBCL.(39) As STAT3 physically interacts 

with NF-kB factors, ABC-DLBCLs with higher activation of STAT3 also present higher 

expression of NF-kB target genes, presenting an increased ability to transactivate their 

targets.(40) Due to this existing interaction, JAK kinase inhibitor, which results in a blockade 

of STAT3 phosphorylation, acts synergistically with IKKβ inhibitors in eliminating ABC-DLBCL 

tumoral cells. (39) 

Certain mutations may also lead to a constitutive activation of the alternative NF-kB pathway. 

For instance, deletions/mutation of TRAF3, a negative regulator of the alternative NF-kB 

pathway is present in 15% of patients, and often coexist with BCL6 translocations, all together 

preventing terminal B cell differentiation. (41)  

2.3.2. TLR pathway: MYD88 and others 

 

Aberrant Toll-like receptor (TLR) signaling is emerging as a potent driver of lymphomagenesis 

especially in the ABC-DLBCL subtype. To date, 10 distinct TLR’s, members of the pattern-

recognition receptors class, have been identified in humans.(42) All of them, except TLR3, 

require the MYD88 adaptor protein to relay downstream signaling. (42) Upon activation, 

MYD88 is recruited to the Toll/IL-1 receptor (TIR) domain of the activated TLR. (43) MYD88 

then recruits members of the IRAK family to form the Myddosome complex. The assembly of 

this signaling supercomplex is hierarchical, which means that MYD88 first recruits IRAK4 and 
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this complex then recruits IRAK2 or the related IRAK1, both substrates of IRAK4 activity.(44) 

The formation of this complex is vital to bring the kinase domains close enough for 

phosphorylation-mediated activation to take place. (45) IRAK4 mediated phosphorylation of 

IRAK1/2 promotes TRAF6 recruitment causing the ubiquitination and activation of TAK1 

finally leading to the activation of the NF-kB pathway. (46) The biological importance of this 

signaling pathway has been shown by RNA interference experiments which concluded that 

ABC-DLBCL cells require both IRAK1 and IRAK4 for their long-term survival.(32) However, 

additional genetic experiments with mutant kinases demonstrated that only IRAK4, but not 

IRAK1 kinase activity, was required for ABC-DLBCL survival, suggesting that IRAK1 is more of 

adaptor or scaffold for this complex rather than a real effector.(47) 

Excessive TLR signaling driven by somatic gain of function MYD88 mutations has been 

described in numerous hematological malignancies including CLL(48), DLBCL (32), and 

Waldenström's macroglobulinemia (WM) (49). Specially interesting is the case of ABC-DLBCL 

where 29% of patients carry the p.L265P mutation at a highly conserved residue in the β-

sheet of the hydrophobic core of the MYD88 TIR domain.  In addition, these tumors have been 

shown to display MYD88p.L265P-dependent NFκB activation and JAK-STAT3-, as well as type I 

interferon signaling leading to an oncogene addiction to MYD88p.L265P within this subtype of 

DLBCL.(32) Altogether, it is expectable that MYD88-dependent oncogenic NFκB signaling is an 

important contributor to lymphomagenesis, in a well differentiated subset of ABC-DLBCL. The 

observation that MYD88-mutant ABC-DLBCL is oncogene-addicted, supports that MYD88 

signaling as a very promising drug target.  

The potential of MYD88p.L265P mutation to trigger a malignant grow as been firmly confirmed 

through In vivo studies in mice. For these, a Cre-mediated recombination was performed to 

generate a conditional expression of Myd88p.L252P (in the orthologous position of the human 

MYD88p.L265P mutation) in B-cells. The model developed a lympho-proliferative disease and 

occasional transformation into clonal ABC-DLBCL with immunophenotypical and 

morphological features characteristic of human ABC-DLBCL.(50) In line with the frequent BCL2 

amplification that is observed in human ABC-DLBCL, lymphomagenesis could be accelerated 

in this animal model by adding to the Cre;Myd88p.L252P a conditional overexpression of BCL2, 

showing the existing interaction between BCL2 and oncogenic Myd88p.L252P.(50) 
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2.3.3. BCR pathway: effect of BTK antagonists +/- epigenetic drugs 

 

The BCR signalling starts with the phosphorylation of tandem tyrosines  within 

immunoreceptor tyrosine-based activation motifs (ITAMs) found on the CD79A (Igα) and 

CD79B (Igβ) heterodimer. ITAMs then recruit and activate SYK kinase causing its 

autophosphorylation to generate the docking site for its effectors like BLNK and BTK. (51) SYK 

and SRC kinases can then activate BTK, which is recruited to the plasma membrane by the 

production of phosphatidylinositol (3,4,5)-trisphosphate (PIP3) by phosphoinositide 3-kinase 

(PI3-K).(52) PI3-K is activated through BCR-dependent phosphorylation of CD19 by Src-family 

kinases. Once BTK is recruited and activated in the BCR signalosome, it triggers a signalling 

cascade ending in the production of inositol trisphosphate (IP3) and diacylglycerol (DAG). IP3 

binds to the IP3 receptor on the endoplasmic reticulum, initiating an extracellular calcium flux 

and activation of many calcium-dependent signalling and transcriptional programs. The 

combination of increased intracellular calcium and DAG production activates protein kinase 

C beta (PKCβ). The increase of intracellular calcium together with other factors results in the 

activation of the classical NF-κB pathway mediated by the formation of the CBM complex 

triggered by the phosphorylation of CARD11. BCR stimulation also initiates signaling through 

the ERK, MAPK and NF-AT pathways, which coordinate with NF-κB to promote B cell survival, 

proliferation, and differentiation.(53) ABC-DLBCL cases predominantly express an IgM-BCR, 

while GCB-DLBCL cases have typically switched to an IgG-BCR. This is due, in part, to mutations 

in the switch μ, region of the IgH gene in ABC DLBCL that interfere with its function to promote 

class switching from IgM to other isotypes. [62] This suggests the existence of a selective 

pressure for ABC-DLBCL to avoid CSR and maintain IgM-BCR expression which preferentially 

leads to mitogenic and survival signaling, among which we find NFκB, while IgG-BCR signaling 

favors plasma cell differentiation. [64] 

Going deeper into our knowledge of the role of BCR signalling in ABC-DLBCL has led to the 

discovery of new targets and the development of precise therapeutic inhibitors against 

kinases involved in the pathway like BTK, SYK and PI3-K. as well as other downstream targets 

like mucosa-associated lymphoid tissue lymphoma translocation 1 (MALT1).(54) One of the 

most promising targets is BTK as it interconnects BCR signalling, TLR signalling, and chemokine 

receptor signalling. After the first failed BTK inhibitor LFM-A13 was discovered in 1999 (55),  

PCI-32765, now known as ibrutinib, designed by Celera Genomics/Pharmacyclics, was chosen 
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for preclinical development giving rise to the first-in-class inhibitor of BTK. The efficacy of 

ibrutinib in B-cell lymphoma was first reported in 2010 (56) but due to off-target side effects 

and emerging of resistance, the development of second generation of BTK inhibitors was 

initiated. The first was Acalabrutinib from Acerta Pharm/Astrazeneca (57) followed by 

Zanubrutinib by BeiGene (58).  

There are similarities and differences among these three approved BTK inhibitors, as for 

instance all inhibitors are irreversibly covalently bound to cysteine 481 in the ATP binding 

pocket of BTK; ibrutinib is the most potent BTK inhibitor followed by zanubrutinib and 

acalabrutinib based on biochemical binding kinetics, but differences in biochemical potency 

were partly lost in cellular assays using human peripheral blood mononuclear cells or human 

white blood cells (all less than 10 nM); acalabrutinib had the lowest off-target rate and the 

highest selectivity followed by zanubrutinib and ibrutinib (59).  

In the first phase II trial of ibrutinib monotherapy in relapsed/refractory DLBCL, objective 

responses were observed in 39% of patients with ABC DLBCL, translating into significantly 

longer overall survival (OS) in patients with ABC-DLBCL. Nonetheless, median progression-

free survival (PFS) in ABC-DLBCL cases was very short (2 months), indicating that BTK 

monotherapy failed to eradicate the malignant cells in most patients.  

Genetic analysis of biopsy samples from patients on the ibrutinib monotherapy trial revealed 

that patients with ABC-DLBCL whose tumours harboured both a CD79B mutation and a 

MYD88L265P mutation had an 80% response rate, whereas the response rate in the remaining 

ABC cases was only 30%.(60) This observation revealed a functional cooperation between the 

BCR and MYD88 pathways (60), leading to the discovery of a supramolecular complex termed 

the “My-T-BCR,” consisting of BCR, TLR9, and MYD88L265P along with many other proteins 

involved in NF-κB activation, including CARD11, BCL10, MALT1, and IκB. ABC DLBCLs that form 

an My-T-BCR complex are “addicted” to BCR signalling, explaining their exceptional response 

to ibrutinib monotherapy.  

Seeing this short PFS, there has been a great interest in identifying other vulnerable 

mechanisms that can be therapeutically explored in combination with ibrutinib. In this sense, 

genetic silencing of mutant MYD88 by treatment with histone deacetylase inhibitors (HDACi) 

enhanced ibrutinib efficacy in ABC DLBCL. Ibrutinib leads to decreased binding of mutant 
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MYD88 protein to BTK, resulting in reduced downstream NFκB signalling and increased 

apoptosis. The transcriptional downregulation of MYD88 by treatment with HDACi, together 

with ibrutinib therapy, reduces even more this aberrant constitutive binding showing a 

synergistic antitumoral effect by NFκB signalling blockade.(61) The blockade of MYD88-driven 

NF-κB activation indicating that dual inhibition of BTK and MYD88 is more effective as an 

antiproliferative strategy against ABC DLBCL and should be explored therapeutically.  

 

2.4. Standard and current treatment regimens for ABC-DLBCL 

 

Nowadays DLBCL is considered an aggressive but curable in most cases, with around 60% of 

patients presenting good response to treatment and prolonged survival. (62) However there 

is a remarkable heterogeneity in response rates within each subtype having great impact on 

prognosis.(29) 

The standard frontline treatment for DLBCL remains chemo-immunotherapy with R-CHOP. 

(63) R-CHOP has achieved durable remission in around 60% of cases (62) however there is a 

specific group of patients that do not respond to R-CHOP or relapse shortly after remission, 

presenting very poor outcomes. This lack of response suggests that there is a differential 

response according to different DLBCL subtypes. 

For instance, no efficient treatment is available against ABC-DLBCL as it can be seen in the 

high mortality and relapse index. However, an alternative option to finding new treatments 

is the search of complementary therapies to increase the tumour sensitivity towards existing 

treatments. Numerous randomized trials have attempted to improve R-CHOP by intensifying 

therapy or adding maintenance or novel agents to the existing backbone, especially for ABC-

DLBCL, mainly focusing on adding different biologic agents targeting NFκB pathway and 

chronic BCR signalling to R-CHOP.(64) Some of the most important agents tested are 

proteasome inhibitors (bortezomib), BTK inhibitors (Ibrutinib), phosphatidylinositol-3 kinase 

(PI3K) inhibitors (idelalisib), Bromodomain inhibitors (JQ1 and CPI203), bispecific IRAK-1 and 

IRAK-4 inhibitors or CXCR4 inhibitors among others. Unfortunately, none of this has translated 

into improved patient outcome.(65–67) 



41 
 

These therapeutic strategies should not only focus on single agent approaches but should 

specifically be based on synergistic drug interactions. The major signalling nodes to be 

targeted are the NFκB pathway, as well as BCL2-driven apoptosis resistance. Based on the 

common ABC-DLBCL-associated genomic aberrations detailed above, several intervention 

strategies are conceivable (Table 4). 

Target Compound Status 

JNK SP600125 Preclinical 

MALT1 MI-2 Preclinical 

P38 Losmapimod (GW856553X) Phase 3 (ACS) 

PI3Kδ Idelalisib (CAL-101) Approved (CLL, FL) 

PIM1 AZD-1208 

SGI-1776 

Phase I (AML, terminated) 

Phase I (NHL, terminated) 

PKCβ Sotrastaurin (AEB071) 

 

Ensataurin (LY317615 

Phase II (MCL, CLL, terminated) 

Phase III (NHL, failed 

PLCϒ U73122 Preclinical 

STAT3 S3I-201 Preclinical 

SYK Entospletinib (GS-9973) 

 

Fostamatinib (R788) 

Phase II (Multiple B-cell 

malignancies) 

Phase III (RA, ITP) 

TAK1 5Z-7-Oxozeaenol Preclinical 

BCL2 Venetoclax (ABT-199) Approved (CLL) 

BTK Ibrutinib (PCI-32765) Approved (MCL, CLL) 

ERK1/2 GDC-0994 Phase I (Solid tumours) 

IKK LY2409881, IMD-0354, TPCA-1 Preclinical 

IRAK4 ND-2158, AS2444697, CA-4948 Preclinical 

JAK1/2 Ruxolitinib (INCB018424) Approved (myelofibrosis) 

Table 4. – Targeted therapies currently under evaluation in ABC-DLBCL. Summary of recently identified targets 

and existing inhibitors in different stages of development.  

 

2.5. Deregulation of Ub-regulating enzymes 

 

Among the hallmarks of cancer, metabolic reprogramming includes enhanced biosynthesis of 

macromolecules, maintenance of redox homeostasis and altered energy metabolism. It is a 

highly regulated and complex process modulated by multiple signaling pathways, enzymes, 
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and transcription factor. It has been recently shown that ubiquitination and deubiquitination 

play a vital role in the regulation of metabolic reprogramming in cancer cells. Being one of the 

most important post-translational modifications, ubiquitination is a multistep enzymatic 

process with a role in various pathologies.(68) Ubiquitination is an ATP-dependent process 

that leads to the ligation of ubiquitin, a ubiquitously expressed protein consisting of 76 amino 

acids, to a substrate protein. The core enzymes in this Ubiquitin-activating enzymes (E1s), 

ubiquitin-conjugating enzymes (E2) and ubiquitin ligases (E3). Initially E1 binds to ubiquitin 

for activation, and then transfer activated ubiquitin to E2s and E3s finally transfer ubiquitin 

to substrates.(69) As E3 ultimately determine the target of ubiquitination and the specificity 

of substrate recognition, they are the mediators of proteasomal degradation or non-

degradative signaling, being crucial in the normal functionality of UPS and control of 

intracellular components in healthy and malignant settings. 

There are two known genes codifying for E1 activating enzymes, UBA1 and UBA6, around fifty 

E2 enzymes and over 600 E3 ligases within the human genome. This vast variety of 

ubiquitinating enzymes leads to different types of ubiquitination, resulting in disparate fates 

of substrate proteins. K48-linked polyubiquitination is the most widely studied type, which 

mainly labels proteins for 26S proteasome-mediated recognition and degradation.(70) 

On the other hand, deubiquitination is catalyzed by deubiquitinating enzymes (DUBs) to 

remove ubiquitin from ubiquitinated proteins, thus reversing the ubiquitination process, in 

which the isopeptide bond between ubiquitin and its substrate can be cleaved by a specific 

DUB, resulting in monoubiquitins for its reuse in other ubiquitinating processes. More than 

100 DUBs are known so far classified in five different families according to the presence of 

conserved catalytic domains: ubiquitin-specific proteases (UPS), ovarian tumor domain (OTU), 

Machado-Joseph domain (MJD) ubiquitin-C terminal hydrolases (UCH) and Jab1/MPN (JAMM) 

metalloproteases.(71)  Dynamic conversion between ubiquitination and deubiquitination is 

closely related to various cellular functions and thus, its dysregulation results in multiple 

diseases, such as neurodegenerative diseases and cancer. Understanding of ubiquitination 

and deubiquitination may provide novel insights into the treatment of these diseases.(72) 

Depending on the substrate specificity and on the affected signaling pathway, ubiquitin 

ligases and DUBs can act as either tumor promoters or tumor suppressors. Regulators of the 

cell cycle are among the main factors affected by aberrancies in the UPS pathway. As an 
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example, the cyclin-dependent kinase (CDK) inhibitor p27KIP1 is highly expressed in quiescent 

cells; however, its expression dramatically decreases in tumor cells as it is sent for degradation 

in the proteasome.(73) Together with cyclin E/A/CDK2 complexes and the E3 S-phase kinase-

associated protein 2 (SKP2), p27KIP1 also constitutes a regulatory network engaged in a 

bidirectional crosstalk with the c-MYC proto-oncogene, whose stability, cell cycle regulation 

and senescence role are finely controlled by processes of phosphorylation and specially 

ubiquitylation.(74) The accumulation of c-MYC, together with the activation of the 

mechanistic target of rapamycin (mTOR)-dependent translation, is also regulated by F-

box/WD repeat-containing protein 7 (FBW7), another E3 ubiquitin ligase which in healthy cells 

plays a crucial role as tumor suppressor and which loss of function, associated with mutations 

is frequently found in a variety of cancers. (75) 

Besides cell cycle, expression of tumor suppressor p53 is also controlled by ubiquitination and 

deubiquitylation. The murine double minute 2 (MDM2 or HDM2 for humans), which binds to 

the transactivation domain of p53, impairing its transcriptional activity and mediating its 

transport from the nucleus to the cytoplasm for its degradation is found to be deregulated in 

cancers presenting p53 mutations.(76) USP10, the DUB that compensates MDM2 function, 

translocating to the nucleus and activating p53 is also frequently under-expressed in certain 

types of cancer. (77) UPS deregulation may also affect apoptosis signaling in particular due to 

aberrant accumulation of the anti-apoptotic MCL-1. The regulation of MCL-1 levels is 

dependent on the correct functioning of the E3s tripartite motif containing 17 (TRIM17), 

MULE and FBW7. (78,79) 

Regarding NF-κB signaling, its essential modulator, NEMO, depends also on correct 

ubiquitination to carry out its normal function. Its mistaken ubiquitination is critical for 

genotoxic NF-κB activation and for the protection of tumor cells from DNA damage-induced 

cell death.(80) Dysregulation of the linear ubiquitin chain assembly complex (LUBAC)-

mediated linear ubiquitination pathway is directly responsible of the erroneous 

ubiquitination of NEMO and posterior aberrant activation of NF-κB pathway. LUBAC is 

composed by Heme-oxidized IRP2 ubiquitin ligase-1 L (HOIL-1 L), HOIL-1 L-interacting protein 

(HOIP), and Shank-associated RH domain interactor (SHARPIN), being the function of HOIP 

controlled by the DUBs OTULIN and CYLD.(81) 
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2.5.1. TLR-LUBAC-NF-kB crosstalk in DLBCL 

 

The ubiquitin-like (UBL) proteins of HOIL-1L and the ubiquitin-associated (UBA) of HOIP are 

indispensable for complex formation. However, the RING-in-between RING-RING (RBR) 

domain of HOIP, but not that of HOIL-1L, is responsible for linear ubiquitin formation, being 

HOIP the catalytic subunit. (82) 

LUBAC is the only E3 that assembles linear polyubiquitin chains by peptide bonds between 

the C-terminal Gly76 of ubiquitin and the α-NH2 group of M1 of another ubiquitin moiety. 

LUBAC functions has a regulator of the canonical NF-κB pathway as it mediates the K63-linked 

ubiquitinations of NEMO. (83) Ubiquitinated NEMO, together with ubiquitinated RIP1 

provides a scaffold for the recruitment of TGFβ-activated kinase 1 (TAK1)-TAB1-TAB2/3 

complex. This complex is responsible for the activation of the canonical IκB kinase (IKK), 

composed of the kinase subunits IKKα, IKKβ and the regulatory subunit NEMO finally resulting 

in the proteasomal degradation of inhibitory IκBs, allowing the nuclear translocation of NF-

κB. (84) 

It has been shown that LUBAC overexpression results in NF-κB activity, and that knockdown 

of LUBAC components resulted in reduced basal and TNF-α-stimulated NF-κB activities.(85) 

In addition, it has been shown that activating single-nucleotide polymorphisms of HOIP are 

enriched in patients with ABC-DLBCL, and expression of HOIP, which parallels LUBAC activity, 

is elevated in ABC-DLBCL samples. Within the same study, it was revealed that HOIP 

overexpression protects B cells from DNA damage-induced cell death through NF-κB 

activation, indicating that HOIP facilitates lymphomagenesis by preventing cell death and 

augmenting NF-κB signaling. Furthermore, the pharmacological inhibition of LUBAC was 

shown to suppress the tumor growth in an in vivo mouse model. (86) 

 

2.5.2. Pharmacological modulation of LUBAC signaling 

 

HOIP is the main catalytic subunit of LUBAC, as it contains the E3 active site. So, targeting 

HOIP is synonym to targeting LUBAC signaling. HOIP is composed of three main domains: zing 

finger (ZF) domains, NPl4-type zinc finger 1 (NZF1), and NPl4-type zinc finger 2(NFZ2). NZF1 
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domain acts as a ubiquitin-binding site able to interact with NEMO and Lys63 ubiquitin chains, 

necessary for the recruitment of LUBAC in different pathways. (87) 

At present, BAY11-7082, gliotoxin, peptidyl inhibitors of LUBAC, bendamustine, and α,β-

unsaturated methyl ester-containing compounds reportedly inhibit the LUBAC activity.(87) 

However, BAY11-7082 has been shown to inhibit E2s, indicating that probably it is not a direct 

LUBAC inhibitor; (88) Gliotoxin indeed binds to HOIP suppressing LUBAC activity but presents 

cytotoxicity (89) and bendamustine suppresses LUBAC activity but presents several other E3s 

like MDM2 as off-targets.(90) It has been recently developed a novel family of thiol-reactive, 

α,β-unsaturated carbonyl-containing chemical compound, named HOIPIN (1 to 8) as potential 

LUBAC inhibitors. However, the detailed molecular mechanism and the pharmacological 

effects of HOIPINs have remained elusive.(87) Thus, makes so important to search for novel 

compounds targeting this altered pathway as a possible adjuvant therapy to combine with 

existing treatments to tackle tumors with LUBAC overexpression or NF-κB addicted tumors 

like ABC-DLBCL. 
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3. State of the art preclinical modelling of high-grade B-cell lymphoma 
 

Models used in cancer research are constantly evolving toward more complex and 

physiologically relevant models for preclinical studies. Cancer models are either naturally 

existing or artificially prepared experimental systems that show similar features with human 

tumours, however the heterogeneous nature of human tumours is still a factor difficult to 

mimic in laboratories. Thorough investigation is constantly taking place on cancer models for 

deepening our knowledge in cancer invasion, progression, and early detection (Figure 5). 

These models give an insight into cancer etiology, molecular basis, host tumour interaction, 

the role of microenvironment, and tumour heterogeneity in tumour metastasis. These models 

are also useful to discover new biomarkers, targeted therapies, and are very helpful and cost-

efficient in drug development.  

 

Figure 5. – Common existing In vitro and In vivo models used in lymphoma research.  

 

From its outset, lymphoma research has relied on a wide variety of models, from cell 

monolayers to whole-organism studies, in particular mice. Over the years, advances in gene-

editing, mouse models, and the rise of three-dimensional (3D) in vitro models have opened 
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the door to a vast variety of approaches to the study the biology and therapy responses in a 

more physiological environment. The generation of reliable models approximating human 

disease offers the potential to apply the obtained results in daily clinical practice.(91) 

Although non-preclinical model is ideal as all present limitations its development and 

application is key to fill the gap between preclinical research and translational medicine.  

 

3.1. In vitro: 2D vs 3D models 

 

2D models, based on the culture of cancer cell lines, is regarded as a ubiquitous feature of 

oncology as it presents similar gene expression patterns and features to those on primary 

human tumours. This model is widely used due its cost, high proliferation rates, limited 

cellular heterogeneity, immortality and easy to use characteristics.(92) In addition to the 

aforementioned advantages, 2D cultures are an extremely versatile model enabling the 

modification of the system even at the genetic level with novel gene-editing techniques like 

DNA base editors and RNA-programmable clustered regularly interspaced short palindromic 

repeats (CRISPR)-associated (Cas) nucleases.(93) 

However, high-grade B-cell lymphomas, and all cancer types, complexity does not result only 

form genetic aberrations in the tumoral cells. Its survival and physiology deeply depend on 

the interaction of the malignant cells with the non-malignant cells forming the surrounding 

tumour microenvironment (TME). In the case of DLBCL TME involves the interactions of the 

malignant cells with healthy immune cells, like natural killer (NK) cells (±20% of total cell 

content), dendritic cells (DCs) (±15%), M2-type macrophages (±15%), CD4+ T cells (±10%), and 

CD8+ T cells (<5%). (94) These diverse interactions and the composition of the TME widely 

affect the disease’s progression, response to treatment, acquisition of resistance and general 

pathophysiology.  

In DLBCL, tumour cells represent between 60 and 80% of the total cellular content, therefore 

classical 2D models do not fully recapitulate the complexity of the disease.(91) The first 

approaches to fill this gap consisted on the elaboration of simple co-culture systems, by 

combining tumoral cell lines with other cell types as for instance stromal cells or some type 

of effector cell like M2-polarized macrophages. However, this models still lack the full 



48 
 

spectrum of interactions with the TME and the 3D structure of the region which also plays a 

vital role in disease behaviour and treatment response. (95) Organoids and organotypic 

spheroids fall in this last category. 

The development of organoids as an ex vivo model system has revolutionized cancer research 

for the last decade. Organoids are the infinitesimal of human organs and tissues, and 

functional features and architectures of a selected organ are accurately mimic. The organoid 

cancer model is developed by tumour cells isolated from biopsies of cancer patient and 

cultured within an artificial extracellular matrix, specific culture systems which facilitate the 

formation of cancer organoid. (96) Patient-derived lymphoma organoids (PDOs) reproduce 

the actual interactions within a patient’s own immune system to eradicate tumour cells, and 

recapitulate the transcriptional, mutational profile, and therapy response of the primary 

tumour. 

This may be also performed with cell lines, by combination of the different cell types present 

in the tumour within an extracellular matrix. There is a variety of techniques and technologies 

to form cancer organoids or spheroids ranging from using commercially available extracellular 

matrix, synthesis of hydrogels to use as scaffold, (97,98), hanging drop method (99), magnetic 

levitation and bioprinting techniques (100) or chips and microfluidics systems (101) among 

others.  

A major limitation of organoids involving different cell types is that the co-culture conditions 

require exhaustive optimization to achieve an equilibrium that suits all cell types involved. 

Additionally, patient-derived 3D models are often created from small biopsies, in part due to 

difficult access for researchers to big quantities of biological material, which may cause an 

underrepresentation of the complexity of the whole tumour, lack immune selection, and 

make it in vitro manipulation challenging. Access to larger biopsies could facilitate optimizing 

these systems and broaden the scope of these models beyond drug screenings.(91) 

Despite these limitations, cell-line-derived and patient-derived DLBCL spheroids have already 

been helpful in lymphoma research for example to deepen our knowledge in germinal centre 

dynamics and reactions (102), the TME and therapeutic potential and resistances (103). 3D 

models have been used to study epigenetic events within the GC, as for instance B cell 

proliferation mediated by enhancer of zeste 2 polycomb repressive complex 2 subunit (EZH2) 
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through the repression of Cyclin Dependent Kinase Inhibitor 1A (CDKN1A), which cannot be 

evaluated in mouse models due to biological limitations of the model. (104) These models 

have also been used for pharmacological evaluation of novel drug combinations to try and 

discover new anti-lymphoma regimens specially for ABC-DLBCL. (105)  

Progress is leading to the development of even more complex systems such as organ-on-chip 

models and microfluidics-based platforms, which together recapitulate blood-flow conditions 

and accurately reproduce the cell interactions that occur in the DLBCL tumour 

microenvironment.(101) In comparison with 2D models, 3D models, and the coming 

combinations of this models with microfluidics devices, are prone to facilitate faster and more 

accurate drug development, because they recapitulate in more detail the TME of primary 

tumours.  

 

3.2. In vivo: advantages of existing CDX and PDX models 

 

Due to its genetic and physiological similarities, in the field of lymphoma research, mice have 

been the favourite animal model. In addition, the possibility of genetically modifying this 

specie has enabled the development of spontaneous lymphoma models to evaluate its arise 

and development like for example the Eµ-Myc,(106) Eµ-BRD2,(107) or Bcl6 (108) mouse 

models. These models have enabled us to understand important factors in this disease like 

the role of BCR signalling, identification of key factors in B cell development and 

transformation such as BCL6, PAX5, PI3K, MEF2B and EZH2,(91)(109) among others as well as 

the discovery of novel tumour suppressors and other potential therapeutic targets like Tet 

methylcytosine dioxygenase 2 (TET2).(110) 

Xenograft mouse models, which are obtained by the implantation of human lymphoma cells 

into an immunodeficient mice are also very helpful and widely used. Within this model we 

find two subtypes: patient-derived xenografts (PDX), which result from the inoculation of cells 

obtained from patient samples, and cell line-derived xenograft (CDX), which is a gold-standard 

model used for the research and testing of anti-cancer therapies obtained from the 

inoculation of cell lines in mice. CDX models, are easy to generate and cellular material, as it 

comes from cultured cell lines, is abundant. However, these cell lines contain native 

mutations that may not be observed in the comparative human lymphoma.(111)(96) PDX, in 
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comparison, retain the genetic signature, refractoriness to treatment and TME as seen in 

patients enabling to do a thorough study of therapeutic regimens and personalized therapies 

for each individual patient. However, with this type of biological material, quantity is limited, 

and engraftment rates are usually low. In addition, immune-compromised animals are used 

to avoid rejection making it impossible to evaluate immunotherapies or directly the role of 

the immune system within the model.(112) By serial engraftments on different mice we can 

amplify the cells to increase the amount of biological material to work but this procedur e, 

slowly leads to a loss of the primary tumour characteristics as well as increased costs and time 

required.  

Humanized mice, immunodeficient mice populated with a human immune system, are also 

an option to study immune interaction and the effect of different immunotherapeutic agents 

in a living model. However, its establishment and application still face many challenges, 

including the major histocompatibility complex (MHC) incompatibility between immunocytes 

and tumours, the residual murine innate immunocytes, and the lack of specific-specific 

cytokines and the elevated price of humanized mice. (113) In addition, mouse xenograft 

models are costly, time-consuming and require large cohorts of animals, presenting several 

ethical issues that should also be considered when using mice in research. Due to growing 

pressure on reducing the number of animals used in experimentation and the need to comply 

with the 3R principles, the chicken embryo chorioallantoic membrane (CAM) assay appears 

as an attractive alternative to traditional animal models. 

 

 

Figure 6. – Schematic representation of the CAM assay 
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The CAM is a highly vascularized extra-embryonic membrane tightly connected to the 

developing embryo through its vascular system circulatory system. This model, in comparison 

with other existing animal models, presents a series of advantages as for example its cost-

effective, fast allowing the screening of a large number of pharmacological samples in a short 

time and presents fewer ethical issues;(114) as the chick embryo is unable to perceive pain 

from manipulations in the CAM tissue, which is not innervated and experiments are 

terminated before the development of centres in the brain associated with pain perception, 

making this a system not requiring animal experimentation permissions.  Due to these 

characteristics’ chick embryos are not considered as living animal until day 17 of development 

in most countries. (115) 

Acellular matrix can be transplanted onto the CAM to provide a matrix for cells to grow. 

Xenotransplantation can also be performed easily and non-invasively as at the beginning of 

the chicken embryo development the immune system is immature, presenting an 

immunodeficient environment in the early stages of development when the cells are 

implanted. Within days, tumor formation occurs, and, in the case of aggressive tumours, 

metastasizing cells can colonize the embryo’s organs via the circulatory system due to the 

angiogenesis irrigating the xenograft. (116) This spontaneous angiogenesis around the 

tumour provides the explants with nutrients and growth factors derived from the yolk sack 

and structures developing within chicken embryo. (117) 

After the first 8 days of embryonic development, early lymphoid cells deriving from the yolk 

sac and spleen are usually recognizable in the thymus and 3 days later in the bursa of 

Fabricius, a specialized organ where hematopoiesis takes place, vital for B-cell development 

in birds, and cell-mediated immunity has been demonstrated by day 13–14.(118–120) On day 

12 of embryonic development, the immune system is mature enough to respond to foreign 

tumour cells by infiltration of monocytes and inflammatory-like cells such as avian heterophils 

and opening the door to using the CAM model as an In vivo research model for 

immunotherapy. (121) 

However, the CAM model presents certain limitations. For instance, embryo viability is largely 

variable (20–90%) and directly depends on biophysical parameters, like considerable changes 

in atmospheric temperatures, which leads to lower rates of fertilization and lower survival of 

embryos. Experiments are bounded to strict schedules as the eggs are only viable until day 17 
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of embryonic development and the development of immune system is also rigorously time 

framed. This be problematic when evaluating response to treatment depending on the 

mechanism targeted by the treatment or in the case of immunotherapy, it is totally 

dependent on the embryos immune system development. In addition, there is still a lack of 

reagents like for instance antibodies that are compatible with chicken tissue. Despite these 

limitations, the CAM model is technically simple, fast, and cost-efficient. Therefore, it can be 

easily set up as a model for bridging the in vivo–in vitro gap, and reduce the number of animals 

used in experimentation, especially in drug development, making it easier to comply with the 

3R rule of animal experimentation at a global level.(122) 
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RATIONALE AND OBJECTIVES 
 

The overall objective of this dissertation is to evaluate the safety and efficacy of different 

approaches aimed at targeting the pathological overactivation of NF-κB in diffuse large B-cell 

lymphoma, with a special focus on the activated B-cell, hard-to-treat subtype of the disease. 

 

The strategies challenged in this thesis are the following: 

 

1. Blockade of TLR signalling by direct inhibition of IRAK1/4 in association with BET 

bromodomain inhibition-mediated impairment of epigenetic reader’s activity. 

 

2. Inhibition of ubiquitin-proteasome system signalling by means of a novel covalent 

inhibitor of HOIP, the LUBAC catalytic subunit. 
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MATERIAL AND METHODS 
 

Cell Lines  

 

In both projects, four MYD88L265P ABC-DLBCL cell lines (OCI-LY3, OCI-LY10, HBL-1, TMD8), one 

MYD88wt ABC-DLBCL cell lines (U-2932) and four GCB-DLBCL with MYD88wt (SUDHL-4, SUDHL-

8, OCI-LY8 and KARPAS-422) were used. All cell lines were cultured in RPMI medium (Gibco) 

supplemented with 10% fetal bovine serum (FBS) (Biowest) except for OCI-LY10 which were 

cultured in Iscove’s Modified Dulbecco’s (IMDM) medium (Gibco) supplemented with 20% 

human serum, 1% L-glutamine (Corning) and 1% penicillin–streptomycin (Gibco). Hk follicular 

dendritic cells were cultured in Advanced-RPMI 1640 medium (Gibco) supplemented with 5% 

FBS, 1% antibiotics, 1% glutamine. 

 

Primary samples 

 

Healthy donors’ peripheral blood mononuclear cells (PBMC) were isolated using Ficoll density 

gradient. Cryopreserved cells of lymph node biopsies from two ABC-DLBCL patients with 

either MYD88wt or MYDD88L265P were included in this study. Cell of origin and MYD88 

mutational status were determined histologically using Hans’s algorithm and allele-specific 

PCR, respectively. To prevent spontaneous apoptosis ex vivo, primary cultures were 

maintained in complete RPMI medium in the presence of the bone marrow-derived 

mesenchymal cell line StromaNKTert (Riken BioResource Center) at a 4:1 ratio. The ethical 

approvals for this project, including the informed consent of the patients, were granted 

following the guidelines of the Hospital Clínic Ethics Committee (IRB, reg. num. 2012/7498). 
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Proliferation assay 

 

DLBCL cells and PBMCs (4x104) were seeded onto 96-well-plates and incubated with or 

without different drugs at the indicated doses. After the indicated time points, 5mg/ml of 

MTT (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide) reagent (Sigma-Aldrich) 

diluted in PBS was added and incubated for 4 hours (in the case of cell lines) or 6 hours (in the 

case of primary samples). The formazan precipitate was diluted in acidic isopropanol and the 

colorimetric assay was detected at 560nm using 750mm absorbance as reference wavelength 

with Synergy™ HTX Multi-Mode Microplate Reader (Biotek). Each measurement was made in 

triplicate. Values were represented using untreated control cells as reference.  

 

Combination Index (CI) calculations 

 

The combination index (CI) was calculated using CompuSyn software based on the Chou and 

Talalay’s algorithm and the formula (CI) = (D)1 /(Dχ)1 + (D)2/(Dχ)2, where (Dx)1 represents 

the dose of the drug D1 alone that inhibits the growth of cells by 50% and (Dx)2 is the dose of 

the drug D2 alone that inhibits the growth of cells by 50%. For evaluation of interaction CI 

<0.8 indicate synergism, CI=1 indicates additivity and CI>1 indicates antagonism. 

 

Western blot 

 

Whole cell proteins were extracted from 107 DLBCL cells as previously described [11]. Proteins 

(30-50 μg/lane) were subjected to 10-12% SDS-PAGE, transferred onto PVDF membranes 

(Immobilon-P; Millipore) and probed with antibodies against MARCKS (Thermo Fisher), MCL-

1 (Santa Cruz), IκBα (Cell Signaling Technology), CD44 (Bio-Rad), endogenous α-tubulin 

(Sigma-Aldrich), followed by incubation with anti-rabbit or anti-mouse secondary antibody 

(Cell Signaling Technology). Chemiluminescence detection was done using ECL Plus system 

(Thermo Fisher) and a Fusion FX imaging system (Vilber Lourmat). Band intensity was 

quantified using Image J software and normalized to housekeeping protein (GAPDH or 
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TUBULIN). If not otherwise specified, representative data from n = 3 experiments are shown. 

Antibodies used in this dissertation are listed in Table 6 

 

RNA extraction, cDNA Synthesis and quantitative PCR (qPCR) 

 

Total RNA was extracted using the RNeasy Mini Kit (Qiagen) according to manufacturer’s 

instructions. Total RNA was retrotranscribed using the high-capacity cDNA Reverse 

Transcription Kit (Thermo Fisher) and quantitative real-time PCR (qPCR) was performed on a 

QuantStudio™ 7 Flex Real-Time PCR System (Life Technologies) using Sybr Green primers and 

Gotaq qPCR Sybr Green Master Mix (Promega). Primers used in this dissertation are listed in 

Table 5. The comparative cycle threshold method (ΔΔCt) was used to quantify the relative 

expression of each gene by means QuantStudioTM 7 software (Life Technologies) normalizing 

with a housekeeping gene (GAPDH, B-TUBULIN OR B-ACTIN). 
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Target gene Forward (5’ to 3’) Reverse (5’ to 3’) 

CCL3 ATGCAGGTCTCCACTGCTG GGGAGGTGTAGCTGAAGCA 

IL6 GCAGAAAAAGGCAAAGAAT CTACATTTGCCAAGAGC 

IL10 GCCTTTAATAAGCTCCAAG ATCTTCATTGTCATGTAGGC 

MARCKS CTCCTCGACTTCTTCGCCCAAG TCTTGAAGGAGAAGCCGCTCAG 

IRF4 TCAGCTCCTTCACGAGGATT GAGCCAAGCATAAGGTCTGC 

MCL1 TAGTTAAACAAAGAGGCTGG ATAAACTGGTTTTGGTGGTG 

CD44 CCAGAAGGAACAGTGGTTTGGC ACTGTCCTCTGGGCTTGGTGTT 

MYC TGAGGAGGAACAAGAAGAT ATCCAGACTCTGACCTTTTG 

RNF31(HOIP) GTTGGAAGACAAGGTTGAAG GTGTCCATGGAACAGGTG 

Human Alu 

Sequences 

ACGCCTGTAATCCCAGGACTT TCGCCCAGGCTGGTCGGGTGCA 

HPRT Gallus 

gallus 

CAGGCTCCACGTTTGTTACC TTTCCCTCAGGCCTTCATCA 

GAPDH ACAGTTGCCATGTAGACC TTGAGCACAGGGTACTTTA 

β-ACTIN GACGACATGGAGAAAATCTG ATGATCTGGGTCATCTTCTC 

HPRT ATAAGCCAGACTTTGTTGG ATAGGACTCCAGATGTTTCC 

 Table 5. – Primers used in this dissertation. 
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Gene expression and gene set enrichment analysis (GSEA) 

 

Complementary RNA was hybridized on the HG-U219 GeneChip (Affymetrix) following 

standardized protocols. Scanning was processed in a Gene Titan instrument and analyzed with 

GeneChip Command Console Software (Affymetrix). Raw data were normalized using the 

Robust Multichip Analysis algorithm implemented in the Expression Console Software v1.1 

(Affymetrix). An enrichment pathway analysis was done using the gene set enrichment 

analysis (GSEA) desktop application version 2.0 (http://www.broadinstitute.org/gsea/)  in 

order to find significant gene signatures using experimentally derived custom gene sets 

(lymphochip.nih.gov). Data has been deposited at the Gene Expression Omnibus (GEO) of the 

National Center for Biotechnology Information (GSE159915). 

 

Flow cytometry analysis 

 

Apoptosis was determined by cytofluorimetric detection of phosphatidylserine exposure 

after dual staining with annexinV-propidium iodide on an Attune acoustic focusing cytometer 

(Thermo Fisher). For intracellular detection of IL6 transcripts, DLBCL cultures were labeled 

with an IL-6 Hu-Cyanine 5 SmartFlare RNA detection probe (Merck), and percentage of cells 

with detectable contents of IL6 mRNA was determined by flow cytometry. For F-actin 

measurement, HBL-1 y OCI-LY3 cells were pre-incubated for 24 hours with 0.5 µM CPI203 

and/or 50 µM IRAKi, followed by a 24-hour stimulation with 0.5 µM hyaluronic acid (Sigma-

Aldrich). Cells were then PFA-fixed, labeled with 50 µg/ml phalloidin-TRITC (Sigma-Aldrich). 

Recounting of red fluorescent cells was performed on a H5505 microscope by means of a 

20X/1.30 NA oil objective (Nikon) with the use of Isis Imaging System v5.3 software 

(MetaSystems GmbH). Antibodies used in this dissertation are listed in Table 6. 
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Xenograft mouse model  

 

NOD/SCID IL2R γnull (NSG) mice were inoculated subcutaneously with 107 OCI-LY3 cells and 

after 13 days, when tumor volume reached 100 to 200 mm3, animals were randomized into 

three groups of 5 mice each, and were dosed with intraperitoneal (i.p.) injection of 2.5 mg/kg 

CPI203 twice a day (BID) and/or i.p. administration of 7.5 mg/kg IRAKi (BID), or an equal 

volume of vehicle, in a five/two (on/off) schedule. Tumor volumes were measured every 2-3 

days with external calipers and calculated as: V = 1/2 × a × b2, where a and b represent the 

length and width, respectively. After 11 days, animals were euthanized according to 

institutional guidelines and tumor samples were excised.  

 

Immunohistochemistry 
 

Tissue samples were formalin-fixed overnight and paraffin-embedded (FFPE) and sections of 

4µm were cut. Formalin-fixed and paraffin-embedded slides were deparaffinized with xylenes 

and rehydrated using standard protocols before being incubated with 10amM Sodium Citrate 

(Ph 6) for antigen retrieval.  

For DAB (3,3 – Diaminobenzidine) immunostaining, all slides were incubated with 0,3% H2O2 

to block endogenous signaling and a blocking solution to minimize unspecific IgG binding (5% 

goat/donkey serum depending on the origin of the secondary antibody; 4%BSA and 0.5% 

Tween-20 in PBS) followed by overnight incubation with the primary antibody and an 

incubation with HRP-conjugated antibody of 1 hour. The staining was developed using DAB 

peroxidase substrate kit (Vector), counterstained with hematoxylin (de) and mounted in 

Dibutylphthalate Polystyrene Xylen Solution (DPX). Hematoxylin and eosin (H&E) staining 

were performed after rehydration step with serial hematoxylin and eosin incubations.  

All slides were analyzed in a Leica DM2000 microscope (Leica Microsystems). Antibodies used 

in this dissertation are listed in Table 6. 
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Primary Antibodies Source Reference 

IMMUNOBLOTTING 

IRAK1-pThr209 Thermo-Fisher PA5-38633 

IRAK1 Cell Signaling 4504 

IRAK4-pThr345 Abnova MAB2538 

MCL-1 Santa Cruz sc-819 

β-actin Santa Cruz sc-47778 

IKBα Cell Signaling 9242 

CD44 Bio-Rad MCA2726T 

MARCKS Thermo-Fisher PA5-12210 

MYC Cell Signaling 5605 

Tubulin ProteinTech 

 

66240-1-Ig 

RNF31 (HOIP) Cell Signaling 99633 
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FLOW CITOMETRY 

Annexin V-FITC Invitrogen 550474 

IMMUNOHISTOCHEMISTRY 

p-Histone3 Abcam ab32107 

P50 Abcam ab209795 

Activated caspase-3 BD 550557 

Table 6. – Antibodies used in this dissertation. 

Generation of HOIPKO cell lines 

 

0.5 x 106 HBL-1 cells were electroporated using a on a Nucleofector™ 2b (program A030, 

Lonza) with 36 pmol SpCas9 Nuclease V3, 44 pmol CRISPR-Cas9 tracRNA ATTO 550, 44 pmol 

Alt-R CRISPR-Cas9 crRNA Hs.Cas9.RNF31.1.AS (RNF31-HOIP KO 5´- CAGGAGCAATCTCTCTCAAT 

AGG-3`) (IDT-Integrated DNA Technologies). 

 

Design and Synthesis of HOIP inhibitor 

 

For the design of out HOIP inhibitor, combinatorial substitution of α-β unsaturated moieties 

(described as covalent warheads to cysteines) in the different substitution positions of a 

pyrido[2,3-d]pyrimidine scaffold, leading to the generation of a new chemical library. After 

HOIP subunit modelling, the chemical library was screened through different molecular 

modelling techniques such as, covalent docking and molecular dynamics simulations to assess 
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the best HOIP binding candidates. Then, the synthetic route to obtain some of the candidates 

was described and finally synthesized at IQS using microwave assisted methodologies.  

 

Drug Affinity Responsive Target Stability (DARTS) 

 

Whole cell proteins were extracted from 107 DLBCL cells as previously described. Protein 

extracts were splitted into aliquots of 4μg/μL and incubated for 2 hours at 37ºC with 

concentrations of HOIP inhibitor ranging from 100nM to10μM. Digestion of the protein 

extracts was performed by incubating the extracts at 37ºC with increasing concentrations of 

pronase. Digestion was stopped after 30 minutes by addition of SDS loading buffer and 

heating the samples to 95ºC for 5 minutes and subjected to 10-12% SDS-PAGE 

electrophoresis, followed by Western blot detection and quantification of HOIP and β-

Tubulin. Figure 6 depicts schematic workflow. 

 

Figure 7. – DARTS workflow scheme. 
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Chick embryo chorioallantoic membrane (CAM) model 

 

Fertilized white Leghorn chicken eggs were purchased from Granja Santa Isabel, S. L. 

(Córdoba, Spain) and incubated for 9 days at 37ºC with 55% humidity and constant 

movement. At day 9 of their embryonic development, eggs were cleaned with alcohol 70º 

and a window of an approximate 2 cm-diameter was drilled on top of the air chamber of the 

eggshell. Then, HBL-1 cells were resuspended in 25 μL Advanced RPMI medium containing 5% 

FBS and 100 U/mL penicillin and streptomycin and 25 μL Matrigel (Cultek). The mix was 

incubated for 15 min at 37 ºC and subsequently implanted into the CAM of each egg. The 

window was then covered with sterile tape and the eggs were placed back in the incubat or. 

At days 12 and 14 of their embryonic development, 100 μmol/L of HOIP inhibitor or vehicle 

(DMSO) diluted in RPMI medium were administered topically on tumor-bearing eggs. On the 

16th day of development, chick embryos were sacrificed by decapitation. Tumors were excised 

and weighed to determine tumor growth. Liver, spleen, bone marrow and brain were 

recovered and processed for metastasis analysis by ALU sequence RT-qPCR. ALU sequences 

are repetitive DNA sequences that are widely dispersed within the human genome. The name 

Alu derives from restriction enzyme site, Alu I, within the repetitive sequence. In humans, Alu 

sequences represent about 6-13% of genomic DNA. Detailed experimental timeline is 

described on Figure 8. 

 

 

Figure 8. - CAM assay experimental timeline. 
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Obtention of monocytes and differentiation to M2 macrophages 

 

The isolation of monocytes was performed using Ficoll density gradient from healthy donor’s 

blood samples. To enrich the sample of monocytes, RosetteSep™ Human Monocyte 

Enrichment Cocktail (Stemcell™ Technologies) was added to negatively select unwanted cells 

by targeting them with tetrameric antibody complexes binding to non-monocyte cells and 

making them precipitate within the Ficoll density gradient. This monocyte enriched cell 

population was then cultured in Advanced-RPMI 1640 medium supplemented with 5% FBS, 

1% antibiotics, 1% glutamine, and 100 ng/mL M-CSF (Peprotech) to differentiate into 

macrophages. To further polarize them to M2, IL-4 (Prepotech) was added at a concentration 

of 10ng/ml. 

 

Generation of lymphoma spheroids by magnetic bioprinting 

 

Multicellular spheres were performed by seeding cells in a 1:4 ratio (TME cells : malignant 

cells) in conditioned  medium (Table 7). Subsequently, they were incubated with 

NanoShuttle™ (Greiner Bio-One) considering the ratio 1 μl/100.000 cells, and subjected to a 

magnetic field. Visual monitoring was performed by inverted microscopy (Figure 30.) and cell 

viability was determined with trypan blue (Thermo Scientific). Organotypic multicellular 

spheres were then assessed by fluorescence analysis and H&E staining.   

 

Statistical analysis 

 

Unless otherwise specified, the data are depicted as the mean ± SD of three independent 

experiments. Prism 4.0 (GraphPad Software) was used to perform all statistical analyses, using 

Student’s t-test or nonparametric Mann-Whitney test/ANOVA for comparisons between two 

groups of samples. Results were considered statistically significant when p<0.05. 
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Table 7. – Conditioned medium for organotypic multicellular spheres culture. 

 

 

 

 

 

 

 

 

 

Conditioned medium for 3D bioprinting 

RPMI 

FBS 1% 

Peniciline/streptomycin 1% 

L-Glutamine 1% 

Collagen 50 µg/mL  

FGF 20ng/ml 

EGF 20ng/ml 

IL-2 500U/ml 

B27 1x 

M-CSF 20ng/ml 

IL-4 500U/ml 
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RESULTS 
 

1. SIMULTANEOUS BLOCKADE OF TLR SIGNALING AND EPIGENETIC READERS 

EXERTS SYNERGISTIC ACTIVITY IN MYD88MUT ABC-DLBCL 
 

1.1. IRAK1/4 inhibition displays limited antitumoral activity in ABC-DLBCL with 

MYD88L265P mutation 
 

A set of three well characterized ABC-DLBCL cell lines harbouring MYD88L265P mutation, 

HBL-1, OCI-LY3 and OCY-LY10, were cultured for 24 or 72 hours in the presence of a selective 

and orally bioavailable IRAK1/4 inhibitor (IRAKi, Merck-Sigma) [15], and drug response was 

analysed by MTT assay. As a control, three GCB-DLBCL cell lines (SUDHL-4, SUDHL-8 and OCI-

LY8) with MYD88wt were analysed in the same settings. As shown on Figure 9, we observed 

only a partial and transitory response to the compound in ABC-DLBCL cells when using this 

later at the physiological dose of 50 μM.  

 

 

The mean cytotoxicity of IRAKi decreased from 25.5% at 24 hours to 19% at 72 hours, 

respectively, despite an efficient blockade of IRAK1 and IRAK4 phosphorylation at Thr209 and 

Thr345 residues, respectively, in the three MYD88-mutated cell lines (Figure 9). Interestingly, 

the destabilization of the anti-apoptotic member of the BCL-2 family, MCL-1, previously 

Figure 9. – IRAK inhibition presents a modest, but specific against ABC-DLBCL, antitumoral activity. MTT 

assay shows that IRAKi (50µM) elicited a partial and transitory response in ABC-DLBCL cell lines, while 

GCB-DLBCL cell lines were almost completely resistant to the compound. 
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reported as a key mediator of IRAKi activity in preclinical models of T-ALL [15], was not 

sufficient to confer a significant cytotoxicity to the compound (Figure 10).  

A gene expression profiling (GEP) analysis of these three cell lines exposed for six hours to the 

inhibitor showed that IRAKi slightly affected the expression of NF-κB-related genes, with a 

mean normalized enrichment score (NES) < 1, when considering the three main gene sets 

modulated by the drug according to GSEA analysis (Figure 11). Importantly, the expression of 

several NF-κB-regulated genes known to promote ABC-DLBCL pathogenesis, including IL6, 

IL10, IRF4 and CCL3, were either unaffected or even increased after treatment with IRAKi 

(Figure 11 and Table 8).  

 

 

 

 

 

 

 

 

 

Table 8. - Modulation of gene expression by IRAKi and IRAKi/CPI203 combination in DLBCL cell lines. Raw 

microarray data were normalized using Expression Console Software v1.1 (Affymetrix) and gene 

signatures were determined by GSEA version 2.0 (Broad Institute, Cambridge, MS, USA) using a custom 

gene set. 

Figure 10. - IRAKi efficiently blocks the phosphorylation of IRAK1 at Thr29 and IRAK4 at Thr345 in the three 

ABC-DLBCL cell lines with MYD88L265P. β-actin was used as a loading control. 
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Consistently, in an OCI-LY3 mouse xenograft model the compound used at either 1 mg/kg or 

5 mg/kg doses failed to elicit a significant tumour growth inhibition (Figure 12). Altogether, 

these results suggest that concomitant blockade of IRAK1 and IRAK4 signalling does not 

achieve significant antitumor activity in MYD88L265P ABC-DLBCL possibly due to an insufficient 

silencing of NF-κB gene signature. 
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Figure 11. – IRAK inhibition does not significantly affect NF-κB gene signature expression. A) Gene 

expression signatures of NF-κB in the three cell lines exposed to IRAKi as above, highlighting that 

IRAKi treatment slightly affects this pathway. The leading edge of each gene set is displayed in a 

heat map. Gene sets with a false discovery rate (FDR) below 0.05 were considered to be significant. 

B) RQ-PCR analysis of the predominant NF-κB regulated genes shows limited activity of IRAKi single 

agent treatment in ABC-DLBCL cell lines with MYD88L265P in relation with incomplete inhibition of 

the pathway.  
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Figure 12. –IRAK inhibition has modest antitumoral activity in In vivo models of ABC-DLBCL. Nine NOD scid 
gamma (NSG) mice were inoculated subcutaneously with 107 OCI-LY3 cells. Two weeks later, they started to be 
dosed daily dose with 1 or 5 mg/kg IRAKi (intraperitoneal., twice a day) or an equal volume of vehicle (n=3 
animals per group) in a five/two (on/off) schedule. After 3 weeks, animals were euthanized, and tumor volumes 
were recorded ex vivo. 

 

1.2. BET bromodomain inhibition cooperates with IRAKi in in vitro and in vivo 

models of ABC-DLBCL 

 

We then considered the possibility to enhance the efficacy of the compound in MYD88L265P 

ABC-DLBCL by combining IRAK blockade with the BET bromodomain inhibitor CPI203 (kindly 

provided by Constellation Pharmaceuticals), as this BRD4 antagonist has been shown to 

effectively suppress a NF-κB gene signature that includes IL6, IL10 and IRF4, in the ABC 

subtype of DLBCL [8]. After exposing the same ABC-DLBCL cell lines as above to a 0.5 µM dose 

of CPI203, followed by a 24-hour treatment with 50 µM IRAKi, a new GEP analysis was 

performed. As shown in Figure 12, IRAKi-CPI203 combination induced a significant 

downregulation of NF-κB-related genes with a mean NES>1.9, when compared to IRAKi single 

agent. Among the genes included in the NFKB_ALL_OCILY3_LY10 gene set, a selected list of 

19 genes underwent a ≥ 2- fold increase in their rank metric score between this analysis and 

the previous one (Table 9), suggesting that their increased modulation may be associated with 

the combinational effect of IRAKi and CPI203. From this list, we identified only 4 genes (LTA, 

MARCKs, CD44 and HEATR1) that were not included in the core component of the NF-κB 

target genes affected by either IRAKi or CPI203 single agents, but which were significantly 

downregulated upon treatment with the drug combination. 
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GENE 

SYMBOL 

RANK METRIC SCORE 
NFKB_ALL_OCILY3_LY10 

CORE ENRICHMENT 

CT vs IRAKi IRAKi vs combo ratio CT vs IRAKi 
CT vs 

CPI203 

IRAKI vs 

combo 

NFKBIA -0.0496 -0.7811 15.7 - - - 

BATF 0.1380 1.9920 14.4 - Yes Yes 

LTA 0.0390 0.5093 13.0 - - Yes 

MARCKS 0.0369 0.4726 12.8 - - Yes 

IL6 0.1045 1.0530 10.1 - Yes Yes 

CD44 0.0498 0.3837 7.7 - - Yes 

CFLAR 0.1573 1.1140 7.1 - Yes Yes 

MX1 0.1948 1.3040 6.7 - Yes Yes 

MX1 0.2341 1.3320 5.7 - Yes Yes 

RASGRP1 0.0655 0.2800 4.3 - Yes Yes 

IRF4 0.1176 0.3699 3.1 - - - 

STAT1 0.0998 0.3125 3.1 - Yes Yes 

NFKB2 0.1674 0.4954 3.0 - - - 

HEATR1 -0.1842 -0.5230 2.8 - - Yes 

CD83 0.5992 1.5090 2.5 - - - 

SAMD9L -0.2272 -0.5635 2.5 Yes Yes Yes 

CCR7 0.6529 1.5950 2.4 - - - 

TRAF1 0.7852 1.7170 2.2 Yes Yes Yes 

IL12B 0.3663 0.7928 2.2 Yes Yes Yes 

 

 

 

Among these genes likely associated with the differential activity of IRAKi-CPI203 combination 

vs either single agent, we were unable to detect significant levels of LTA and HEATR1 

transcripts in the 3 ABC-DLBCL cell lines (data not shown). In contrast, upon exposure to IRAK 

we could detect a 1.2 to 2-fold transcriptional increase of MARCKS and CD44, together with 

IL6 and IL10 used here as hallmarks of NF-kB activation, in the three cell lines. These genes 

Table 9. - Differential modulation by IRAKi/CPI203 drug combination of a selected set of NF-kB-

regulated genes in ABC-DLBCL cell lines with MYD88L265P. A selected set of NF-kB-regulated genes are 

differentially modulated by IRAKi/CPI203 drug combination in ABC-DLBCL cell lines with MYD88L265P. 
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were all reduced to 0.5-fold in cells treated with the drug combination (Figure 13 and Table 

9). 

 

 

 

Accordingly, IRAKi-CPI203 treatment led to the accumulation of the intracellular inhibitor of 

NF-κB, IκB, and consequent reduction in CD44 and MARCKS protein levels, while IRAKi and 

CPI203 single agents slightly affected the expression of these factors (Figure 14). As expected, 

in two out of the three cell lines, CPI203-based treatments led to the decrease in MYC protein 

and mRNA, used here as hallmarks of BRD4 inhibition (Figures 13B and 14). 

Figure 13. – IRAKi-CPI203 combination induces a significant downregulation of NF-κB-related genes. (A) 
Enrichment plots from GSEA analysis comparing IRAKi single agent versus IRAKi-CPI203 combo in the three 
cell lines treated for 6 hours (Affymetrix HG-U219; GSEA), showing a significant improvement of NF-kB 
signature decrease by the addition of CPI203 to IRAKi. (B) RQ-PCR analysis of NF-kB downstream genes in the 
three cell lines exposed to IRAKi, CPI203 or CPI203-IRAKi combo as before. (*p=0.01; **p<0.0001). 

A 

B 
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In link with the increased blockade of NF-kB signalling, the addition of CPI203 synergistically 

improved IRAKi cytostatic effect in the three cell lines, as attested by an 86% blockade in cell 

proliferation, significantly higher than the 19% activity achieved by IRAKi single agent (CI = 

0.52, Figure 14 left panel). Importantly, the cooperation between the IRAKi and CPI203 

involved a remarkable downregulation of MCL-1 (Figure 13), which was accompanied by a 

36% increase in the relative apoptosis rate when compared with IRAKi and CPI203 used 

separately (Figure 15 right panel).  

 

 

 

 

 

 

Figure 15. - Cytotoxicity and apoptosis increase with dual treatment. Left Panel: OCI-Ly3, OCI-Ly10, 
HBL-1 cells were exposed for 24 hours to 0.1-0.5 µM CPI203 and/or 50-500 µM IRAKi. Cytotoxicity was 
evaluated by MTT assay and combination index (CI) was determined using the Calcusyn software. 
Shown are the cytotoxicity and the mean CI value calculated for cell treatment with 0.5 μM CPI203 
and 50 μM IRAKi. Right Panel: The drug combination led to a synergistic antitumoral effect in vitro in 

these 3 cell lines, inducing a median 36% increase in apoptosis rate when compared to single 
agent treatments (*p<0.04) 

Figure 14. – BETi CPI203 synergizes with IRAKi in ABC-DLBCL mediated by the inhibition of NF-kB 
downstream pathways. The combination led to intracellular accumulation of IkBα and subsequent 
downregulation MYC, CD44, MARCKS and MCL-1 proteins in ABC-DLBCL cells with MYD88L265P. 
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To further validate the activity of the drug combination in primary ABC-DLBCL samples, cells 

from lymph node biopsies from two DLBCL patients with either MYD88wt or MYDD88L265P were 

co-cultured in the presence of a feeding stromal monolayer and exposed for 24 hours to the 

different drugs as above. While it was almost inactive in MYD88wt cells, the drug combination 

induced a 16% augmentation in relative apoptotic cell death in the MYD88L265P primary co-

culture (Figure 16, left panel). This phenomenon was accompanied by a 12% decrease in the 

fraction of cells with high contents in IL6 mRNA, a percentage superior to what was observed 

upon treatment with each drug alone (Figure 16, right panel). 

 

 

Figure 16. – Antitumoral activity and IL6 quantification in patient samples. Left panel: antitumoral activity of 

CPI203 (0.5 µM) and/or IRAKi (50 µM) was evaluated after a 24-hour culture of primary lymph node biopsies 

from ABC-DLBCL patients with either MYD88wt or MYD88L265P by cytofluorimetric quantification of AnnexinV+ 

cells. Right panel: DLBCL cultures treated as above were labeled with an IL-6 Hu-Cyanine 5 SmartFlare RNA 

detection probe (Merck Millipore), and percentage of viable cells with high contents in IL6 mRNA was 

determined by flow cytometry. 

 

Collectively, this last set of results suggest that BET bromodomain inhibition cooperates synergistically 

with IRAK1/4 inhibition by avoiding the reactivation of NF-kB-regulated genes, thus promoting 

apoptotic cell death specifically in ABC-DLBCL cell lines and primary samples with MYDD88L265P. 

To assess the efficacy of the drug combination in vivo, NSG mice were subcutaneously injected with 

OCI-LY3 cells, and tumor-bearing animals received daily doses of either IRAKi (5 mg/kg, i.p., BID), 

CPI203 (2.5 mg/kg, i.p., BID), the combination of both agents, or the equivalent volume of vehicle, for 

11 days. Figure 17 shows that CPI203 and IRAKi single agents induced a 31.5% and 46.3% reduction in 

tumor growth, respectively, while the combination of both drugs significantly improved this effect 

with a 65.6% decrease in tumor volume, when compared to vehicle-receiving animals (* p=0.011; ** 

p=0.007).  
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Histological analysis of the corresponding tumors revealed an improved reduction of mitotic 

index together with an accumulation of apoptotic cells by the combination therapy, as 

assessed by phospho-histone H3 and activated-caspase-3 staining, respectively (Figure 18). In 

agreement with in vitro results, an enhanced reduction in the levels of CD44 and MCL-1, and 

an improved downregulation of nuclear p50 used as readout of NF-κB activity, were observed 

in the combination group when compared with the other arms (Figure 18). Collectively, these 

results confirmed our in vitro observation that the combination of IRAK1/4 inhibitor with the 

BET inhibitor CPI203 synergistically enhances the antitumoral properties of each single agent 

in ABC-DLBCL, mainly through the blockade of NF-ĸB signaling, followed by the 

downregulation of MCL-1 and the induction of apoptosis. 

 

 

 

 

Figure 17. – Tumor growth kinetics in in vivo model. NOD/SCID IL2Rγ-null (NSG) mice were inoculated 

subcutaneously with 107 OCI-LY3 cells and after 13 days, tumor-bearing animals (n=5 mice per group) 

received intraperitoneal (i.p.) injection of 2.5 mg/kg CPI203 (BID) and/or i.p. administration of 7.5 mg/kg 

IRAKi (BID), or an equal volume of vehicle, for 11 days, in a five/two (on/off) schedule. Tumor volumes 

were measured each 2-3 days with external calipers. 
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1.3. Dual blockade of IRAK and bromodomain activities favors the disruption of NF-

kB-CD44 axis 
 

Among the different above-mentioned genes, we and others have identified CD44 expression 

and IL-6 serum levels as potent prognostic markers in DLBCL [16,17].  To investigate the role 

of these two factors in the response of ABC-DLBCL cell lines to IRAKi-based treatment, HBL-1 

and OCI-LY3 cells were stimulated with 0.5 µM of the CD44 ligand, hyaluronic acid (HA), or 

exposed to a 5 µg/ml dose of the IL-6 blocking antibody tocilizumab, prior to a 72-hour 

treatment with the drugs. In the case of HA, cells were exposed to IRAKi (50 µM) +/- CPI203 

(500 nM0.5 µM), while effect of tocilizumab pre-treatment was evaluated in IRAKi-treated 

cells. Cell response was determined by fluorescence microscopy recounting of cells with high 

contents in F-actin and by MTT assay, respectively. As shown on figure 19 left panel, both 

IRAKi and CPI203 were able to block actin polymerization by 50.4% and 54.5%, respectively, 

while the drug combination achieved a total 77.9% decrease in cells with high contents in F-

actin following stimulation of CD44 by HA.  

 

Figure 18. - Immunohistological analysis of consecutive tumor sections from representative 

animals. A notable decrease in mitotic index and in the NF-κB-regulated CD44, as well as a strong 

downregulation of MCL-1 and induction of apoptosis is seen in IRAKi-CPI203 combo group. 
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In contrast, the anti-IL-6 antibody failed to sensitize ABC-DLBCL cells to IRAKi-based treatment 

(19 right panel), suggesting that the modulation of this cytokine alone was not essential for 

the activity of the compounds. Thus, these results suggest a significant activity of the drug 

combination towards CD44 downstream signalling, while IL-6 expression may not be directly 

involved in the effect of these agents. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19. – Combinatorial inhibition of IRAK and Bromodomain disrupts NF-kB-CD44 axis. Left panel) HBL-1 

y OCI-LY3 cell lines were preincubated for 24 hours with 0.5 mM CPI203 and/or 50 mM IRAKi, followed by a 

24-hour stimulation with 0.5 mM HA, labelling with 50 mM Phalloidin-TRITC (Sigma-Aldrich) and recounting 

of red fluorescent cells on a Nikon H5505 microscope by means of a 20X/1.30 NA oil objective (Nikon) with 

the use of Isis Imaging System v5.3 software (MetaSystems GmbH) (***P<0.001). Right panel) Cells were 

exposed 24h to 20 or 50 μM dose of IRAKi together with 5 μg/ml Tocilizumab (Toci) showing no differences in 

cell death when exposed to both concentration of anti-IL-6 antibody. 
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2. HOIP AS A NOVEL THERAPEUTIC TARGET IN ABC-DLBCL 

 

2.1. Design of a novel covalent inhibitor of HOIP 
 

Our partners from the group of Pharmaceutical Chemistry at Institut Químic de Sarria (IQS) 

undertook a computational study that consisted of a combinatorial substitution of several α-

β unsaturated moieties to be used as covalent binding warheads to the catalytic cysteine 

residue of HOIP. The resulting chemical library was used on subsequent molecular docking to 

assess the best HOIP binding candidates. Four candidates were synthesized and after a 

preliminary trial in a panel of ABC-DLBCL cell lines, we isolated compound A (Cpd A), a 

covalent irreversible inhibitor of HOIP with a pyrido[2,3] pyrimidine core, which is used along 

this part of this dissertation (Figure 20).  

 

 

Figure 20. – Computational routes used for the selection and synthesis of Cpd A. 

 

To validate the specificity of Compound A to its target HOIP we carried out a Drug Affinity 

Responsive Target Stability (DARTS) assay, which constitutes a relatively quick and 

straightforward approach to identify potential protein targets for small molecules. This assay 

relies on the protection against proteolysis conferred on the target protein by interaction with 

a small molecule. As shown on Figure 21, Compound A binds to HOIP giving certain degree of 

protection against proteolysis, which is not seen in the case of β-Tubulin which shows a similar 

degree of degradation independently of the concentration of Compound A.   As expected, 
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higher concentrations of Compound A, protect HOIP from pronase digestion as seen by a 

preserved detection of HOIP by western blot. As the concentration of Cpd A is decreased, 

levels of HOIP protein detected are reduced even at low concentrations of pronase, becoming 

nearly anecdotal in absence of Compound A (Control (DMSO) panel). Thus, these results 

suggest a specific activity of our experimental compound towards HOIP. 

 

 

 

 

 

 

 

 

 

 

 

 

2.2. Single agent activity of HOIP antagonist in preclinical models of ABC-

DLBCL 
 

2.2.1. In vitro 2D models (HOIPwt vs HOIPKO) 
 

A set of five well characterized DLBCL cell lines of both GCB (KARPAS422 and U2932) and ABC 

subtype (HBL-1, OCI-LY3 and TMD8), were cultured for 24 or 48 hours in the presence of Cpd 

A, and drug cytotoxic activity was analysed by MTT assay. As shown on Figure 22, we observed 

only a partial response to the compound in the form of an increase in cytotoxicity in the 

different cell B cell lymphoma cell lines of up to a 50% after 48h of treatment.  IC50 on the 

different cell lines are displayed on Table 10. 

Figure 212. - DARTS assay shows specificity of Cpd A towards HOIP. 
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Figure 223. – Cytotoxic effect of Cpd A in a panel of DLBCL cell lines. MTT assay shows that the novel HOIP 
inhibitor elicits a partial blockade of DLBCL cell proliferation upon a 48h exposure to increasing concentrations 
of the molecule. 

 

Cell line IC50 (48h) 
HBL1 72.2263µM 

KARPAS 422 58.43µM 

TMD8 >100µM 
U2932 69.87µM 

OCI-Ly3 >100µM 

 

 

 

We then evaluated if this cytotoxic effect could be related to the blockade of the NF-kB 

pathway, resulting in the downregulation of the NF-κB-regulated genes known to promote 

ABC-DLBCL pathogenesis, as before. For that aim, we analysed the expression of five bona 

fide NF-kB-regulated factors at both mRNA and protein levels, respectively by RT-qPCR and 

western blot (Figure 23.) Treatment with Compound A led to a 2-fold accumulation of the 

intracellular inhibitor of NF-κB, IκBα, and accordingly, several NF-kB regulated factors 

underwent a reduction in protein levels, reaching 72% in certain cell lines and determined 

factor (like MCL-1), supported by a consistent reduction in mRNA levels (up to 60%). Other 

factors associated with NF-κB activation like CD44 also experience a downregulation upon 

exposure to Cpd-A of between a 40 and an 86% in protein levels depending on the cell line. 

Table 10. – Compound A IC50 in the five different DLBCL cell lines after a 48-hour treatment. 
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The effective suppression of a NF-κB gene signature is further validated as IL6 and IRF4 levels 

underwent a dramatic reduction compared to basal levels (-81% and -86% reduction 

respectively). Interestingly, MYC was also decreased by 40% at both transcriptional and 

protein levels upon HOIP inhibition, warranting the exploration of combination therapies. 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 234. – Cpd A-mediated HOIP blockade results in the inhibition of NF-ĸB signaling pathways. A) This 
blockade led to intracellular accumulation of IκB, and subsequent downregulation of MYC, CD44, MARCKS and 
MCL-1 proteins in ABC-DLBCL cells with MYD88L265P, ABC-DLBCL with MYD88wt and a GCB-DLBCL cell line. B) RT-
qPCR analysis of NF-ĸB downstream genes exposed to CpdA as before further demonstrates the inhibition of 
this downstream pathway. 
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Importantly, no significant cytotoxic effect was noticed in peripheral blood mononuclear cell 

(PBMC) cultures obtained from 4 different healthy donors (Figure 24.), suggesting a specific 

activity of Cpd A towards malignant B cell.   

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

To confirm the specificity of Cpd A at targeting exclusively HOIP, we CRISPR-engineered a 

HBL1-HOIP knock-out (KO) cell line. For this purpose, protein extracts from the CRISPR pool 

were obtained to confirm a decrease in HOIP protein expression (Figures 25B and 25C) and 

then exposed for 48h to our molecule. We found after densitometry analyses of western blot 

membranes a decrease of close to 60% on HOIP protein levels in the pool (Figure 25C), in 

accordance with an almost complete abrogation of Cpd A cytotoxic effect at 48 hours (Figure 

25A).  
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Figure 245. – Cpd A is safe in healthy PBMC cultures. MTT assay shows that the novel HOIP 
candidate inhibitor has no effect on peripheral blood mononuclear cells (PBMC) of healthy donors 
after 48h of treatment. 
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Figure 256. – Cpd A loses activity in a CRISPR-engineered HBL1–HOIPKO cell line. A) MTT assay shows that the 
novel HOIP inhibitor loses its cytotoxic effect in a genetically engineered cell line with reduced HOIP expression. 
B) Western Blot analysis of the pooled HOIP knock-out cell line after 2 and 7 days after electroporation. 
C)Densitometry analysis of western blot membrane quantifying the reduction of HOIP protein levels to a 40% 
after CRISPR mediated knock-out. 

 

2.2.2. Efficacy and safety of Cpd A in an in vivo (CAM-derived) 

xenograft model of ABC-DLBCL with MYD88L265P 
 

To further address whether Compound A maintains its antitumor activity and its safety profile 

in vivo, we developed and established a chick embryo chorioallantoic membrane (CAM) 

model of ABC-DLBCL using the HBL1 cell line. This non-animal model has long been used in 

cancer research to study angiogenesis, tumour growth and metastasis, and treatment 

responses as mentioned in the introduction of this dissertation. For this assay, cells were 

deposited in matrigel medium on top of chick embryo membrane at day 9 after fertilization 

in a total of 20 eggs, 10 for control group and 10 for treatment with Compound A group. Each 

egg received two doses (day 12 and 14 after fertilization) of Compound A at 100 µM or DMSO 

(in the case of the control group) on the site of cell engraftment.  

 



92 
 

After day 16, eggs were opened and, to assess the toxicity of the treatment, embryos were 

weighted showing no difference in weight or visual features (size, feather, and beak 

formation) between the control and the treatment group (Figure 26, right panel). Most 

importantly, the weighting of the harvested tumours pointed out a significant impairment of 

tumour growth in eggs treated with compound A, suggesting that the antitumoral activity 

seen in in vitro models was maintained in in ovo models (Figure 26, left panel). 

 

 

 

 

 

 

 

 

 

 

 

Embryos were sacrificed and brain, liver, spleen, and bone marrow were recovered for 

quantification of infiltrated tumour B cells. For this purpose, organs were mechanistically 

disaggregated, and total DNA was extracted for qPCR-mediated detection of human specific 

ALU-sequences. As shown on Figure 27, treatment with compound A reduced the capacity of 

the tumour cells to migrate to other organs, being this metastatic capacity significantly 

impaired in brain (-42.5%, P-value=0.001), in bone marrow (-79%, P-value<0.0001), and in 

liver (-33.7%, P-value=0.0223). Regarding the spleens, a reduction of 62.4% in cell infiltration 

was detected, although not statistically due to the large variation in the control group (P-

value=0.082).  

 

Figure 267. - Tumor weight and fetal abdominal circumference at ED 16. Cpd A significantly impairs 
tumor growth without exerting toxic effects during the embryo development. 
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Figure 278. – Cpd A blocks tumoral B-cell migration and infiltration. Detection of human ALU sequences 

by QRT-PCR. The exposure to two fixed doses of Cpd A significantly impairs ABC-DLBCL migration and 

invasion of different tissues within the chicken embryo. (P-values: * = 0.0223; ***=0.001; ****<0.0001). 
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2.3. Development of in vitro multicellular 3D models of B-cell lymphoma. 

 

A variety of different 3D cell culture platforms exist, from protein gels to nano-patterned 

plates, with wells <1 µm patterned within the well where cells aggregate. While these systems 

approximate tissue environments to varying degrees, they have technical and cost limitations, 

such as long fabrication times, specialized equipment, and either attachment to stiff 

substrates that influence cell behaviour or detachment that makes 3D cultures difficult to 

handle. 

 

We set up a three-dimensional (3D) in vitro model of B-NHL using the Nanoshuttle technology. 

For this purpose, lymphoma cells were pre-incubated overnight with a magnetic nanoparticle 

assembly, containing gold, iron oxide and poly-L-lysine (Nano-shuttle), to allow cell 

attachment to the magnetic nanoparticles. At day 0, cells were resuspended in medium in an 

ultra-low adherence 96-well plate and a magnetic drive was placed below the well plate. 

Because of the magnetic field, cells were attracted to the same spot within the well, where 

they aggregated and started interacting between them to form larger 3D structures (Figure 

27). Once the structures were fully formed, the therapeutic agents (compounds, antibodies, 

etc…) could be added to each well at specific concentrations. Drug activity could be assessed 

on 3D cultures using the same readouts as in classical 2D cultures, including MTT, western 

blotting, immunofluorescence, ADCP, ADCC, etc... The magnetic nanoparticles have been 

shown to not affect cell proliferation and metabolism or induce an inflammatory response [1] 

and similarly, exposure to the magnetic field generated by our magnets, which ranges 

between 30–500 G has no major effect on cell proliferation, metabolism or inflammatory 

response [1,2] although magnetic fields of higher strength (800–4,000 G) have been shown 

to influence cell behaviour.[3] 

 

Multicellular DLBCL spheroids were generated using a panel of DLBCL cell lines like Karpas-

422-GFP, HBL-1, TMD8, etc, in association with ectopic components of the lymphoid tumour 

microenvironment (TME), including dendritic follicular cells (HK cell line)(123) and M2-

polarized macrophages, previously described to support the growth of DLBCL tumours.(124) 
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Figure 98. – 3D culture system by magnetic bioprinting. 

 

Since there was no background in the literature on the 3D bioprinting cell culture system for 

the study of DLBCL and its microenvironment, we first carried out multiple standardization 

procedures, starting with a single cell population to determine the appropriate volume of 

nanoparticles, the optimal incubation time, the medium composition, and the cell density. 

The data shows the formation of multicellular spheres with a uniform structural conformation 

with an organized and continuous edge and with intercellular spaces (Figure 29). 

 

 

 

A B 

C 

Figure 109. - Evaluation of organotypic multicellular spheres. Morphologic characteristics (A), 
fluorescence (B) and histological (C) of DLBCL multicellular spheroids. 
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In addition, DLBCL organotypic multicellular spheres may be mechanically disrupted and B 

cells purified using the CD20+ magnetic separation kit (EasyStep, Stemcell Technologies) to 

store cellular pellets at for subsequent molecular analysis when required. 

One of the first troubleshooting we found, is that polarized M2 macrophage populations in 

the spheres had tendency to disappear within the first 7 to 10 days of 3D culture, making it 

difficult to evaluate the stability of the spheroids before proceeding to evaluate drug effect 

on them. This was due to macrophage death or lose of polarization. To try and increase both 

macrophage lifespan and M2 polarization we tested supplementing macrophage culture 

media with M-CSF alone or together with IL-4. After 14 days of cell culture both stimulating 

medias showed significant increase in both macrophage viability and M2 polarization by flow 

cytometry analysis of Annexin V staining and CD206 expression respectively (Figure 30. top 

panels). If the culture of the spheroids was to be extended for a week the combination of M-

CSF and IL-4 showed significant increase of both variables in comparison with unstimulated 

or stimulated only with M-CSF macrophage cultures (Figure 30, lower panels, and Figure 31). 
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Figure 30. - Macrophage viability and CD206 expression. Top panels after 14 days in culture. Lower panels after 
21 days in culture. (P-values: **=0.0016; ****=<0.0001) 
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In line with this dissertation, DLBCL cell line (Karpas-422 – GFP+) 3D spheroids were generated 

adding into the model primary M2-polarized macrophages and in presence or absence FDCs 

and maintained in culture for 2 weeks. After this time the malignant B-cells were sorted by 

GFP expression and labelling of CD20. Protein extracts were obtained and send to the 

laboratory of Dr Pierre Lutz, from the Institut national de la santé et de la recherche médicale 

(INSERM – Toulouse) and collaborator within the POCTEFA-Proteoblood project in which this 

dissertation is based. Our collaborators purified the ubiquitome of these cells using a novel 

system and workflow base on Tandem Ubiquitin Binding Entities (TUBEs), which are 

engineered protein domains that bind specifically to polyubiquitin chains, followed by a mass 

spectrometry analysis (Figure 32). 

 

 

 

 

Day 7 Day 14 Day 21 

HBL1-GFP  M2Ø-655 red dye  Merged  

Day 21 

Figure 31. – Organotypic multicellular spheres. Spheroids maintain their structure and cell viability for 3 
weeks. At day 21, histological analysis shows architecture resembling a lymphoma biopsy. 
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Figure 3211. – Workflow of DLBCL ubiquitome analysis coupling 3D tumor modeling to TUBES-Mass spectrometry 
analysis. 

 

Interestingly, the complexity of the ubiquitome was related with the complexity of the 

microenvironment as more ubiquitinated proteins were detected by western blot in 

ubiquitome purified samples originated in more complex 3D organoids (Figure 33A). This 

result, was further validated by the analysis of mass spectrometry data, as shown on the 

heatmap below (Figure 33B) as a high proportion of ubiquitinated proteins are enriched in 

spheroids formed by coculture of DLBCL cells, M2 macrophages and FDCs when compared 

with simplified models formed by DLBCL cells and M2 macrophages alone. As we expected, 

within these enriched ubiquitinated proteins we found HOIP (Figure 33C), which gives an 

extra level of interest for this target as we demonstrate that its ubiquitination gets enriched 
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in in vitro models that better represent the complex microenvironment of DLBCL and the 

biological and physiological reality in patients. 

 

 

 

 

 

Figure 33. – Ubiquitome gets enriched as microenvironment complexity increases. A) Western blot of 

ubiquitinated proteins after purification with TUBEs in 3D spheroids with increasing levels of complexity. B) 

Heatmap of ubiquitinated proteins comparing spheroids consisting of DLBCL cell line and M2 macrophages vs. 

DLBCL cell line, M2 macrophages and FDCs. C) TUBES-MS quantification of HOIP contents within the ubiquitome 

of DLBCL conventional monoculture (1), DLBCL 3D spheroids (2) and DLBCL + M2 macrophages 3D spheroids (3). 

 

Apart from these results and this dissertation, our novel 3D model for lymphoma based on 

magnetic bioprinting, has already been used in the testing of several compounds and is part 

of various works already published by our research group, which can be found in the annexes 

of this dissertation. However, CpdA has still not been trialled at the time of the drafting of this 

dissertation.  
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DISCUSSION 

 

NF-kB transcription factors are major drivers of tumour initiation and progression. NF-kB 

signalling is constitutively activated by genetic alterations or environmental signals in many 

human cancers, where it contributes to almost all hallmarks of malignancy, including 

sustained proliferation, cell death resistance, tumour-promoting inflammation, metabolic 

reprogramming, tissue invasion, angiogenesis, and metastasis.(125) These characteristics 

make the NF-kB pathway a very attractive therapeutic target in a broad range of human 

cancers, as for instance DLBCL, as its constitutive activation is a hallmark of this pathology, 

specially the ABC subtype. 

Currently, however, there is no clinically useful NF-kB inhibitor to treat oncological patients, 

owing to the preclusive, on-target toxicities of systemic NF-kB blockade. Thus, there is a need 

to develop new alternatives to tackle these pathways in a diversity of human 

pathologies.(126) 

  

SIMULTANEOUS BLOCKADE OF TLR SIGNALING AND EPIGENETIC READERS EXERTS 

SYNERGISTIC ACTIVITY IN MYD88MUT ABC-DLBCL 

 

Pathological activation of the Toll-like receptor signalling adaptor protein MYD88 underlies 

many autoimmune and inflammatory disease states. In the ABC subtype of DLBCL, the 

oncogenic MYD88L265P mutation (detected in around 30% of cases) promotes cell survival by 

spontaneously assembling the myddosome, (a protein complex containing IRAK1 and IRAK4), 

which leads to IRAK4 kinase activity, IRAK1 phosphorylation, and NF-κB signalling, thus being 

making this mutation one of the most prevalent activating mutation in this malignancy.(32) 

Within MYD88 downstream signalling cascade, IRAK4 accounts for almost all of the biological 

functions of the adaptor protein, and pharmacological inhibition of IRAK4 is highly effective 

in MYD88L265P ABC-DLBCL cultures and tumour xenograft models. (127) 
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However, it was recently reported that pharmacological inhibition of IRAK4 kinase activity 

mainly affected TLR-dependent cytokine production, with no alteration in the formation of 

the myddosome and with only a minimal effect on NF-κB signalling.(128) Selective inhibition 

of IRAK1 also displayed cytotoxicity in MYD88-mutated cell lines, either alone or in 

combination with ibrutinib.(129) Dual IRAK1/4 inhibition has shown promising activity in 

primary samples and mouse models of Waldenström’s macroglobulinemia (WM), a lymphoid 

malignancy where mutations of MYD88 at p.L265P are found in 95-97% of the cases.[20] 

Based on these data and considering that IRAK1 and IRAK4 are both required for oncogenic 

MYD88 signalling in DLBCL, there is a great interest in exploring the impact of concomitant 

blockade of both kinases in MYD88-mutated tumours.(32) 

Here we demonstrate that dual inhibition of IRAK1 and IRAK4 kinases leads to modest 

cytostatic activity in MYD88L265P ABC-DLBCL cells, in relation with the incomplete inactivation 

of NF-κB transcriptional activity. The mechanisms underlying this partial blockade of NF-κB 

signalling are still to be determined. A possible explanation may reside in the described 

stabilization of MYD88p.L265P by the heat shock protein HSP110 which facilitates chronic NF-

κB activation in lymph node biopsies of patients with ABC-DLBCL.(130) HSP110 chaperoning 

activity might be engaged in ABC-DLBCL in response to endoplasmic reticulum stress and the 

adaptive mechanisms that are triggered upon dual IRAK1 and IRAK4 blockade in these 

cells.(131) 

Considering the entire TLR signalling pathway and the effect of MYD88 p.L265P mutation, it 

seemed logic that the inhibition of IRAK1 and IRAK4 should reduce tumour survival in ABC-

DLBCL. Although the use of a bispecific inhibitor for IRAK had a cytotoxic effect, especially in 

ABC-DLBCL cell lines, this effect was partial (25.5%) and transitory decreasing from 25.5% to 

19% in only 48h. When checking by western blot its capacity to inhibit activation of IRAK 

proteins it demonstrates its effectiveness especially towards IRAK1. However, the residual 

activated protein molecules, should not be sufficient to maintain the whole pathway 

functioning and over activate NF-kB. Moreover, after treatment with IRAKi, some NF-kB 

related genes which are involved the pathogenesis of ABC-DLBCL, such as IL6 or CCL3, are 

unaffected or even increased in at least one of the studied cell lines. Why only some cell lines 

respond in such way is still being studied, although previous research showed strong 

apoptotic effect in ABC-DLBCL.(132)  
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Thus, suggests the existence of parallel pathways resulting in the pathological activation of 

NF-kB related genes. As it was shown that the use of BET bromodomain inhibitors such as 

CPI203 effectively suppresses NF-kB gene signature, the combination of both drugs was 

suggested.(133) Consistently with what was expected, the combination of both agents did 

indeed show a synergistic effect when evaluating cytotoxicity, increasing the antitumoral 

effect from 19% when using IRAKi as single agent to an astonishing 86% when treated with 

the combination. However, so statistically significant difference is seen between CPI203 alone 

and the combination treatment. On the other hand, it is true that the combination has an 

increased effect that should be considered in further research.  

Similar effect is seen when evaluating NF-kB related gene expression where IRAKi as single 

agent tends to increase gene expression, which is reduced dramatically when using 

combinatory treatment. However, as mentioned above, effect is not significantly different 

between CPI203 and combination although both agents together synergize reducing such 

expression. These results strongly agree with 17 previous reports focused on T-cell acute 

lymphoblastic leukaemia using the same inhibitory agents.  

Interestingly, cytotoxicity effect is also seen in primary lymph node biopsies from DLBCL 

patients. However, it has been difficult to obtain fresh viable biopsies to proceed with the 

project, resulting in a difficult to extrapolate data obtain from only one biopsy. To assure the 

strength and significance of these results more biopsies should be included in the study which 

hopefully will happen within the following months.  

When evaluating the efficiency and possible side effects of the treatments in vivo, the 

combination of both agents significantly improved the antitumoral effect of the treatment 

causing a tumour volume reduction of up to 65.6%, more than the double obtained by single 

agent therapy. Importantly, no serious side effects were observed on the tumour bearing 

animals. However only one cell line was used in animals. Seen the in vitro results, it is probable 

that this response could vary between the 3 studied cell lines, although no significant 

differences should be expected.  

Although IRAK inhibition shows modest effects both in cytotoxicity and gene regulation in 

both in vivo and in vitro models, it is shown that BET inhibition is an efficient strategy to 

counteract NF-κB activity. In addition, it has been shown that it offers synergistic antitumoral 

and pro-apoptotic activities with IRAK inhibition, opening the door to its combination with 
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other existing drugs to reduce tumoral survival. For instance, seen the mortality and relapse 

rates of ABC-DLBCL patients, all positive results, for minimum that they may seem, should be 

taken into consideration as they may shed light to the discovery of efficient therapies that 

finally affect survival rates and patient’s life quality. 

LUBAC INHIBITION AS A NOVEL THERAPEUTIC TARGET IN ABC-DLBCL 

 
Ubiquitination is a post-translational modification that plays many vital roles in protein 

degradation, ensuring a precise functioning, both spatial and temporal, of intracellular 

proteins. Its deregulation has been shown to contribute directly to the appearance and 

progression of various types of cancer, including DLBCL, the focus of this dissertation.(71) 

Thus, this highly regulated system has been for years an active research area for drug 

discovery which has resulted in a series of approved drugs and a vast list of possible new 

targetable candidates. (68) HOIP, the catalytic subunit of LUBAC, specifically conjugates linear 

(Met1) ubiquitin chains to various target proteins in the canonical NF-κB pathway playing a 

pivotal role in its normal and dysregulated signalling.(134) As it has been widely discussed in 

this dissertation, the inappropriate and sustained activation of NF-κB pathway is a signature 

feature of DLBCL, especially the more aggressive ABC-DLBCL.  

It has been reported that two germline polymorphisms affecting HOIP are enriched in ABC-

DLBCL patients (7.8%) although being rare in healthy individuals. These polymorphisms 

increase HOIP activity and therefore LUBAC enzymatic activity, and NF-κB engagement.(135) 

The majority of ABC-DLBCLs in patients with these HOIP SNPs also harbour the MYD88L265P 

mutation, previously evaluated in this dissertation. Given that LUBAC plays a pivotal role in 

NF-κB activation we speculated that LUBAC may be an interesting target to tackle aberrant 

NF-κB activation and consequently ABC-DLBCL. With our new 3D lymphoma models, that 

better represent the complex microenvironment of DLBCL and the biological and 

physiological reality in patients, we have demonstrated that a high proportion of 

ubiquitinated proteins are enriched in spheroids presenting TME with a higher degree of 

complexity when compared to simplified 2D models. Within these enriched ubiquitinated 

proteins we found HOIP, further supporting our interest for this target. In addition, a mouse 

model with augmented expression of HOIP in B cells has been recently developed. This 
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overexpression of HOIP, interestingly, facilitates DLBCL-like B-cell lymphomagenesis driven by 

MYD88-activating mutation.(86)  

As a result of all this preliminary data, we then undertook a computational study based on a 

systematic substitution of several α-β unsaturated moieties to be used as covalent binding 

warheads to the catalytic cysteine residue of HOIP. This study resulted in a vast library of 

compounds which underwent In silico molecular dockings to assess the best HOIP binding 

candidates. After this computational evaluations four candidates were selected for synthesis 

of which finally we isolated compound A (Cpd A), a covalent irreversible inhibitor of HOIP with 

a pyrido[2,3-d]pyrimidine core, with high specificity towards HOIP, as we have confirmed both 

by DARTS and also by developing a CRISPR-engineered HOIP-knockout ABC-DLBCL model that 

presents a 60% decrease in HOIP protein levels and does not respond to the treatment .  

As for the activity of our experimental compound, we have shown in this dissertation that 

Cpd A presents selective antitumor activity in a panel of DLBCL cell lines, including several 

ABC-DLBCL lines, with mean IC50 at 48hours of 90.7± 13.09 µM while presenting no toxicity 

on normal B cells isolated from healthy patients. We demonstrated that this antitumoral 

activity is due to a blockade of NF-κB signalling, leading to a reduction both at gene and 

protein level in the expression of several downstream effectors like IRF4 with an 86% of 

decrease, IL6 with around 80% of decrease in expression levels as well as the antiapoptotic 

factor MCL-1 which expression falls to below 50. Interestingly, MYC is also downregulated 

upon exposure to Cpd A. This effect should be further studied as downregulation of such an 

important factor in several In addition we have developed a functional ABC-DLBCL model In 

ovo based in the CAM assay showing that Cpd A  is safe, as no alterations were observed in 

the embryo development  further validating our results in healthy donor’s PBMC, while 

presents antitumoral activity by achieving a tumor growth inhibition of 25%, in comparison 

with vehicle treated arm, and significantly abrogates lymphoma infiltration specially in brain 

by a 60.5% and a remarkable 89% in bone marrow. 

 Altogether, our results confirm that HOIP represents a promising therapeutic target for ABC-

DLBCL, specially with activating MYD88 mutation, as new combinatorial treatment tackling 

both MYD88p.L265P, as for example dual IRAK1 and IRAK4 inhibition, and LUBAC could be 

developed in the search of synergistic effects which result in the control of the aberrant 

overactivation of the NF-kB pathway in these specific patients. This possible synergism has 
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already been suggested, as mentioned previously in this dissertation as it has been shown 

that overexpression of HOIP increases NF-kB activation and enhances proliferation of B cells 

upon MYD88 dependent signal activation. (86)    

Finally, we present her a potential pharmacological hit against HOIP, in the form of a 

pyrido[2,3-d]pyrimidine derivative which successfully and specifically block HOIP, resulting in 

NF-κB disruption and selective antitumor activity in this aggressive subtype of B -cell 

lymphoma. This opens the possibility of patenting Cpd A, option that is currently being 

evaluated and work in an optimized and perfected structure with higher antitumoral activity 

to move on in the development of a novel anti-HOIP therapy for DLBCL, especially ABC-DLBCL, 

and other NF-kB dependent pathologies.  
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CONCLUSIONS 

 

From the results obtained in this dissertation we can conclude that, on one hand: 

 

1. IRAK1/4 inhibition is modestly effective in in vitro and in vivo models of ABC-DLBCL in 

which this strategy achieves a partial inhibition of NF-κB signalling. However, this 

effect is observed in a reproducible manner in cell lines, patient samples and ABC-

DLBCL xenograft models. 

2. We confirm that BET inhibition by itself is an efficient strategy to counteract NF-κB 

activity in preclinical models of MYD88mut ABC-DLBCL as it shows cytotoxic effect and 

a reduction of NF-kB gene signature. 

3. In addition, BET inhibitors offer synergistic antitumoral and pro-apoptotic activities 

with IRAK antagonist in vitro and in vivo. This effect is directly related to the 

downregulation of a set of NF-κB-regulated genes, with a predominant impact on 

CD44 and MCL-1 expression, with the consequent blockade of cell motility and 

triggering of tumour cell death. 

And on the other hand: 

1. HOIP represents a promising therapeutic target in aggressive B cell lymphoma. 

2. A pyrido[2,3-d]pyrimidine derivative can efficiently and specifically bind to HOIP, 

resulting in the perturbation of LUBAC complex dynamic and in impaired downstream 

NF-κB signalling. 

3. CpdA is safe and exerts selective antitumor activity both in In vitro and In vivo models 

of DLBCL.  

4. A patentability study is ongoing during the writing of this dissertation. 
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G protein-coupled receptor 183
mediates the sensitization of
Burkitt lymphoma tumors to
CD47 immune checkpoint
blockade by anti-CD20/PI3Kdi
dual therapy
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Juliana Carvalho Santos1†, Pedro Blecua3, Diana Reyes-Garau1,
Marc Armengol1,4, Miranda Fernández-Serrano1,4,
Hari P. Miskin5, Francesc Bosch4,6,7, Manel Esteller3,8,9,
Emmanuel Normant5 and Gael Roué1,4,6,7*

1Lymphoma Translational Group, Josep Carreras Leukemia Research Institute, Badalona, Spain,
2Laboratory of Immunopharmacology and Molecular Biology, Sao Francisco University Medical
School, Braganca Paulista, São Paulo, Brazil, 3Cancer Epigenetics Group, Josep Carreras Leukemia
Research Institute, Badalona, Spain, 4Department of Biochemistry and Molecular Biology,
Autonomous University of Barcelona, Barcelona, Spain, 5TG Therapeutics, New York, NY, United States,
6Department of Hematology, Vall d’Hebron University Hospital, Barcelona, Spain, 7Experimental
Hematology, Vall d’Hebron Institute of Oncology, Barcelona, Spain, 8Centro de Investigación Biomédica
en Red de Cáncer (CIBERONC), Instituto de Salud Carlos III, Barcelona, Spain, 9Instituciò Catalana de
Recerca i Estudis Avançats (ICREA), Barcelona, Spain
Background: Immunotherapy-based regimens have considerably improved the

survival rate of B-cell non-Hodgkin lymphoma (B-NHL) patients in the last

decades; however, most disease subtypes remain almost incurable. TG-1801, a

bispecific antibody that targets CD47 selectively on CD19+ B-cells, is under

clinical evaluation in relapsed/refractory (R/R) B-NHL patients either as a single-

agent or in combination with ublituximab, a new generation CD20 antibody.

Methods: A set of eight B-NHL cell lines and primary samples were cultured in

vitro in the presence of bone marrow-derived stromal cells, M2-polarized

primary macrophages, and primary circulating PBMCs as a source of effector

cells. Cell response to TG-1801 alone or combined with the U2 regimen

associating ublituximab to the PI3Kd inhibitor umbralisib, was analyzed by

proliferation assay, western blot, transcriptomic analysis (qPCR array and RNA

sequencing followed by gene set enrichment analysis) and/or quantification of

antibody-dependent cell death (ADCC) and antibody-dependent cell

phagocytosis (ADCP). CRISPR-Cas9 gene edition was used to selectively

abrogate GPR183 gene expression in B-NHL cells. In vivo, drug efficacy was

determined in immunodeficient (NSG mice) or immune-competent (chicken

embryo chorioallantoic membrane (CAM)) B-NHL xenograft models.

Results: Using a panel of B-NHL co-cultures, we show that TG-1801, by

disrupting the CD47-SIRPa axis, potentiates anti-CD20-mediated ADCC and
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ADCP. This led to a remarkable and durable antitumor effect of the triplet therapy

composed by TG-1801 and U2 regimen, in vitro, as well as in mice and CAM

xenograft models of B-NHL. Transcriptomic analysis also uncovered the

upregulation of the G protein-coupled and inflammatory receptor, GPR183, as

a crucial event associated with the efficacy of the triplet combination. Genetic

depletion and pharmacological inhibition of GPR183 impaired ADCP initiation,

cytoskeleton remodeling and cell migration in 2D and 3D spheroid B-NHL co-

cultures, and disrupted macrophage-mediated control of tumor growth in B-

NHL CAM xenografts.

Conclusions: Altogether, our results support a crucial role for GPR183 in the

recognition and elimination of malignant B cells upon concomitant targeting of

CD20, CD47 and PI3Kd, and warrant further clinical evaluation of this triplet

regimen in B-NHL.
KEYWORDS

B-NHL, immune checkpoint blockade, drug combination, ADCP, M1 macrophage, 3D
spheroid, CAM assay, inflammatory receptor
1 Introduction

Immunotherapy regimens based on checkpoint inhibitors,

tumour vaccination, immune cell-based therapy and cytokines,

utilize the power and specificity of the host’s immune system

against cancer and have become one of the most promising

therapeutic interventions in oncology (1). This holds particularly

true in B-cell lymphoma, with the considerable advances recently

achieved by PD1/PD-L1, CAR-T cell therapies and CD3/CD20

bispecific antibodies, in heavily pre-treated patients (2). Prior to

these new approaches, combining therapeutic (i.e. anti-CD20)

antibodies with conventional chemotherapy have marked a

milestone in the treatment of these diseases, although treatment

toxicity and counteracting effects of the tumor-supportive

microenvironment that affect the efficacy of immunotherapies,

remained a challenge in a significant proportion of patients (3).

Among the entities that benefited the most from the venue of anti-

CD20 agents, Burkitt lymphoma (BL) is a rare and highly malignant

type of B-cell lymphoma that accounts for approximately 50% of

non-Hodgkin lymphoma (B-NHL) in children and adolescents (4).

In 85% of the cases, BL is molecularly defined by the overexpression

of the oncogene MYC caused by the translocation of 8q24 region to

the immunoglobulin heavy chain locus (14q32) (5). Among the

different immunological targets currently under evaluation on BL,

cluster of differentiation 47 (CD47), also known as integrin-

associated protein (IAP), is a cell surface receptor that is part of

the immunoglobulin superfamily, and which interacts with the

macrophage receptor signal regulatory protein-alpha (SIRPa).
This interaction sends a “do-not-eat-me” signal to macrophages,

which mediates immune evasion in several types of cancers, from

both hematological and non-hematological origin (6). High levels of

CD47 have indeed been observed in both lymphoid and myeloid
02
neoplasms, in which this factor is both an adverse prognostic

indicator and a valid anti-cancer target with several therapeutic

antibodies currently being tested in clinical trials. In B-cell

lymphoma, these trials frequently involve a combination with

anti-CD20 therapy, to ensure a proper engagement of the Fc

receptors at the surface of macrophages and natural killer (NK)

effector cells. The anti-CD20 mAb rituximab has been the most

common IgG1 antibody tested in this setting, and has demonstrated

combinatorial activity in both indolent and aggressive entities (7, 8).

However, as CD47 is widely expressed on the surface of a broad

range of cell types, including erythrocytes and platelets, a major

limitation of CD47 blocking agents is the target-mediated drug

disposition and the potential side effects, which include anaemia

or thrombocytopenia.

TG-1801 (also known as NI-1701) is a fully human IgG1 anti-

CD47xCD19 bispecific antibody with the whole spectrum of Fc-

mediated effector function, and that binds CD47 with sub-

micromolar affinity and CD19 with a sub-nanomolar affinity.

This thousand-fold difference between its affinity to these

antigens allows TG-1801 to bind selectively to CD19-positive B

cells in vitro and in vivo, including malignant B cells, but not CD19-

negative red blood cells or platelets (9–11). TG-1801 is currently

being tested clinically as a single agent and in combination with the

glyco-engineered CD20 antibody, ublituximab, in patients with R/R

B-cell lymphoma (NCT04806035).

In parallel, pre-clinical and clinical data have provided a rationale

for the combination of anti-CD20 antibody with PI3Kd antagonists

in B-cell malignancies, mediated by the capacity of these latter to

potentiate CD20-mediated direct cell death (12). Clinical efficacy and

safety of this combinatorial approach has been confirmed in R/RB-

NHL and chronic lymphocytic leukaemia (CLL) patients (13).

Although the value of associating CD20 mAb therapy to CD47
frontiersin.org
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modulating agents has been well established in aggressive B-cell

lymphoma, both preclinically and clinically, two questions

remained unanswered. First, we still don’t known whether the

addition of PI3K-targeting agents to those immunotherapeutic

regimens that contain checkpoint blockers could impact the

efficacy of these latter. Second, beside rituximab which mainly

depletes B cell by complement fixation, it would be interesting to

assess in these settings the efficacy of new generation anti-CD20

antibodies harbouring a glycoengineering Fc region and a higher

capacity to elicit ADCC. To investigate these two issues, we studied

the effect of the B-cell specific, CD47/CD19 immune checkpoint

blocker, TG-1801, in association with anti-CD20/PI3Kdi dual therapy
in different in vitro and in vivo models of BL, as a disease model of

aggressive B-NHL.
2 Materials and methods

2.1 Cell lines

Three BL (Raji, Daudi, Ramos), two diffuse large B cell

lymphoma (DLBCL) (Pfeiffer, and Karpas-422 (Karpas)), one

foll icular lymphoma (FL) (RL), and one T-cell acute

lymphoblastic leukemia (Jurkat) cell lines were used in this study.

Cells were grown in Advanced-RMPI 1640 medium supplemented

with 5% heat-inactivated FBS, 2 mmol/L glutamine, and 50 µg/mL

penicillin-streptomycin (Thermo Fisher). All cultures were

routinely tested for mycoplasma infection by PCR and the

identity of all cell lines was verified by using AmpFISTR identifier

kit (Thermo Fisher).
2.2 Occupancy assay

Cytofluorimetric quantification of CD47 and CD19 membrane

levels was carried out in a panel of 10 B-NHL cell lines. Cells were

stained with phycoerythrin (PE)-labelled anti-CD47 or anti-CD19

antibodies (Becton Dickinson) and the absolute number of

membrane-bound molecules of CD47 or CD19 was estimated

using QuantiBRITE PE beads (BD Biosciences) on a FACSCanto

II (Becton Dickinson). Data were analysed using FlowJo software

package (TreeStar, USA).

For the detection of unbound surface CD47, Raji (CD19+), or

Jurkat (CD19-) cells were stained with a PE-labelled anti-CD47

(B6H12 clone) or isotype control antibody (BD Biosciences). Cells

were pre-treated for 1 h with TG-1801 or an anti-human CD47

(B6H12 clone) control antibody. For quantification, a total of 10.000

events were acquired on a FACSCanto II (Becton Dickinson).

Relative median fluorescence intensity (RMFI) was calculated using

FlowJo software package as the ratio between CD47 and control

signal intensity. Shown are the percentages of occupancy, defined as

the decreases in CD47 RMFI ratios evoked by anti-CD47-treatment,

using untreated cells as a calibrator. B6H12 clone was used as a

CD19-independent positive control of CD47 occupancy.
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2.3 Peripheral blood mononuclear cells
isolation and macrophage polarization

Peripheral blood mononuclear cells (PBMCs) were purified by

standard Ficoll-Hypaque (GE Healthcare) gradient centrifugation

from buffy coats of human healthy donors and cultured freshly in

Advanced-RMPI 1640 medium supplemented with 5% heat-

inactivated FBS, 2 mmol/L glutamine, 50 µg/mL penicillin-

streptomycin (Thermo Fisher).

RosetteSep™Human Monocyte Enrichment Cocktail (Stemcell

Technologies) was used to purify human monocytes from buffy

coats following manufacturer specifications. For M1 or M2

macrophage polarization, the selected monocytes were cultured in

complete Advanced-RMPI 1640 supplemented with either 20 ng/

mL human GM-CSF (PeproTech), for M1 differentiation, or 20 ng/

mL human M-CSF (PeproTech), for M2 differentiation, and

incubated for 6 days. On day 6 M0 macrophages were activated

with 100 ng/mL human IFN-g (PeproTech) and 50 ng/mL LPS, for

M1 macrophage polarization for 24 h.
2.4 Antibody-dependent cell-mediated
cytotoxicity and phagocytosis assays

ADCC activity was assessed in B-cell lymphoma cell lines co-

cultured for 4 hours with freshly obtained PBMCs (1:10, target:

effector), in the presence of 10 ng/mL TG-1801 +/- U2 dual assets

(10 µg/mL ublituximab + 1 µM umbralisib), using and a lactate

deshydrogenease (LDH) release assay (Roche). Relative ADCC was

calculated using the following formula: ADCC percentage =

[(sample release – spontaneous release)/(maximal release –

spontaneous release)]*100.

Spontaneous release, corresponding to target cells incubated

with effector cells without antibody, was defined as 0% cytotoxicity,

with maximal release (target cells lysed with 1% Triton X-100)

defined as 100% cytotoxicity. The average percentage of ADCC and

standard deviations of the triplicates of each experiment

were calculated.

ADCP activity was assessed in B-cell lymphoma cell lines co-

cultured for 4 hours with M1-polarized macrophages (1:5, target:

effector), in the presence of 10 ng/mL TG-1801 +/- U2 dual assets

(10 µg/mL ublituximab + 1 µM umbralisib), using and the pHrodo-

stained B cells (IncuCyte® pHrodo® Red Cell Labelling Kit for

Phagocytosis, Sartorius). Following phagocytosis assay, the non-

phagocytosed cells were removed by washing with PBS 2–3 times

and phagocytosis was analysed by fluorescent microscopy on an

EVOS M5000 Cell Imaging Systems (Thermo Fisher).
2.5 Xenograft mouse model and tumor
immunophenotyping

Eight-week-old NOD/SCID IL2Rg-null (NSG) male and female

mice (Janvier Labs) were subcutaneously injected with Raji cells and

after two weeks tumor-bearing mice were randomized using
frontiersin.org
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GraphPad Prism 9.0 software (GraphPad Software, Inc) and

assigned to one of the following treatment arms (8-6 mice per

group): TG-1801 (5 mg/kg, qw), ublituximab (5 mg/kg, qw) +

umbralisib (U2) (150 mg/kg, bid), or the triplet (TG-1801 + U2), or

an equal volume of vehicle for 17 days. Tumour volumes were

measured each 2-3 days with external callipers. The number of

animals used in each of the experimental groups is based on the

l i terature and previous results from the group (14) .

Immunohistochemical staining of representative tumor specimens

(n=3 per group) was performed using anti-CD20 (Sigma), anti-

GPR183 (Santa Cruz), anti-F4/80 (Abcam), anti-Histone H3-

pSer10 (Abcam) and anti-CD56/NCAM-1 (Abcam) primary

antibodies, as previously described (14). Preparations were

eva lua ted us ing an Olympus BX53 microscope and

MicroManager software (Fiji, Plugin).

Immunohistochemical signal intensity was quantified in at least

5 pictures of two representative tumor specimens from the Raji

xenograft model, using QuPath v.0.2.3 software developed at

Queen’s University (Belfast, Northern Ireland) (15). Cell detection

was conducted using QuPath’s built-in “Positive cell detection” by

calculating the percent of positively stained cells in each field.
2.6 Chicken embryo chorioallantoic
membrane model

Fertilized white Leghorn chicken eggs were purchased from

Granja Santa Isabel, S. L. (Córdoba, Spain) and incubated for 9 days

at 37°C with 55% humidity. At day 9 of their embryonic

development, eggs were cleaned with ethanol 70° and a window

of an approximate 2 cm-diameter was drilled on top of the air

chamber of the eggshell. Then, one million Raji-GPR183WT (n=10)

or Raji-GPR183KO (n=10) Raji cells per egg were resuspended in 25

µL RPMI medium containing 10% FBS and 100 U/mL penicillin

and streptomycin (Thermo Fisher) and 25 µL Matrigel (BD

Biosciences). The mix was incubated for 15 min at 37°C and

subsequently implanted into the CAM. The window was then

covered with a sterile tape and the eggs were placed back in the

incubator. At days 12 and 14 of their embryonic development, 10

ng/mL TG-1801 +/- U2 dual assets (10 µg/mL ublituximab + 1 µM

umbralisib) or vehicle diluted in RPMI medium were administered

topically on the tumor-bearing CAMs. On the 15th day of

development (6 days post-implantation), chick embryos were

sacrificed by decapitation. Tumors were excised and carefully

weighed to determine their mass. Immunohistochemical detection

and quantification of CD20 and GPR183 were carried out as above,

in representative tumor specimens (n=3 per group).
2.7 RNA sequencing analysis

Two BL cell lines (Daudi and Raji) and two BL primary samples

were co-cultured with the bone marrow stromal (BMSC) cell line,

StromaNKterts, M2-polarized macrophages and PBMCs (4:1:1:1) in

the presence of 10 ng/mL TG-1801 +/- U2. After a 24h incubation,

CD20+ target cells were isolated using the EasySep Human Biotin
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Positive Selection Kit II (StemCell Technologies) and the

biotinylated anti-CD20 antibody (BioLegend). Purified CD20+

cells, together with representative bulk Raji xenografts with > 95%

tumor B cells were subjected to RNA-seq analysis according to

previous procedures (14). Volcano plot showing the most relevant

significantly differentially expressed genes between triplet and TG-

1801 treatments, with |Log2 fold change| > 1.5 and p-adj value <

0.01 (red dots). Grey, green and blue dots identified genes with

insignificant transcriptional and/or statistical variation. Briefly, the

raw fastq RNAseq files of each condition were quality checked and

gene expression was estimated using Salmon software (https://

combine-lab.github.io/salmon/). Differential expression analysis

was then carried out using the negative binomial distribution

(DESeq2 software, https://bioconductor.org/packages/release/bioc/

html/DESeq2.html), accounting for and filtering the effects of the

respective controls. Sequencing data have been deposited at the

Gene Expression Omnibus (GEO) of the National Center for

Biotechnology Information and are accessible through GEO Series

accession GSE199413 at (https://www.ncbi.nlm.nih.gov/geo/query/

acc.cgi?acc=GSE199413).

Purified CD20+ cells, together with representative Raji

xenografts were subjected to RNA extraction and qPCR

validation. Briefly, total RNA was extracted using TRIZOL

(Thermo Fisher) following manufacturer’s instructions. One

microgram of RNA was retrotranscribed to complementary DNA

using Moloney murine leukemia virus reverse transcriptase

(Thermo Fisher) and random hexamer primers (Roche). mRNA

expression was analyzed in triplicate by quantitative real-time PCR

and the relative expression of each gene was quantified by the

comparative cycle threshold method (DDCt) b-actin (Fw: GACGA

CATGGAGAAAATCTG, Rv: ATGATCTGGGTCATCTTCTC)

were used as an endogenous control. The sequences used for the

p r ime r s a r e t h e f o l l ow i n g GPR18 3 ( Fw : GACTG

GAGAATCGGAGATGC, Rv: CAGCAATGAAGCGGTCAATA),

CCL20 (Fw: CCAATGAAGGCTGTGACATCA, Rv: AGTCTGTTT

TGGATTTGCGCA), IL8 (Fw: AAGGAAAACTGGGTGCAGAG,

Rv : GCTTGAAGTTTCACTGGCATC ) , CD6 8 ( Fw :

CCTCCAGCAGAAGGTTGTCT, Rv: CGAAGGGATGCATTCT

GAGC), CCL4 (Fw: TTCCTCGCAATTTGTGGTA, Rv:

GCTTGCTTCTTTTGGTTTGG), CCL7 (Fw: TGG AGA GCTA

CAGAAGGACCA, Rv: GGGTCAGCACAGATCTCCTT), CXCL1

(Fw: CATCCAAAGTGTGAACGTGAA, Rv: CTATGGGGGATG

CAGGATT), CXCL3, (Fw: CAAAGTGTGAATGTAAGGTCCCC,

Rv: CGGGGTTGAGACAAGCTTTC) and CXCL10 (Fw: CCTGCA

AGCCAATTTTGTCCA, Rv: TGGCCTTCGATTCTGGATTCA).
2.8 Generation of Raji-GPR183KO cells

The generation of a CRISPR-Cas9 gene-editing tool was

employed to edit the Raji parental cells line to create GPR183

knockout. 0.5 x 106 cells were electroporated on a Nucleofector II

device (program A032, Lonza) with 36 pmol SpCas9 Nuclease V3,

44 pmol CRISPR-Cas9 tracRNA ATTO 550, 44 pmol Alt-R

CRISPR-Cas9 crRNA Hs.Cas9.GPR183.1.AA (GPR183KO 5´-

CAATGAAGCGGTCAATACTC AGG -3`) (IDT-Integrated
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DNA Technologies). GPR183KO cells were resuspended in 96-well

plates with a limiting dilution of 0.3 cells per well. Two GPR183KO

biallelic clones were confirmed by Sanger Sequencing and western

blot. Raji-GPR183KO clones are available upon request.
2.9 Western blot analysis

Total protein extracts were obtained from cell lines and tumor

specimens using RIPA (Sigma-Aldrich) buffer and subjected to

SDS-PAGE. Membrane-transferred proteins were revealed by

incubating with primary and secondary antibodies followed by

chemiluminescence detection using the ECL system (Pierce) and

a Fusion FX imaging system (Vilber Lourmat). Band intensity was

quantified using Image J software and normalized to housekeeping

protein (GAPDH). Values were referred to the indicated control

and added below the corresponding band. If not otherwise specified,

representative data from n=2 experiments are shown.
2.10 3D multicellular spheroid generation

One hundred thousand Raji-GPR183WT or Raji-GPR183KO

(clone#1) cells were then stained with Hoechst 33342 blue dye

(Invitrogen) and cultivated in a conditional medium with 25.000

StromaNKtert-GFP cells for 2 days to generate the BL 3D spheroids.

Then, 25,000 M1-macrophages were stained with PKH26 red‐

fluorescent dye and added to 3D spheroid in the presence or

absence of 10 ng/mL TG-1801 +/- U2 (10 µg/mL ublituximab + 1

µM umbralisib) for one more day. The M1-macrophages

infiltration was evaluated by live-cell red fluorescence on the

EVOS M5000 Cell Imaging Systems.
2.11 Transwell migration assay and F-actin
staining

Briefly, Raji-GPR183WT, Raji-GPR183KO (clone#1) and Raji

parental cells exposed to the GPR183 inhibitor NIBR189 (Sigma-

Aldrich) were cultured for 1 h in culture medium w/o FBS but

supplemented with 0.5% bovine serum albumin (Sigma-Aldrich), in

the presence or absence of 10 ng/mL TG-1801 +/- U2 combination,

and analyzed for CXCL12-dependent chemotaxis, as previously

described (16). Values were referred to cells cultured without

CXCL12. F-actin levels were assessed after exposure to TG-1801

+/- U2, followed by staining with a TRITC-labelled phalloidin and

direct red fluorescence recording.
2.12 Ethics

Animals were handled following protocols approved by the

Animal Ethics Committee of the University of Barcelona (registry

num. 38/18). Institutional Review Board approvals for the study

protocol (ref PI-20-040), amendments, and written informed

consent documents from BL patients and healthy donors were
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obtained prior to study initiation. Study procedures were conducted

in accordance with the Declaration of Helsinki. Buffy coats were

provided by the Blood and Tissue Bank of Catalonia (agreement

NE-A1-IJC).
2.13 Statistical analysis

Presented data are the mean ± SD or SEM of 3 independent

experiments. All statistical analyses were done by using GraphPad

Prism 9.0 software (GraphPad Software). Comparison between two

groups of samples was evaluated by nonparametric Mann–Whitney

test to determine how the response is affected by 2 factors. Pearson

test was used to assess the statistical significance of correlation.

Results were considered statistically significant when p-value < 0.05.
3 Results

3.1 Anti-CD20/PI3Kdi dual asset cooperates
with CD47 blockade therapy in CD19+ B-
cell tumors

The CD47/CD19 bispecific antibody TG-1801 has recently been

shown to trigger in vitro response against CD19+ tumors; however

these studies did not determine the lowest effective concentrations

of this antibody, which may be further used in combination

approaches (11). To determine the best working concentrations of

TG-1801 in vitro, we developed a CD47 occupancy assay using the

BL cell line Raji. In this assay, the bispecific CD47/CD19 antibody

reached a similar CD47 occupancy compared with the first-in-class

CD47 blocking mAb, B6H12 (17) (Figure 1A, right panel and

Supplemental Figure S1A). This difference may potentially be

explained by the lower level of expression of CD19 compared to

CD47 in the BL cell line (data not shown). As expected, TG-1801,

but not B6H12-mediated target occupancy, was highly dependent

on CD19 expression, as shown when using the T-ALL-derived,

CD19-negative, Jurkat cells, in which no significant CD47 blockade

was detected with TG-1801 at doses as high as 2 µg/mL, contrasting

with the sustained binding of B6H12 at the same concentration

(Figure 1A, right and left panels). To evaluate the rationale for

combining TG-1801 with ublituximab, a type 1 chimeric anti-CD20

IgG1k mAb and the PI3Kd inhibitor umbralisib (U2 dual asset),

Raji cells were exposed to these agents either alone or in

combination, and cultured in the presence of M1-polarized

macrophages or primary circulating PBMCs from healthy donors

as a source of effector cells, to assess ADCP or ADCC induction,

respectively. As shown in Supplemental Figure S1B, the U2

combination triggered the highest levels of ADCC and ADCP,

displaying a 3-fold increase over the control and a significant

increase in antibody-dependent cell death compared to both

umbralisib and ublituximab alone. Subsequently, U2 combo was

directly tested in association with TG-1801 at the previously

determined dose, and ADCP and ADCC levels were evaluated as

above in a panel of n=6 human B-cell lymphoma cell lines from

either BL (Raji, Daudi and Ramos; Figure 1B), DLBCL (Pfeiffer and
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Karpas-422; Supplemental Figure S1C), or FL (RL; Supplemental

Figure S1C) origin. Although both biological processes were visibly

potentiated in almost all of the cell lines exposed to the triplet

treatment, a comparative analysis demonstrated that, in BL cell lines

both TG-1801 pro-cytotoxic and pro-phagocytic activities were

potentiated (1.4- to 3.2-fold) by U2 addition, whereas only a

barely additive effect of the triplet combination on ADCC was

observed in DLBCL- and FL-derived cell lines. Of note, this effect

appeared to be related to neither the expression levels of CD47, nor
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to CD47/CD19 ratios (Supplemental Figure 1D), in accordance

with previous reports (10). To carry out an ad-hoc drug-drug

interaction analysis, a new ADCP analysis was performed in the 3

BL cell lines exposed to increasing doses of TG-1801 (5-10-20 ng/

ml), ublituximab (1-2-4 ng/ml) and umbralisib (0.5-1-2 µM), and

the drug combination indexes (CI) were calculated using the Chou

and Talalay’s algorithm. As shown on Supplemental figure S1E, for

20 out of the 27 different TG-1801/U2 combinations evaluated, the

CI value was ≤ 0.8, indicative of synergistic drug interaction.
D

A

B

E

C

FIGURE 1

U2 regimen cooperates with CD47 blockade in in vitro and in vivo models of B-cell lymphoma. (A) FACS-mediated CD47 occupancy assay in the
CD19+ Burkitt lymphoma cell line Raji, and in the CD19- T-ALL cells Jurkat, treated for 1h with different doses of TG-1801 or B6H12. Results are
expressed in Relative median fluorescence intensity (RMFI) of the PE-labelled anti-CD47 antibody. Left panel is a dose-occupancy curve of Raji and
Jurkat cell lines with different doses of TG-1801. Right panel is a comparison between TG-1801 and B6H12 at 2µg/ml (n=3). (B) ADCP (left panel)
and ADCC (right panel) activities were assessed in three representative BL cell lines (N=3). Values are expressed as mean ± SD. (C) NOD/SCID IL2Rg-
null (NSG) mice were inoculated subcutaneously with 107 Raji cells and after 14 days, tumour-bearing animals (n=6-8 mice per group) were orally
dosed for 17 days with TG-1801 (5 mg/kg, qw), ublituximab (5 mg/kg, qw) + umbralisib (U2) (150 mg/kg, bid), the triplet (TG-1801 + U2), or an equal
volume of vehicle. Tumour volumes were measured each 2-3 days with external callipers. (D) Mice with no tumour or low tumour size were kept
alive for another 35 days. At day 52 all the mice either tumour-free (green) or bearing a small tumour (orange, < 100 mm3) were alive. The triplet
combo group showed a higher number of tumour-free or low tumour burden-bearing mice. (E) Weight recording of Raji CAM-derived tumour at
day 15 exposed to TG-1801, U2 or triplet combination (n=8-10 replicates per treatment group). * p<0.05, ** p<0.01, *** p<0.001, when compared to
control group. # p<0.05, ## p<0.01 and ### p<0.001 when compared to TG-1801 alone. ns, non-significant.
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Based on these results, we evaluated the activity of the TG-1801

+U2 triplet combo in a BL (Raji-derived) mouse xenograft. In line

with our abovementioned observation, in tumor-bearing mice TG-

1801 and U2 exerted notable anti-lymphoma activities, with 76%

and 89% tumor growth inhibition (TGI) at day 17 of treatment,

respectively (Figure 1C). Nonetheless, the activity of the triplet was

maximum as early as 7 days of treatment, reaching a 93% TGI at a

time point where TG-1801 monotherapy was almost ineffective.

This superior efficacy was maintained during the whole treatment

schedule (Figure 1C), with no detectable toxicity (data not shown).

Of special interest, 2 out of 5 mice (40%) remained tumor-free 35

days after the last dose in the triplet arm, compared to the reduced

rate of prolonged remission (12.5%) in the TG-1801

group (Figure 1D).

To pinpoint the effect of the triple combination, an

immunocompetent chicken chorioallantoic membrane (CAM)-

derived xenograft Raji model (18) was carried out (see

experimental workflow in Supplemental Figure S1F). Similarly, to

the mouse model, in the Raji-derived CAM assay, both TG-1801

and U2 treatments inhibited 70% of tumor growth and the activity

of the triplet was significantly higher (86% TGI, Figure 1E).

Altogether, these in vitro and in vivo data suggested that the

combination of CD47 checkpoint blockade therapy to dual CD20/

PI3K targeting evokes a mechanism that promotes a stronger and

prolonged innate immune response when compared to each agent

used separately.
3.2 GPR183 is upregulated in response to
CD47/CD20/PI3Kdi triplet treatment

To uncover the mechanisms underlying the superior effect of

the triplet vs anti-CD47/CD19 monotherapy, transcriptomic

analyses were carried out on a set of six samples that included

Raji mouse xenograft tumors (n=2) and CD20+ cells isolated from

Raji, Daudi and two adult sporadic BL primary samples (one case

with abdominal involvement and another case with bone marrow

involvement), co-cultured with the bone marrow-derived stromal

cell line, stromaNKtert (19), M2-polarized primary macrophages,

primary circulating PBMCs, in the presence of either TG-1801 or

TG-1801+U2 triplet. As shown in Figure 2A, a total of 20 genes

were significantly up- or down-regulated in the triplet compared to

TG-1801 monotherapy, in all six samples and in both in vitro and in

vivo settings. A gene set enrichment analysis (GSEA) of the same

data identified inflammatory (NES=2.43, FDR=0) and TNFa-
driven signatures (NES=2.43, FDR=0) as predominantly

expressed upon treatment with the triplet combination, when

compared to TG-1801 single agent therapy, suggesting that the

stronger activity of the triplet was based on the activation of an

immune-related antitumor effect. In the heatmap showing a set of

genes strongly activated in all six samples in the triplet group

(Figure 2B), the highest up-regulated gene in both signatures was

the G protein-coupled receptor 183 (GPR183, also known as

Epstein-Barr virus (EBV)-induced G protein-coupled receptor 2,

EBI2). An increase in GPR183mRNA was confirmed by qPCR after

a 4-hour and a 24-hour incubation of the four cell lines with TG-
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1801/U2 combo (Figure 2C; Supplemental Figure S1G). A

comparable increase in GPR183 protein levels was also shown

using western blotting in the Raji and Daudi cell lines subjected

to the same treatments (+49% and +43%, respectively; Figure 2D),

and by immunohistochemistry (IHC) in representative tumors

from the two Raji xenograft models (mouse and CAM) dosed

with the triplet regimen (Figure 2E; Supplemental Figure S1H).

GPR183 was first identified by sequence similarity as a GPCR

induced by Epstein-Barr virus (EBV) infection. The upregulation of

this pro-inflammatory receptor is associated with a better

prognosis of DLBCL patients treated with the standard

immunochemotherapeutic (R-CHOP) regimen, according to

published gene array database (gse10846; R2: Genomics Analysis

and Visual izat ion Platform (http : / /r2.amc.nl ; ht tp : / /

r2platform.com)). In addition, GPR183 plays an important role in

B-cell motility and positioning during the germinal center reaction

(20, 21). The gradient of its natural ligand, oxysterol, acts as a

chemoattractant of GPR183+ cells. Interestingly, among a panel of

eight genes identified besides GPR183 in the two inflammation gene

signatures, the transcript of another chemoattractant gene, CCL20,

was upregulated by the triplet combination in all in vitro and in vivo

models (Figure 2C). In addition, increased tumor infiltration of

mouse and chicken macrophages in BL tumors, as revealed by IHC

detection of the mouse antigen F4/80 and qPCR quantification of the

chicken antigen MRCL1 (22), was accompanied by a loss of histone

H3-pSer10 nuclear staining, suggestive of a consistent reduction in

tumor mitotic index in animals subjected to triplet therapy, when

compared to TG-1801 and U2 treatment arms (Figures 2E, F).
3.3 GPR183 is required for B-cell trafficking
and macrophage-dependent phagocytosis
after the triplet treatment

To investigate how the upregulation of GPR183 in cancer cells

could impact their recognition and phagocytosis by M1

macrophages, two Raji-GPR183KO single-clones (clone #1 and

clone #2) were generated by CRISPR/Cas9 gene editing

(Figure 3A) using previously described procedures (14). Cells

from clone #1 were co-cultured for 24h with primary M1

macrophages and BMSCs in a conditioned medium to form

functional 3D spheroids, as previously reported (23). Compared

to their Raji-GPR183wt counterparts, the Raji-GPR183KO spheroids

displayed a complete absence of M1 cell infiltration within the

multicellular aggregates, both at basal levels and upon exposure to

the triplet therapy (Figure 3B). Accordingly, ADCP activity was

abrogated in the Raji-GPR183KO cell cultures obtained from the two

clones (Figure 3C, left panel) highlighting the critical role of

GPR183 in the recruitment of macrophages after CD47/CD20/

PI3Kd triple targeting. ADCC was also compromised, although to a

lower extent (Figure 3C, right panel). Supporting these results,

global inflammatory signature, and especially CCL20 gene

overexpression, was not detected anymore in Raji-GPR183KO

(clone #1) co-cultures exposed to the triplet therapy (Figure 3D).

To evaluate whether a functional GPR183 was required for the

triplet drug interaction, Raji cells were exposed for 1 hour to the
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GPR183 inhibitor NIBR189 (24), washed out, and co-cultured for 4

hours withM1-polarizedmacrophages, in the presence of U2 +/- TG-

1801, and ADCP induction was quantified as described above. As

shown in Figure 3E, the relative levels of phagocytosis were decreased

by 3-fold after GPR183 pharmacological blockade in triplet-treated
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co-cultures, thus confirming the requirement of an active GPR183

receptor for the full activation of macrophage function.

Since GPR183 is a known antagonist of chemokine-mediated B

cell migration (25), a transwell migration assay using recombinant

CXCL12 as a chemoattractant was set up. The chemotaxis
D
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FIGURE 2

Upregulation of GPR183 is a hallmark of U2 and TG-1801 combinational effect in vitro and in vivo. (A) Volcano plot showing the most relevant
significantly differentially expressed genes between triplet and TG-1801 treatments in n=6 BL samples (two cell lines, two primary samples and two
representative Raji xenografts specimens). Genes undergoing a similar modulation in all the in vitro and in vivo models (n=20) have been labelled. (B)
GSEA-mediated identification of the main enriched gene sets in the triplet-treated samples compared to the samples treated with TG-1801. Samples
were sorted from left to right: 1-Raji, 2-Daudi, 3-4- BL primary samples and 5-6- CD20+ cells sorted from 2 representative Raji xenograft
specimens. (C) qPCR determination of GPR183 and CCL20 transcript levels in Raji and Daudi cell lines exposed to TG-1801 or to the triplet therapy
as previously, and in the two Raji in vivo (mouse and CAM) models dosed with the different agents. Values are referred to untreated Raji cultures. (D)
Immunoblot detection and densitometric quantification of GPR183 protein levels (SantaCruz, #sc-514342) in BL cell lines exposed to TG-1801 +/-
U2 dual asset, using GAPDH as a loading control. Values are normalized to control untreated cells. For each cell line, shown is a representative
experiments out of three. (E) Immunohistochemistry (IHC) labelling of CD20 (Clone L26, Sigma-Aldrich), GPR183 (Clone G-12, Santa Cruz), F4/80
(Clone SP115, Abcam), Histone H3-pSer10 (Clone E173, Abcam) and CD56/NCAM-1 (Clone EPR1827, Abcam) in tissue sections from tumour
specimens (shown are pictures from 1 out of 3 representative specimens) Scale bar: 50 µm. (F) MRCL1 transcript levels in the Raji-derived CAM
model. Data are presented in fold-change related to the control (N=8-10) according to the different treatment regimens. * p<0.05, *** p<0.001,
### p<0.001, and † p<0.05 and ††† p<0.001 when compared to control group in Raji (in vitro), Daudi (in vitro) and Raji (in vivo) models, respectively.
ns, non-significant.
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FIGURE 3

GPR183 is required for impaired B cell trafficking and tumour cell phagocytosis upon TG-1801/U2 triple combination therapy. (A) Immunoblot
detection and densitometric quantification of GPR183 in both Raji-GPR183WT and Raji-GPR183KO cells, using GAPDH expression as a loading control.
Values are referred to control, wild type cells. (B) Raji-GPR183WT or Raji-GPR183KO 3D spheroid in presence or absence of 10 ng/mL TG-1801 +/-
U2 (10 µg/mL ublituximab + 1 µM umbralisib) for one more day. The infiltration of M1 macrophages was evaluated by live-cell red fluorescence.
Scale bar: 500 µm. (C) Triggering of phagocytosis (left panel) and cell-mediated cytotoxicity (right panel) was assessed in Raji-GPR183WT and Raji-
GPR183KO cultures upon quantification of engulfed B cell red fluorescence with pHrodo and LDH release assay, respectively. For each assay, shown
are average values obtained from three independent replicates. (D) Raji-GPR183WT and Raji-GPR183KO were co-cultured with BMSCs, M2-polarized
primary macrophages and PBMCs (4:1:1:1) and treated with vehicle, TG-1801 or the triplet combination for 24h. Then, purified CD20+ cells were
subjected to RNA extraction and qPCR. Data are presented in fold-change related to the Raji-GPR183WT control. (E) ADCP activities were assessed in
Raji cells with or without the GPR183 inhibitor NIBR189 prior to treatment with 10 ng/mL TG-1801 +/- U2. Shown are average values from n=3
replicates. (F) The cell migration index of Raji-GPR183WT, Raji-GPR183KO (clone #1) cells exposed to the GPR183 inhibitor NIBR189, in presence or
absence of 10 ng/mL TG-1801 +/- U2 combination. Shown are average values from n=3 replicates. (G) F-actin levels were assessed in the different
cultures exposed to TG-1801 +/- U2 as in (E), followed by staining with a TRITC-labelled phalloidin and direct red fluorescence recording. Nuclei
were counterstained with DAPI (blue) (shown are representative pictures from 1 out of 3 fields). Scale bar: 50 µm. (H) Tumour weights at day 15 for
Raji GPR183KO (N=8-10) exposed to TG-1801, U2 or triplet combination. (I) CCL20 and MRCL1 transcript levels in GPR183KO tumours. Data are
presented in fold-change related to the control (shown are median values from 8-10 replicates) according to the different treatment regimens.
Values are expressed as mean ± SD. * p<0.05, *** p<0.001, when compared to control group. ## p<0.01 and ### p<0.001 when compared to TG-
1801 alone. ns, non-significant.
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properties of CXCL12 were tested on the Raji parental cells, the

Raji-GPR183KO cells, and the NIBR189-pretreated cultures.

Figure 3F shows that BL cell migration was significantly impaired

by both U2 and TG-1801 treatments, and that the combination led

to an accentuated (75%) inhibition of cell mobility. This effect was

completely lost either after GPR183 pharmacological inhibition by

NIBR189 or upon the genetic deletion of the receptor. Accordingly,

F-actin polymerization was decreased by 70% in Raji cells exposed

to the triplet treatment and this effect was counteracted by the

absence of GPR183 (clone #1) or by its pharmacological blockade

(Figures 3G, S1I), in agreement with previous studies highlighting

the relevance of F-actin disruption in the anti-lymphoma effect of

anti-CD47 antibodies (26). Finally, the crucial role of GPR183 in BL

response to the triplet was confirmed in vivo in a Raji-GPR183KO

CAM model, in which TG-1801, U2, and the combination

treatment failed to impact tumoral growth, with no modulation

of CCL20 expression and failed intratumoral infiltration of MRCL1

+ macrophages (Figures 3H, I).

Altogether, these data strongly support that GPR183

upregulation is a prerequisite to the recruitment of macrophages

and to the initiation of the inflammatory response, in Raji

xenografts subjected to the triplet treatment.
4 Discussion

CD47 immune checkpoint inhibitors have emerged as

promising immunotherapy in cancer treatment thanks to their

ability to facilitate the concomitant inhibition of the “do-not-eat-

me” signal and to boost antitumor T-cell response. Indeed, although

CD47/SIRPa axis blockade was initially believed to lead to

antitumor activity exclusively through ADCP (27), it was further

demonstrated that targeting CD47 also promotes T cell–mediated

elimination of immunogenic tumors (28, 29). Considering the

relevance of the CD47/SIRPa axis in tumor progression,

including under (chemo)-therapeutic pressure, several novel

studies have demonstrated the potential of CD47-based

combination therapies in different types of cancer (30). Among

the most promising combinations, the synergistic FcR-dependent

activation of phagocytosis by the anti-CD47 mAb Hu5F9-G4

associated to rituximab signaling has demonstrated great

effectivity in B-NHL cell lines and primary samples (31), and has

further shown promising clinical activity with few side effect in the

phase Ib clinical trial NCT02953509 involving R/R DLBCL and FL

patients (32). Similarly, bispecific antibodies that co-target CD47

and CD20 can induce selective phagocytosis of B-NHL cells, and

prolong the survival time of mice transplanted with these tumors

(33). This dual anti-CD20/anti-CD47 approach has provided

convincing clinical results and is still being extensively evaluated,

both pre-clinically and clinically, in B-cell lymphoma (7). Here, we

present a new set of data that propose for the first time a biological

rationale for the combination of the first-in-kind anti-CD47/CD19

bispecific antibody, TG-1801, with the clinically tested pair of the

anti-CD20 antibody ublituximab with umbralisib, a PI3K inhibitor.

PI3Ks are a key component of cell machinery controlling

cellular key pathways such as growth, proliferation, survival,
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migration and differentiation. Dysregulation of this pathway have

been described in several types of cancer, including BL (34, 35).

Expression of the PI3Kd subunit is generally restricted to

hematopoietic cells, and is essential for the development and

expansion of normal and malignant B-cells (36). Preclinical data

with different class-specific PI3K inhibitors have suggested that part

of their antitumor activity relies on the modulation of the tumor

microenvironment (TME) and to an enhancement of adaptive

immunity, including an improved intratumoral macrophage

infiltration, thereby increasing the efficacy of immune checkpoint

blockade therapy (37–39). Our present data support for the first

time the use of a PI3Kd inhibitor to promote the remodeling of the

tumor microenvironment in vitro and in vivo, for a better anti-

CD47-mediated activation of macrophages. Indeed, we observed

that the TG-1801/ublituximab/umbralisib triplet, when compared

to TG-1801 monotherapy, significantly improved innate immunity

in vitro and in vivo, with the potentiation of both macrophages and

cytotoxic cell activity, although this latter at a lower extent.

Unsurprisingly, most of this effect was due to TG-1801, which

was already known to exert its antitumor effect by eliciting ADCP

and ADCC (10) and to increase the phagocytosis of tumor cells by

the macrophage and monocyte populations present in lymphoid

TME (11). Of special interest, the superior antitumor activity of the

triplet combination in mice resulted in a prolonged response with a

higher number of tumor-free animals 35 days after the last dose.

Transcriptomic and immunophenotypic analyses revealed that this

sustained effect was closely linked to an enrichment in

inflammatory gene signatures and an enhanced recruitment of

macrophages and NK cells at the tumor site, being these two

phenomena known prerequisites for full activity of immune

checkpoint blockers (40).

By coupling phenotypic characterization to gene edition, we

further propose that among the main pro-inflammatory genes

activated in a set of in vitro and in vivo models of B-NHL that

reconstitute most features of the lymphoid TME and the main

aspects of B-NHL architecture, the GPR183 receptor represents a

crucial regulator involved in the efficacy of the drug combination.

GPR183 belongs to the rhodopsin family and is widely expressed in

B, T, and dendritic cells (20, 40). This factor is responsible for

regulating the positioning and migration of immune cells within

secondary lymphoid organs (41, 42) and its deregulated activity or

expression has been found in germinal center B-like DLBCL, FL,

CLL and acute myeloid leukemia (43). Accordingly, we found that

treatment-induced upregulation of GRP183 in BL tumors strongly

affect F-actin polymerization in B cells, with the consequent

impairment of CXCL12-dependent chemotaxis, a phenomenon

that possibly render these latter more accessible to pro-

inflammatory macrophages with the capacity to limit tumor

growth (42). Finally, and in agreement with our finding although

in another cellular context, loss-of-function mutation of GPR183 or

treatment with a GPR183 antagonist, have recently been associated

with a reduced macrophage infiltration and a lower inflammatory

cytokine production in the lungs of mice infected by respiratory

viruses (44).

PI3K/Akt signaling was recently identified as the main

downstream axis synergistically affected by co-exposure of
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malignant B cells to different anti-CD20 mAbs and to the PI3Kd
inhibitor idelalisib (45). However, in the case of BL and under

determined experimental settings (i.e. upon exposure to

immunomodulatory drugs), the anti-CD20 mAb rituximab was

shown to promote EBV reactivation, thereby stimulating PI3K

signaling (46). Although EBV intracellular signaling hasn’t been

challenged here, one may hypothesize that, as a bona fide EBV-

responsive gene, GPR183 may be upregulated by the simultaneous

ligation of CD47 and CD20 by TG-1801 and ublituximab, rending

at the same time these cells more susceptible to PI3Kd blockade

by umbralisib.

In summary, our results support a role for GPR183 in the

recognition and elimination in vitro and in vivo of malignant B cells

by activated macrophages, upon concomitant targeting of CD20,

CD47 and PI3Kd in tumor cells (Figure 4). Future studies will be

aimed at understanding whether GPR183 could constitute a bona

fide biomarker for the activity of anti-CD47-based therapeutic

regimens. Testing whether this discovery can be generalized to

other agents from the same classes than those used here, is

currently underway.
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Antitumor Activity of the Novel BTK Inhibitor TG-1701 Is
Associatedwith Disruption of Ikaros Signaling in Patients
with B-cell Non–Hodgkin Lymphoma
Marcelo Lima Ribeiro1,2, Diana Reyes-Garau1, Meritxell Vinyoles3,4,5, N�uria Profit�os Pelej�a1,
Juliana Carvalho Santos1, Marc Armengol1,6, Miranda Fern�andez-Serrano1,6, Alícia Sed�o Mor1,6,
Joan J. Bech-Serra7, Pedro Blecua8, Eva Musulen8,9, Carolina De La Torre7, Hari Miskin10,
Manel Esteller5,8,11, Francesc Bosch6,12,13, Pablo Men�endez3,4,5,11, Emmanuel Normant10, and
Ga€el Rou�e1,6,12,13

ABSTRACT
◥

Purpose: Despite the remarkable activity of BTK inhibitors
(BTKi) in relapsed B-cell non–Hodgkin lymphoma (B-NHL), no
clinically-relevant biomarker has been associated to these agents so
far. The relevance of phosphoproteomic profiling for the early
identification of BTKi responders remains underexplored.

ExperimentalDesign:Asetof six clinical samples fromanongoing
phase I trial dosing patients with chronic lymphocytic leukemia (CLL)
with TG-1701, a novel irreversible and highly specific BTKi, were
characterized by phosphoproteomic and RNA sequencing (RNA-seq)
analysis. The activity of TG-1701was evaluated in a panel of 11 B-NHL
cell lines andmouse xenografts, including two NF-kB- and BTKC481S-
driven BTKi-resistant models. Biomarker validation and signal trans-
duction analysis were conducted through real-time PCR,Western blot
analysis, immunostaining, and gene knockout (KO) experiments.

Results: A nonsupervised, phosphoproteomic-based clustering
did match the early clinical outcomes of patients with CLL and
separated a group of “early-responders” from a group of “late-
responders.” This clustering was based on a selected list of 96
phosphosites with Ikaros-pSer442/445 as a potential biomarker for
TG-1701 efficacy. TG-1701 treatment was further shown to blunt
Ikaros gene signature, including YES1 andMYC, in early-responder
patients as well as in BTKi-sensitive B-NHL cell lines and xeno-
grafts. In contrast, Ikaros nuclear activity and signaling remained
unaffected by the drug in vitro and in vivo in late-responder patients
and in BTKC481S, BTKKO, and noncanonical NF-kB models.

Conclusions: These data validate phosphoproteomic as a valu-
able tool for the early detection of response to BTK inhibition in the
clinic, and for the determination of drug mechanism of action.

Introduction
B-cell non–Hodgkin lymphomas (B-NHL) account for up to 4% of

globally diagnosed cancers (1). They are divided into low and high
grades, typically corresponding to indolent (slow-growing) lympho-
mas, like chronic lymphocytic leukemia (CLL), and aggressive lym-
phomas, like diffuse large B-cell lymphoma (DLBCL), respectively (2).
Targeting of the B-cell receptor (BCR) pathway through inhibition of
Bruton tyrosine kinase (BTK) with the first-in-class irreversible inhib-
itor ibrutinib has demonstrated exceptional clinical activity as a
monotherapy for various subtypes of B-NHL, most notably CLL (3)
and mantle cell lymphoma (MCL; ref. 4), but also Waldenstr€om
macroglobulinemia (WM; ref. 5) and activated B-cell-like DLBCL
(ABC-DLBCL; ref. 6). Nonetheless, resistance to ibrutinib has been
observed due in part to the acquisition of mutations that either affect
the irreversible binding of BTK inhibitors (BTKi) or activate the
phospholipase C gamma 2 (PLCg2) enzyme, a downstream enzyme
in the BTK pathway (7). In the case of BTK, a cysteine-to-serine
mutation (BTKC481S) abrogates the covalent binding of ibrutinib to
BTKandhas been detected in up to 86%of relapsing patients withCLL,
but only anecdotally in MCL relapsing patients (7–9). Additional
intrinsic mechanisms of resistance involve activation of the nonca-
nonical Nuclear factor kB (NF-kB)-inducible kinase (NIK)-NF-kB
signaling in MCL (10, 11).

The use of distinct next-generation sequencing (NGS)-based geno-
mic techniques including whole exome and targeted deep sequencing
have been instrumental in identifying BTKC481S mutation as a genetic
cause of BTKi resistance (12, 13). More recently, global drug profiling
using MS-based phosphoproteomics has been successfully employed
to characterize drug mechanisms of action in single-agent therapy or
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multidrug combinations in solid cancers (14). In addition, a recent
publication also showed that phosphoproteomic profiling can help to
understand the role of BTKi in patients with CLL. In this study, CLL
cells from patients with an unmutated immunoglobulin heavy chain
gene (IGVH) status showed higher basal phosphorylation than
patients with IGVH-mutated status (15).

Here, we present TG-1701, a novel, orally available, irreversible
BTKi that exhibits improved selectivity when compared with ibruti-
nib (16), and shows activity in various models of B-NHL. AMS-based
phosphoproteomic platformused to interrogate the effects of TG-1701
on patients with CLL enrolled in the phase I dose-escalation study
(NCT03671590; refs. 17–19) pointed to the transcription factor Ikaros
as both a potential biomarker of clinical activity and an important node
downstream of BTK in the BCR pathway.

Materials and Methods
Patients

Blood samples were obtained from 6 patients with CLL treated on
the NCT03671590 clinical trial (Table 1). Briefly, patients with
relapsed or refractory histologically confirmed B-cell lymphoma or
CLL were eligible and treated with TG-1701 orally once daily until
disease progression or the occurrence of intolerable side effects.
Patients received either 200, 300, or 400 mg TG-1701 daily (Table 1).
On the first day of treatment, white blood cells were counted, the
absolute lymphocyte count (ALC) calculated, and the normal lowest
and normal highest ALC established (Supplementary Table S1). The
percentage of CLL cells in each sample was the ratio of ALC subtracted
from highest normal ALC and divided by total ALC. All patients
provided written informed consent. Institutional Review Board
approvals for the study protocol, amendments, and informed consent
documents were obtained prior to study initiation; study procedures
were conducted in accordance with the Declaration of Helsinki.

Cell lines
Seven MCL (REC-1GFPþLUCþ, JEKO-1, UPN-1, UPN-IbruR,

GRANTA-519, Z-138, and MINO), two ABC-DLBCL (OCI-LY3 and
HBL-1), and two follicular lymphoma (DoHH2 and RL) cell lines were
cultured as described elsewhere (20, 21). JEKO-1, MINO, and REC-1
parental cells were obtained from ATCC cell bank (LGC Standards).
DoHH-2, GRANTA-519, and RL cell lines were purchased at DSMZ.

UPN-1 and Z-138 cells were provided by Dr. B. Sola (University of
Caen). HBL-1 was provided by Dr. E. Valls (IDIBAPS). OCI-Ly3 was
kindly provided by Dr. A. Staiger (Dr. Margarete Fischer-Bosch
Institute of Clinical Pharmacology). Cell-line authentication was
performed upon reception by short tandem repeat (STR) profiling,
using AmpFlSTR Identifier Kit (Thermo Fisher Scientific), and based
on available STR profiles. This analysis was then repeated every
6 months and up to 4 months prior to the submission of the present
manuscript. Mycoplasm infection was routinely tested by PCR.

Drugs
TG-1701 was provided by TG Therapeutics, Inc. Ibrutinib was

purchased from Selleckchem.

Xenograft mouse model and IHC staining
The MINO MCL xenograft model was generated by inoculating

subcutaneously 6- to 7-week-old nude mice (Shanghai Ling Chang
Experimental Animal Co., Ltd.) with 5� 106MINOcells.When tumor
volume reached 100 to 200 mm3, animals were randomized into
five groups of 8 to10 mice each, and were dosed orally with TG-1701
(25, 50, or 100mg/kg, orally, twice a day), ibrutinib (100mg/kg, orally,
twice a day), or vehicle for 21 days. The tumor volume (V) was
calculated as: V ¼ 1/2 � a � b2, where a and b represent the length
and width, respectively. In REC-1 and UPN-IbruR xenografts,
CB17-SCID mice (Janvier labs) were inoculated subcutaneously with
107 REC-1GFPþLucþ cells or UPN-IbruR cells andmonitored for tumor
growth, bioluminescence signal, and vital parameters as described
previously (21), in compliance with the Animal Ethics Committee of
the autonomous University of Barcelona (registry number 38/18).
Tumor-bearing mice received either TG-1701 (25 mg/kg, every day)
or ibrutinib (25 mg/kg, every day) for 17 days. Tumor samples were
snap-frozen in OCT medium (Sakura Tissue Tek) or formalin-fixed
and paraffin-embedded prior to immunohistochemical (IHC) staining
with primary antibodies against Ikaros (Cell Signaling Technology)
and CD20 (Beckman Coulter). Preparations were evaluated using an
Olympus microscope and MicroManager software.

Western blot analysis
Total and nuclear protein extracts were obtained from MCL cell

lines and tumor specimens using RIPA (Sigma-Aldrich), the Nuclear/
Cytosol Fractionation Kit (BioVision), and T-PER (Thermo Fisher
Scientific) buffers, respectively, and subjected to SDS-PAGE, as
described previously (22, 23). Membrane-transferred proteins were
revealed by incubating with primary and secondary antibodies (Sup-
plementary Materials and Methods) followed by chemiluminescence
detection using the ECL system (Pierce) and a Fusion FX imaging
system (Vilber Lourmat). Band intensity was quantified using Image J
software and normalized to housekeeping protein (GAPDHorTUBU-
LIN). Values were referred to the indicated control (i.e., predose
sample or DMSO-treated cells) and added below the corresponding
band. If not otherwise specified, representative data from n ¼ 2
experiments are shown.

Proteomic and phosphoproteomic profiling
Peripheral blood mononuclear cells (PBMC) were obtained from

a total of 6 patients with CLL before and after 4-hour treatment with
TG-1701 (Table 1), using standard Ficoll-Hypaque density gradient.
Proteins were extracted using a Urea-based buffer (6 M Urea,
100 mmol/L Tris-HCl pH 7.5) on a Bioruptor sonicator, followed
by standard Lys-C and trypsin-mediated digestion. Proteomic
quantitative analyses were performed using 13 of the 16 channels
of a 16plex - Tandem Mass Tag (TMT) system, according to

Translational Relevance

Covalent Bruton tyrosine kinase inhibitors (BTKi) have trans-
formed the treatment of B-cell non–Hodgkin lymphoma (B-NHL),
but their activities have been limited by off-target toxicity and
acquired resistance. TG-1701 is a novel irreversible and highly
specific BTKi currently under study in relapsed/refractory patients.
Here we show that TG-1701 exerts similar activity than the first-in-
class BTKi ibrutinib, although with greater selectivity, in in vitro
and in vivomodels of B-NHL.We also report for the first time that
a phosphoproteomic-based approach can discriminate between
TG-1701 early-responder and TG-1701 late-responder patients
with B-NHL. Furthermore, the coupling of proteomic profiling
and transcriptomic analysis allowed the identification of Ikaros
signaling disruption as an event commonly found in early-
responder patients, and a crucial determinant of TG-1701 efficacy
in BTKi-sensitive and BTKi-resistant B-NHL cell lines and mouse
xenografts.
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manufacturer’s instructions (Thermo Fisher Scientific). A small
part of the sample (260 mg) was used for total proteome analysis,
and remaining proteins were subjected to phosphoproteome
enrichment using the High-Select TiO2 Phosphopeptide Enrich-
ment Kit (Thermo Fisher Scientific). Total proteome and phospho-
peptide fractions were fractionated in 24 and 9 fractions using a
Zorbax Extent-C18 and the High pH Reversed-Phase Peptide
Fractionation Kit (Thermo Fisher Scientific), respectively, with
prior analysis on an Orbitrap Fusion Lumos Tribrid mass spec-
trometer. REC-1 and REC-BTKC481S protein extracts were labeled
in triplicates with two TMT10plex, using a single channel (131N) to
label a pool of all the samples. TMT fractionation and MS analysis
were performed as above. Raw data were processed in MaxQuant
(RRID:SCR_014485) and analyzed as described in Supplementary
Materials and Methods. Data have been deposited to the Proteo-
meXchange Consortium (http://proteomecentral.proteomex
change.org) via the PRIDE partner repository (PXD023231; ref. 24).

RNA sequencing (RNA-seq) analysis and real-time qPCR
Total RNA was extracted using TRizol (Thermo Fisher Scientific)

following manufacturer’s instructions and poly-A-tailed enriched
mRNA selected. Paired-end stranded RNA libraries with 51 read-
inward facing paired mates were prepared, following sequencing with
Illumina’s NovaSeq6000 at the Centro Nacional de Analisis Genomico
(CNAG). Data analysis was performed as described in Supplementary
Materials and Methods.

The reverse transcription reaction was performed using a High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems).
The mRNA expression was analyzed in triplicate by quantitative
real-time PCR. Amplification was performed using SYBR Green-
based detection (GoTaqPCR Master Mix; Promega). The relative
expression of each gene was quantified by the comparative cycle
threshold method (DDCt). b-Actin, GAPDH, and B2M were used as
endogenous controls.

Immunofluorescence
BTKi-treated REC-1 and JEKO-1 cells (2–3 � 105) were seeded on

poly-L-lysine-coated glass coverslips and stained as previously (23)
with anti-Ikaros antibody (Cell Signaling Technology). Fluorescence
signal was acquired on a Leica microscope and quantified using the
LAS X (Leica) and Image J (RRID:SCR_003070) softwares.

Generation of BTKC481S and BTKKO cell lines
CRISPR-Cas9 gene editing tool were used to generate REC-BTKC481S

and REC-BTKKO cells. Briefly, REC-1GFPþLUCþ cells were electropo-
rated with SpCas9 nuclease and BTK-specific gRNA using a Neon
Transfection System (Thermo Fisher Scientific). After 30 days, single
clones obtained by limit dilution were checked for BTK protein levels

and analyzed by Sanger sequencing. Complete gene edition protocol
can be found in Supplementary Data.

Statistical analysis
Presented data are the means � Standard Deviation or SEM of

three independent experiments. All statistical analyses were done
by using GraphPad Prism 4.0 software (RRID:SCR_002798). Com-
parison between two groups of samples was evaluated by nonpara-
metric Mann–Whitney test to determine how response is affected by
two factors. Pearson test was used to assess statistical significance of
correlation. Results were considered statistically significant when P
value < 0.05.

Results
TG-1701 is a novel irreversible BTK inhibitor, more selective
than ibrutinib

In a binding assay on a panel of 441 human kinases, TG-1701 was
more selective than ibrutinib, with a comparable BTKKd (3 nmol/L vs.
1.5 nmol/L, respectively) and a lower binding to EGFR, ITK, TXK, and
JAK3 (Kd 135-, >48-, 68-, and >94-fold higher than those of ibrutinib,
respectively; Fig. 1A and Supplementary Table S2). A BTK kinase
activity assay revealed a TG-1701 EC50 of 6.70 nmol/L, slightly higher
than ibrutinib IC50 (1.65 nmol/L; Fig. 1B and Supplementary
Table S3). Accordingly, in an in vitro BTK occupancy assay, TG-1701
and ibrutinib showed a similar dose-dependent capacity to displace
a BTK-specific fluorescent probe in the BTKi-sensitive follicular
lymphoma cell line DoHH-2 (20), with complete BTK occupancy at
30 and 10 nmol/L, respectively (Fig. 1C). Consistently, BCR down-
stream signaling was impaired in a concentration-dependent manner
in IgM-stimulated cells, with maximal effects observed at 100 nmol/L
for TG-1701 and 10 nmol/L for ibrutinib (Fig. 1D). These effects were
associatedwith ameanTG-1701GI50 of 6.4mmol/L at 72 hours, in a set
of 10 parental B-NHL cell lines, which was slightly inferior to mean
ibrutinib GI50 (14.1 mmol/L), especially in MCL cell lines (4.3 mmol/L
vs. 10.8 mmol/L, respectively; Supplementary Table S3). Given that
the activity of both BTK inhibitors in MINO cells was similar to
these mean values, the tumor growth inhibition (TGI) of TG-1701
was evaluated in vivo in the corresponding xenograft model. A 16-
day treatment of mice bearing MINO-derived tumors with 25, 50,
and 100 mg/kg TG-1701 achieved a 56%, 72%, and 78% TGI,
respectively, comparable with the 70% TGI observed in the ibrutinib
(100 mg/kg) arm (Fig. 1E). A single oral gavage with 50 mg/kg
TG-1701 further confirmed a rapid dephosphorylation of BTK and
AKT as early as 2 and 4 hours, respectively, which was maintained
for at least 24 hours due to the irreversible nature of TG-1701–
mediated BTK inhibition (Fig. 1F).

Table 1. Clinical and biological characteristics of patients with CLL.

Patient Age Gender Cytogenetic alterations IGVH status TG-1701 daily dose (mg) Clinical outcome (% reduction) % CLL cells

AII-0011 61 F Trisomy 12 UM 400–300 PR (87%) 16
AIJ-0015 64 M 11q del, trisomy 12 M 400 PR (86%) 62
AIJ-0001 57 M 17p del, trisomy 12 M 200 SD (38%) 74
AIJ-0005 60 F — M 300 SD-PR (56%) 93
AII-0006 83 M 17p del, trisomy 12 UM 200 PR (66%) 98
AIK-0003 80 M 17p del M 200 SD (lymphocytosis) 80

Abbreviations: PR, partial response; SD, stable disease.
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Phosphoproteomic analysis differentiates early clinical
outcomes and points to the inhibition of the Ikaros pathway as
an important mechanism of TG-1701 activity

To identify potential biomarkers of TG-1701 activity in B-NHL,
PBMCs from 6 patients with CLL enrolled in the TG-1701–101
phase I trial were isolated at different time points for omics
analysis. In all patient samples but one, the percentage of circu-
lating cancer cells was comprised between 60% and 98% (Table 1;

Supplementary Table S1). All the patient samples harbored a
wild-type BTK gene, as confirmed by Sanger sequencing of BTK
exon 11 (data not shown).

Near-complete BTK occupancy was obtained in all samples
tested (Fig. 2A) and linear kinetics was observed with approxi-
mately dose-proportional increases in Cmax and AUC0–8 hours from
100 to 300 mg (Supplementary Fig. S2; ref. 18), with a positive
correlation between the daily dose and TG-1701 Cmax for the

Figure 1.

TG-1701 is a novel irreversible BTK inhibitor as active as ibrutinib in in vitro and in vivomodels of B-NHL. A, Binding of TG-1701 and ibrutinib 1 mmol/L was tested in a
panel of 441 kinases using the DiscoverX technology. The size of each red circle is proportional to the strength of the binding. B, TG-1701 and ibrutinib BTKwt anti-
kinase activities were tested using a 33P-ATP filtration assay. Shown are the average of two measurements. C, DoHH2 BTK-expressing cells were incubated with
ibrutinib or TG-1701, lysed, and lysates were incubated with a fluorescent ibrutinib probe. Total BTK was assessed by Western blot analysis. D, Increasing
concentrations of ibrutinib or TG-1701were incubatedwithDoHH-2 cells for 20minutes. BCRpathwaywas then activatedwith 10mg/mL soluble goat F(ab’)2 anti-IgM
for 18 hours and levels of different downstream enzymes were assessed using Western blot analysis. E, TG-1701 or ibrutinib were dosed orally in the MINO MCL
xenograft model and (F) intratumor levels of several BCR-related kinases were assessed by Western blot analysis.
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6 patients studied (Fig. 2B). After three cycles of treatment, the best
change in tumor burden as assessed by CT scan ranged from 38% to
87%, with 1 tumor-free patient with a lymphocytosis that defined
his best response as a stable disease (Fig. 2C).

In PBMC protein extracts from the six predose and the six 4-hour
postdose samples, a total of 5,585 proteins and 2,438 phosphosites
were identified. An initial principal component analysis (PCA) did not
discriminate the pretreatment (PRE) from the posttreatment (POST)

Figure 2.

Phosphoproteomic analysis of 6 patientswith CLL treatedwith TG-1701 can segregate early and late responders.A,BTK occupancywas assessed in all patients in the
study at nine different time points. Here the occupancy of the 6 patients with CLL are shown at 4 hours after treatment. The occupancy assay was run using a MSD
method (as depicted in Supplementary Fig. S1) at Bioagilytix. B, Correlation of TG-1701 Cmax and the daily dose received by the 6 patients. C, Best tumor reduction in
all 6 patients at C3D1. �AIK-003 lymphocytosis at C3D1 rank the response as a stable disease.D, Phosphoproteomic profiling and principal components analysis were
performed on all 6 patients with CLL (left), 3 early responders (middle), and 3 late responders (right). Pretreatment samples are shown in blue and the 4-hour
posttreatment samples in red. Percentages refer to the total variance explained for each component.E,Quantifiedphosphopeptides in early responders. Volcanoplot
of the early responders–only samples. The late responders do not exhibit any TG-1701–driven changes. F, The phosphosites that are up- or downregulated are shown
for 3 single patients.
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profiles. However, a specific unsupervised clustering of the data into
two subgroups of 3 patients allowed a clear differentiation between the
PRE and POST samples (Fig. 2D). These two subgroups, blindly
selected to uncover changes due to TG-1701 treatment, clearly fitted
the clinical outcome of the patients (Fig. 2C), separating de facto
a group encompassing the 3 best responses (called the early respon-
ders) and a group gathering the 3 other patients with lower responses
(called the late responders). Supporting this partition of the patients,
the early responders exhibited a stronger IL10 de-repression and
a stronger, although not significant, decrease in IL2 and IL6 expression
(Supplementary Fig. S3A), suggesting that they developed a more
potent early anti-inflammatory response, a common feature of BTKi
activity (25). In addition, CCL3 and CCL4 chemokine genes, two bona
fide biomarkers for BCR pathway activation (26), were more down-
regulated in early-responder patients (Supplementary Fig. S3A). A
set of 118 phosphopeptides were differentially phosphorylated (7
down- and 111 upregulated) after TG-1701 treatment in the early-
responder subgroup only (adjusted P value < 0.1; Fig. 2E). These
sites corresponded to the putative modulation of 14 protein kinases
(Supplementary Tables S4 and S5). Importantly, these quantitative
phosphoproteomic changes showed a strong homogeneity in the 3
early-responder patients and enabled a clear distinction between
PRE and POST samples (Fig. 2F). Only one single phosphosite
(UBA1-pSer4) was found significantly upregulated in the late-
responder patients after TG-1701 treatment.

Beside the 118 phosphosites mentioned above and depicted
in Fig. 2E, another set of 96 phosphopeptides were present in
pretreatment samples and totally dephosphorylated upon treatment
with TG-1701. The total absence of phosphorylation preempted the
statistical analysis and incorporation of these 96 samples in the volcano
plot, even though these sites were the most impacted by TG-1701
treatment. Of special interest, the corresponding list of phosphosites
comprised the p-Ser442/445 residue of Ikaros, a zinc finger-containing
DNA-binding protein that plays a pivotal role in B-cell homeostasis.
Ikaros-Ser442/445 dephosphorylation was indeed the strongest event
associated with TG-1701 activity (Supplementary Table S6). Because
Ikaros nuclear localization and transcriptional activity both depend
on BTK-mediated phosphorylation at Ser214/215 residues (27), we
investigated whether, analogously, Ikaros function was differentially
affected by TG-1701 in early-responder versus late-responder CLL
patient samples. Using previously validated Ikaros-repressed and
Ikaros-enhanced gene signatures (28), we identified 21 proteins of
the repressed signature that were upregulated, whereas another set of
17 factors from the Ikaros-enhanced gene signature were depleted
only in early responders, suggesting that Ikaros was functionally
impaired after TG-1701 treatment (Fig. 3A). Although a comparative
multidimensional (MDS) analysis of RNA-seq data obtained from the
same subset of samples failed to show a clear difference between early-
responsive and late-responsive patient clusters (Supplementary
Fig. S3B), a clear trend in the upregulation of Ikaros-repressed genes
and downregulation of Ikaros-enhanced genes was seen in TG-1701
early-responsive patients only (Fig. 3B). Accordingly, the IKZF1-
repressed gene, YES1, was significantly upregulated, whereas the
IKZF1-enhanced gene MYC was downregulated in early responders
but not in late responders (Fig. 3C). Importantly, this effect was not
due to Ikaros protein destabilization, as its level of expression did not
vary uponTG-1701 treatment in early-responder patients, whereas the
expression of p-BTK and MYC proteins underwent a 70% and 48%
downregulation, respectively, and the levels of YES1 increased by
almost 5-fold (Fig. 3D; Supplementary Fig. S3C). Such modifications
were not seen in late-responder patients, although BTK was notably

dephosphorylated (Fig. 3D; Supplementary Fig. S3C). These data were
confirmed in vitro using the ibrutinib-sensitive MCL cell line REC-1
characterized by ibrutinib and TG-1701 GI50 values of 5.82 and 3.83
mmol/L at 72 hours, respectively (Supplementary Table S3). In these
cells, as observed in early-responder patients with CLL, TG-1701
treatment led to efficient BTK dephosphorylation, YES1 upregulation,
and MYC downregulation both at mRNA and protein levels (Fig. 3E
and F). Of note, among the IKZF1-target genes studied here, YES1
reactivation was significantly higher in TG-1701–treated than in
ibrutinib-exposed cells (Fig. 3E). Finally, Fig. 3G shows that ibrutinib
and TG-1701 elicited a 67% to 83% and a 80% to 85% reduction in
nuclear Ikaros, consistent with a nearly 50% to 70% decrease of Ikaros
in REC-1 and JEKO-1 nuclear protein fraction (Fig. 3H), suggesting
that dual dephosphorylation of Ikaros at Ser442 and Ser445 was
associated with the nuclear exclusion of this factor.

Ikaros signature is a bona fide hallmark of BTKi mechanism of
action

To further explore TG-1701 mechanisms of action and potential
mechanisms of resistance, we CRISPR-engineered the REC-
1GFPþLUCþ cell line to express the BTKC481S. This mutation was
associated with a 10.3- and a 54.8-fold decrease in ibrutinib and
TG-1701 inhibitory kinase activity, respectively (Supplementary
Fig. S4A; Supplementary Table S3). The REC-1–BTKC481S cell line
was 4.2- and 2.8-fold less sensitive to ibrutinib and TG-1701 respec-
tively, compared with parental REC-1 cells (Fig. 4A; Supplementary
Table S3). Awashout experiment further showed that irreversible BTK
inhibition—illustrated by kinase phosphorylation over 24 hours after
BTKi removal in REC-1 cells—was mostly lost in REC-1–BTKC481S

cells (Fig. 4B). Although total proteome composition was modified
solely in the parental cells treated with either ibrutinib or TG-1701 as
assessed by PCA analysis (Supplementary Fig. S4B), a set of 16 Ikaros-
repressed proteins were upregulated and another set of 14 Ikaros-
upregulated proteins were downregulated in REC-1, but not in REC-
1–BTKC481S cells exposed toTG-1701 (Fig. 4C). Despite the short drug
exposure, transcriptional upregulation of YES1, and repression of
MYC were observed in BTKwt cells treated with both BTKis. In
REC-1–BTKC481S cells, a pronounced basal Ikaros-repressed gene
signature was observed in the absence of any treatment (black
bars, Fig. 4D), including YES1 expression, and this pattern was not
modified upon BTKi exposure (Fig. 4D; Supplementary Fig. S4C).

To confirm the role of BTK as an upstream regulator of Ikaros
signaling in BTKi-exposed cells, we generated a BTK knockout (KO)
model derived from the REC-1 cell line, using a CRISPR-Cas9method,
as described above. The obtained REC-BTKKO derivative, character-
ized by an almost complete depletion of BTK (Fig. 4E) was refractory
to both ibrutinib and TG-1701 (Supplementary Table S3) and did not
undergo significant modulation of YES1 and MYC expression after
exposure to TG-1701 (Fig. 4E and F). To validate the relevance of the
BTK-Ikaros signaling axis in the regulation of YES1 and MYC upon
BTK inhibition, two CRISPR-Cas9–engineered cell lines either devoid
of Ikaros (REC-IKZF1KO) orwith de novo expression of BTK after BTK
gene knockout (REC-BTKKO-OE) were generated (see Supplementary
Materials and Methods). Supplementary Figure S5A and S5B shows
that Ikaros depletion was accompanied by a 2- to 3-fold increase in
YES1 expression in REC-1 cells, and that no further upregulation of
this gene could be achieved after BTK inhibition. MYC expression did
not undergo significant variation upon treatment with either TG-1701
or ibrutinib. Most interestingly, the re-introduction of an IgM-
responsive form of BTK within REC-BTKKO cells, restored the capac-
ity of TG-1701, and in a lesser extent ibrutinib, to suppress the Ikaros-

Ribeiro et al.

Clin Cancer Res; 27(23) December 1, 2021 CLINICAL CANCER RESEARCH6596



dependent repression of YES1 and upregulation of MYC (Supple-
mentary Fig. S5C and S5D). Altogether, these data strongly suggest
that TG-1701–dependent impairment of Ikaros signaling inMCL cells
is a BTK-dependent process.

Given the low recurrence of BTKC481S mutation in patients with
MCL (9), the UPN-IbruR noncanonical NF-kB–driven ibrutinib
resistance model was also studied (20). This subclone is characterized
by the absence of mutations in the BTK and PLCG2 genes and the
constitutive activation of p52-dependent signaling, driving a 2- to
3-fold increase in ibrutinib and TG-1701 GI50 at 72 hours (Supple-
mentary Fig. S4D; Supplementary Table S3; ref. 20). When compared
with the BTKi-sensitive REC-1 xenograft model in which a 17-day
dosing with TG-1701 achieved a 53% tumor TGI versus vehicle, UPN-
IbruR tumors were almost insensitive to TG-1701 (Fig. 5A). Accord-
ingly, p-BTK was efficiently downregulated in representative REC-1
tumor specimens, but not in UPN-IbruR xenografts treated with TG-
1701 (Fig. 5B). In agreement with in vitro results, MYC was down-

regulated, and YES1 upregulated at protein and/or mRNA levels, in
association with Ikaros nuclear exclusion and a decrease in CD20þ

malignant B cells, in BTKi-sensitive, but not in BTK-insensitive MCL
xenografts (Fig. 5B–D).

Discussion
During the past decade, BTK inhibitors have increasingly replaced

chemotherapy-based regimens in patients with CLL and MCL.
TG-1701 is a novel second-generation BTKi currently under clinical
development. TG-1701 is more selective than ibrutinib, with a com-
parable BTK Kd and similar in vitro and in vivo characteristics.
TG-1701 is currently being tested in a phase I trial comprised of a
single-agent arm and a combination arm with ublituximab (a novel
CD20 antibody) and umbralisib (a dual PI3Kd and CKIe inhibitor).
With a median follow-up of 7 months in a 200 mg daily monotherapy
expansion cohort, preliminary overall response rates (ORR) are 95%

Figure 3.

Impairment of Ikaros signaling is asso-
ciated with B-NHL response to TG-1701
in both clinical and preclinical settings.
Change of Ikaros-regulated factors
upon TG-1701 treatment in early
responders (ER) and late responders
(LR), according to (A) total proteome
data and (B) RNA-seq analysis of the
same samples. For each category, the
average of the 3 patients is displayed.
C, YES1 (an Ikaros-repressed gene)
and MYC (an Ikaros-enhanced gene)
mRNA changes after TG-1701 treat-
ment. D, Immunoblot evaluation of
p-BTK, Ikaros, and Ikaros downstream
factors, MYC and YES1, using one rep-
resentative early- and one late-
responder PBMC lysates. P-BTK detec-
tion was assessed to confirm on-target
activity at 4 hours posttreatment. MCL
REC-1 cells were treated for 24 hours
with 1 mmol/L ibrutinib or TG-1701, and
variations in Ikaros-regulated factors
were quantified using (E) qPCR and
(F) Western blot analysis. Subcellular
localization of Ikaros was determined
by (G) immunofluorescence staining
(red signal, counterstained by DAPI
nuclear labelling in blue) and (H) immu-
noblot analysis of nuclear protein frac-
tion, in REC-1 and JEKO-1 cells treated
as above with ibrutinib or TG-1701
(� , P < 0.05; �� , P < 0.01; ��� , P <
0.001; ns, nonsignificant).
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(19/20) in CLL, 50% (9/18) in MCL, and 95% (18/19) in WM. No
complete responses (CR) are confirmed on TG-1701 monother-
apy (17). In this study, we show that phosphoproteomic analysis of
pre- and posttreatment samples clustered patients with CLL according
to their early clinical responses (early responders vs. late responders)
and helped decipher the mechanisms underlying drug responsiveness.
According to the results, the response from these patients did not
depend on the pharmacokinetic or pharmacodynamic properties of
TG-1701, but rather on differences in BTK downstream signaling. In
early-responder patients, Ikaros-p-Ser442/445 was the phosphopep-
tide most impacted (dephosphorylated) by TG-1701 treatment and
several Ikaros-dependent factors were transcriptionally deregulated,
suggesting that Ikaros may represent a biomarker for early response,
and/or an important new node downstream BTK inhibition. Inter-

estingly, a recent study in acalabrutinib-treated patients with CLL (15)
has shown that the unmutated IGVH cells displayed a higher basal
phosphorylation level compared with the mutated IGVH cells, show-
ing that the phosphoproteomic profile of BTKi-treated patients can
cluster specific subgroups of patients.

Ikaros is a zinc finger protein involved in gene regulation and
chromatin remodeling. Its nuclear localization, stability, and tran-
scriptional activity depend on its phosphorylation status, which is
regulated by BTK, casein kinase II (CKII), and protein phosphatase
1 (PP1) interplay (27, 29). Although the exact role of serine residues
at position 442 and 445 is still unknown, their juxtaposition to the
conserved PP1 binding motif in the C-terminal end of Ikaros
protein (30) might confer them a role in the PP1-mediated regu-
lation of Ikaros stability and pericentromeric localization (29).

Figure 4.

Ikaros modulation is associated with
TG-1701 efficacy in distinct in vitro and
in vivo MCL models of ibrutinib resis-
tance. A, Viability of BTKwt and
BTKC481S REC-1 cells exposed to
increasing doses of ibrutinib and TG-
1701 was evaluated by CellTiter Glo
assay. B, REC-1 and REC-1–BTKC481S

cells were exposed for 1 hour to
1 mmol/L TG-1701, washed-out for the
indicated times, and levels of phospho-
and total BTK were assessed using
immunoblotting. Values below immu-
noblot correspond to the densitometric
quantification of p-BTK/GADPH ratio.
C, Regulation of Ikaros-regulated
factors after 4 hours of treatment with
TG-1701 or ibrutinib (1 mmol/L) in REC-1
and REC-1–BTKC481S cells according to
total proteome data. D, Ikaros gene
signatures were evaluated by qPCR
in REC-1 and REC-1–BTKC481S cells
exposed for 24 hours to 1 mmol/L ibru-
tinib or TG-1701. In REC-1–BTKC481S cells,
valueswere referred to untreatedREC-1
cells (control). Ikaros transcriptional (E)
and protein (F) signatures were evalu-
ated in REC-1–BTKKO cells as previously,
using untreated REC-1 cells as a refer-
ence control.
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Interestingly, CKII was ranked #4 in the list of kinases with reduced
activity in TG-1701 early-responder patients, whereas phosphory-
lation of the PP1 inhibitory subunit, PPP1R14A, and dephosphor-
ylation of the PP1 inhibitor, PPP1R2, both associated with reduced
PP1 activity (31), were among the top four modifications detected in
TG-1701 early-responder patients (Supplementary Tables S4 and
S5). Ikaros expression was affected by TG-1701 treatment, neither
in CLL primary cells nor in BTKi-sensitive REC-1 models, indi-
cating that the inhibition of Ikaros signature in early responders was
more likely due to a nuclear exclusion of the transcription factor.
Importantly, our results obtained in REC-1–BTKC481S and REC-1–
BTKKO subclones demonstrated that both the cell proliferation
blockade and the modulation of Ikaros activity upon TG-1701
treatment are tightly dependent on the presence of a wild-type
BTK protein, supporting the idea that Ikaros phosphorylation at
Ser442/445 is controlled by the kinase, and discarding a potential
off-target effect of the compound. Downregulation of the Ikaros

program in BTKC481S cell line is not understood at that point. One
possible explanation is that the C481S mutation does not only
abrogate the irreversibility of ibrutinib or TG-1701 binding but also
modifies the substrate specificity of the newly formed substrate
pocket that would not phosphorylate Ikaros anymore. Further
studies involving the production of a phospho-specific Ikaros-
Ser442/445 antibody will be required to confirm this hypothesis.

The number of samples tested in this study is too small to draw
definitive conclusions, and because responses to BTKis continue to
deepen over time (as long as 2 years), the early (C3D1) timepoint may
not fully represent the overall drug efficacy. However, the differences
presented here between “early-responders” and “late-responders” are
clear enough to warrant future studies, for example testing an enlarged
pool of patient samples treated with BTKis or exploring other NHLs.
In addition, other (non-Ikaros) potential biomarkers for which an
existing phospho-antibody is commercially available could be evalu-
ated. In the study presented here, the assessment of the clinical

Figure 5.

In vivo activity of TG-1701 on BTKi-
sensitive and BTKi-resistant MCL mouse
models. A, TG-1701 was dosed orally
in BKTi-sensitive (REC-1GFPþLUCþ) and
BTKi-resistant (UPN-IbruR) MCL xeno-
graft models and tumor volumes were
recorded at the endpoint (17 days)
by bioluminescence signal recording
(REC-1) or external calipers (UPN-IbruR).
Ikaros signature was evaluated by (B)
Western blot analysis and (C) qPCR in
2/3 representative tumors from each
treatment group. Densitometric quanti-
fication of Ikaros, phospho-BTK, and
MYC protein levels were normalized to
GAPDH levels and referred to vehicle-
treated tumors. For each treatment
group, the average of the two tumors is
shown. D, IHC labeling of CD20 and
Ikaros in tissue sections from four rep-
resentative BTKi-sensitive (REC-1) and
BTKi-resistant (UPN-IbruR) tumor speci-
mens (scalebar: 25mm; � ,P<0.05; �� ,P<
0.01; ��� , P < 0.001; ns, nonsignificant).
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outcome available at the time of analysis was thefirst CT scan, after two
cycles of treatment. Assessing the phosphorylation status of the
biomarkers presented here in patients who progressed under, or
become resistant to BTKi treatment, might also help understand the
underlying mechanisms of activity or resistance.
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Letters to the Editor

Interleukin-1 receptor associated kinase 1/4 and 
bromodomain and extra-terminal inhibitions  
converge on NF-κB blockade and display synergistic 
antitumoral activity in activated B-cell subset of  
diffuse large B-cell lymphoma with MYD88 L265P  
mutation 

 
The outcome of patients with diffuse large B-cell lym-

phoma (DLBCL) is very heterogeneous and is most likely 
dictated by their cell of origin (COO), defining two main 
molecular subtypes, i.e., germinal center B-cell (GCB) and 
activated B-cell (ABC).1 Upon treatment with multi-agent 
chemotherapy (cyclophosphamide, doxorubicin, vin-
cristine and prednisone) combined with the monoclonal 
anti-CD20 antibody rituximab (R-CHOP), almost a third of 
the patients, corresponding mainly to the ABC subtype of 
the disease, does not achieve complete remission (CR) or 
relapses shortly after CR.2 However, the COO does not 
fully account for the different outcomes. Massive sequenc-
ing analyses recently uncovered molecular subtypes of 
DLBCL with distinct outcomes. In this regard, Chapuy et al. 
have described five different molecular subtypes with dis-
tinct pathogenic mechanisms and prognosis, independent-
ly of the COO. Interestingly, the C5 cluster (mostly ABC 
subtypes), enriched in MYD88 L265P and CD79B muta-
tions, maintained a shorter survival compared to the other 
ABC cluster.3 

ABC-DLBCL tumors rely almost exclusively on constitu-
tive nuclear transcription factor κB (NF-κB) signaling for 
their survival, a phenomenon that has been linked to a vari-
ety of genetic alterations that aberrantly activate the B-cell 
receptor (BCR) and the Toll-like receptor (TLR) signaling 
pathways.1 Within the TLR axis, mutations in the gene 
codifying for the adaptor protein myeloid differentiation 
primary response gene 88 (MYD88) enhance interleukin-1 
receptor-associated kinase 1 and 4 (IRAK1 and IRAK1) 
activity, providing sustained activation of NF-κB through 
most of the TLR. The p.L265P mutation, characterized by 
a change from leucine (CTC) to proline (CCG) in the 
MYD88 Toll/interleukin (IL)-1 receptor domain, recruits 
MYD88 to the cytoplasmic tail of TLR to form an active 
complex. Beside NF-κB, this complex promotes Janus 
kinase-signal transducer and activator of transcription 3 
(JAK-STAT3) signaling through a pathway involving inter-
leukin (IL)-6 and IL-10 secretion.4 

Preclinical data have indicated that MYD88-mutant 
ABC-DLBCL cells were sensitive to pharmacological 
blockade of IRAK4 kinase activity, being IRAK4-compro-
mised cells especially responsive to the Bruton's tyrosine 
kinase (BTK) inhibitor ibrutinib or the BCL-2 antagonist 
venetoclax, as almost all ABC-DLBCL display BCL2 
amplification/overexpression.5,6 Considering that both 
IRAK1 and IRAK4 are required for ABC-DLBCL cell sur-
vival,4 we investigated the effect of a 24-72 hour treat-
ment with a selective and orally bioavailable IRAK1/4 
inhibitor (IRAKi, Merck),7 in three well-characterized 
MYD88-mutated cell lines, OCI-LY3, OCI-LY10, HBL-1, 
using proliferation as a read out. Three germinal center  
B-cell (GCB)-DLBCL cell lines (SUDHL-4, SUDHL-8 and 
OCI-LY8) with wild-type MYD88 (MYD88wt) were ana-
lyzed in the same settings, as a control. We observed a 
partial and transitory response to IRAKi in ABC-DLBCL 
cells only, when using the compound at the physiological 
dose of 50 mM (Figure 1A). Treatment-related cytotoxicity 
decreased from 25.5% at 24 hours to 19% at 72 hours, 
respectively, despite an efficient blockade of IRAK1 and 
IRAK4 phosphorylation at Thr209 and Thr345 residues, 
in the three MYD88-mutated cell lines (Figure 1B). 

Interestingly, the destabilization of the anti-apoptotic pro-
tein and key mediator of IRAKi activity, MCL-1,8 was not 
sufficient to confer a significant cytotoxicity to the com-
pound (Figure 1B). A gene expression profiling (GEP) 
analysis in the three MYD88-mutated cell lines exposed 
for 6 hours to the inhibitor, further showed that IRAK1/4 
blockade significantly altered the expression of the top 
NF-κB gene signatures associated to B-cell lymphoma,9 

namely NFKB_ALL_OCI_LY10 and NFKB_BOTH 
OCILY3ANDLY10, with normalized enrichment score 
(NES) values reaching 1.8, while in contrast a third gene 
set, NFKB_OCILY10_ONLY, was slightly upregulated 
(NES: -1.20), according to GSEA analysis (Figure 1C; 
Online Supplementary Table S1). In agreement, the tran-
scription of several NF-κB-regulated genes known to pro-
mote ABC-DLBCL pathogenesis, including IL6, IL10, IRF4 
and CCL3, were either unaffected or even increased after 
treatment with IRAKi (Figure 1D, Online Supplementary 
Table S1). Consistently, in an OCI-LY3 mouse xenograft 
model the compound failed to elicit a significant tumor 
growth inhibition (Online Supplementary Figure S1A). 

We then considered the possibility to enhance IRAKi 
activity in MYD88 L265P ABC-DLBCL by combining the 
compound with the BET bromodomain inhibitor CPI203 
(kindly provided by Constellation Pharmaceuticals), as 
this BRD4 antagonist has been shown to effectively sup-
press a NF-κB gene signature that includes IL6, IL10 and 
IRF4, in ABC-DLBCL.10 After exposing the same ABC-
DLBCL cell lines as above to a 50 mM dose of IRAKi, fol-
lowed by a 24-hour treatment with 0.5 mM CPI203, a new 
GEP analysis was performed. As shown in Figure 2A, 
IRAKi-CPI203 combination induced a significant down-
regulation of NF-κB-related genes when compared to 
IRAKi single agent, with NES comprised between 1.46 
and 1.99. Of note, the combination therapy allowed to a 
significant disruption of NFKB_OCILY10_ONLY gene sig-
nature with a NES of 1.89. Among the genes included in 
the NFKB_ALL_OCILY3_LY10 gene set, a selected list of 
nineteen factors underwent a ≥2-fold increase in their 
rank metric score between this analysis and the previous 
one (Online Supplementary Table S2), suggesting that their 
improved modulation may be associated with the combi-
national effect of IRAKi and CPI203. From this list, we 
identified only four genes (LTA, MARCKS, CD44 and 
HEATR1) that were not included in the core component of 
the NF-κB target genes affected by either IRAKi or CPI203 
as single agents, but which underwent a significant down-
regulation upon treatment with the drug combination. 
Among these genes, we were unable to detect significant 
levels of LTA and HEATR1 transcripts in the three ABC-
DLBCL cell lines (data not shown). In contrast, upon expo-
sure of the three MYD88-mutated cell lines to the IRAKi 
we observed a 1.2- to 2-fold transcriptional increase of 
MARCKS and CD44, together with IL6 and IL10 used here 
as hallmarks of NF-kB activation. These genes were all 
reduced down to 0.5-fold in cells treated with the drug 
combination (Figure 2B). Accordingly, IRAKi-CPI203 treat-
ment led to the accumulation of the intracellular inhibitor 
of NF-κB, IκB, and to the consequent reduction in CD44 
and MARCKS protein levels, while IRAKi and CPI203 sin-
gle agents slightly affected the expression of these factors 
(Figure 2C). As expected, in two out of the three cell lines, 
CPI203-based treatments led to the decrease in MYC pro-
tein and mRNA, used here as hallmarks of BRD4 inhibition 
(Figures 2B and C). Also confirming a previous report link-
ing bromodomain inhibitor therapy with IRAK1 downreg-
ulation in B-cell lymphoma,11 IRAK1-pThr209 levels under-
went a slight downregulation after CPI203 treatment and 
this effect was remarkably potentiated upon addition of 
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IRAKi to the cell cultures (Figure 2C). In line with the 
increased blockade of NF-κB signaling, the addition of 
CPI203 synergistically improved IRAKi cytostatic effect in 
the three cell lines, as attested by an 86% blockade in cell 
proliferation, significantly higher than the 19% activity 
achieved by IRAKi alone (combination index [CI]: 0.52, 
Figure 2D). Importantly, the co-operation between the 
IRAKi and CPI203 involved a remarkable downregulation 
of MCL-1 (Figure 2C), which was accompanied by a 36% 
increase in the relative apoptosis rate when compared with 
IRAKi and CPI203 used separately (Figure 2F). 

In order to further validate the activity of the drug com-
bination, primary lymph node biopsies from DLBCL 
patients with either MYD88wt or MYD88 L265P were co-
cultured in the presence of a feeding stromal monolayer as 
previously reported,12 and treated with the different drugs 
as above. While IRAKi-CPI203 was almost inactive in 
MYD88wt cells, the combination induced a 16% augmenta-
tion in relative apoptotic cell death in the   
MYD88 L265P primary co-culture (Figure 3A, left panel), 
which was accompanied by a 12% decrease in the fraction 

of cells with high contents of IL6 mRNA, a percentage 
superior to what observed upon treatment with each drug 
alone (Figure 3B, right panel). 

Among the above mentioned genes, CD44 expression 
and IL-6 serum levels have been described as prognostic 
markers in DLBCL.13,14 In order to investigate the role of 
these two factors in the response of ABC-DLBCL cell lines 
to IRAKi-based treatment, HBL-1 and OCI-LY3 cells were 
stimulated with 0.5 mM of the CD44 ligand, hyaluronic 
acid (HA), or exposed to a 5 mg/mL dose of the IL-6 block-
ing antibody tocilizumab, prior to a 72-hour treatment 
with the drugs. In the case of HA, cells were exposed to 
IRAKi (50 mM) +/- CPI203 (0.5 mM), while effect of 
tocilizumab pretreatment was evaluated in IRAKi-treated 
cells. Cell response was determined by fluorescence 
microscopy recounting of cells with high contents in F-
actin and by MTT assay, respectively. As shown on Figure 
3B, both IRAKi and CPI203 were able to block actin poly-
merization by 50.4% and 54.5%, respectively, while the 
drug combination achieved a total 77.9% decrease in cells 
with high contents in F-actin following stimulation of 
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Figure 1. Limited activity of IRAKi single agent in activated B-cell - diffuse 
large B cell lymhoma cell lines with MYD88 L265P in relation with incom-
plete inhibition of NF-κB gene signatures. (A) MTT assay showing that IRAKi 
(50 mM) elicited a partial and transitory response in activated B-cell - diffuse 
large B cell lymhoma (ABC-DLBCL) cell lines, while germinal center B-cell 
(GCB)-DLBCL cell lines were almost completely resistant to the compound. (B) 
IRAKi efficiently blocked the phosphorylation of IRAK1 at Thr29 and IRAK4 at 
Thr345, in the three ABC-DLBCL cell lines with MYD88 L265P. b-actin was 
used as a loading control. (C) Gene expression signatures of NF-κB in HBL-1, 
OCI-Ly3 and OCI-Ly10 cell lines exposed to IRAKi as above, highlighting that 
IRAKi treatment slightly affects this pathway (note that only 2 out 3 gene sets 
showed a false discovery rate [FDR] below 0.05). NES: normalized enrichment 
score. (D) Quantitative reverse transcriptase polymerare chain reaction (RQ-
PCR) analysis of the predominant NF-κB-regulated genes IL6, IL10, CCL3, and 
IRF4, and the IRAK1/4 target gene MCL-1 in ABC-DLBCL cell treated by IRAKi 
as before (*P=0.01; **P<0.001).
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Figure 2. The BETi CPI203 synergizes with IRAKi in activated B-cell - diffuse large B cell lymphoma mediated by the inhibition of NF-κB downstream pathways. 
(A) Enrichment plots from gene set enrichment analysis (GSEA) analysis comparing IRAKi single agent vs. IRAKi-CPI203 combo in the 3 cell lines treated for 6 
hours (Affymetrix HG-U219; GSEA), showing a significant improvement of NF-κB signature decrease by the addition of CPI203 to IRAKi. (B) Quantitative reverse 
transcriptase polymerare chain reaction (RQ-PRC) analysis of NF-κB downstream genes in the three cell lines exposed to IRAKi, CPI203 or CPI203-IRAKi combo 
as before. (*P=0.01; **P<0.001). (C) CPI203-IRAKi combination led to intracellular accumulation of IκB, and subsequent downregulation of IRAK1, MYC, CD44, 
MARCKS and MCL-1 proteins in activated B-cell - diffuse large B cell lymphoma (ABC-DLBCL) cells with MYD88L265P. (D) OCI-Ly3, OCI-Ly10, HBL-1 cells were 
exposed for 24 hours to 0.1-0.5 mM CPI203 and/or 50-500 mM IRAKi. Cytotoxicity was evaluated by MTT assay and combination index (CI) was determined using 
the Calcusyn software. Shown are the cytotoxicity and the mean CI value calculated for cell treatment with 0.5 mM CPI203 and 50 mM IRAKi. (E) The drug com-
bination led to a synergistic antitumoral effect in vitro in these 3 cell lines, inducing a median 36% increase in apoptosis rate when compared to single agent 
treatments (*P<0.04).
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Figure 3. IRAKi and CPI203 combination is active in activated B-cell - diffuse B-cell lymphoma primary cultures and impairs tumor growth in vivo. (A) Left 
panel: antitumoral activity of CPI203 (0.5 mM) and/or IRAKi (50 mM) was evaluated after a 24-hour culture of primary lymph node biopsies from activated B-cell 
- diffuse B-cell lymphoma patients with either MYD88wt or MYD88 L265P by cytofluorimetric quantification of AnnexinV+ cells. Cell of origin (COO) and MYD88 
mutational status of the patients were determined by allele-specific polymerase chain reaction and gene expression analysis, as previously.15 Right panel: DLBCL 
cultures treated as above were labeled with an IL-6 Hu-Cyanine 5 SmartFlare RNA detection probe (Merck Millipore), and percentage of viable cells with high 
contents in IL6 mRNA was determined by flow cytometry, as previously.16 (B) HBL-1 y OCI-LY3 cell lines were preincubated for 24 hours with 0.5 mM CPI203 
and/or 50 mM IRAKi, followed by a 24-hour stimulation with 0.5 mM HA, labeling with 50 mM Phalloidin-TRITC (Sigma-Aldrich) and recounting of red fluorescent 
cells on a Nikon H5505 microscope by means of a 20X/1.30 NA oil objective (Nikon) with the use of Isis Imaging System v5.3 software (MetaSystems GmbH) 
(***P<0.001). (C) NOD/SCID IL2Rγ-null (NSG) mice were inoculated subcutaneously with 107 OCI-LY3 cells and after 13 days, tumor-bearing animals (n=5 mice 
per group) received intraperitoneal (i.p.) injection of 2.5 mg/kg CPI203 (BID) and/or i.p. administration of 7.5 mg/kg IRAKi (BID), or an equal volume of vehicle, 
for 11 days, in a five/two (on/off) schedule. Tumor volumes were measured each 2-3 days with external calipers. (D) Immunohistological analysis of consecutive 
tumor sections from representative animals reveals a notable decrease in mitotic index and in the NF-κB-regulated CD44, as well as a strong downregulation 
of MCL-1 and induction of apoptosis in IRAKi-CPI203 combo group.
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CD44 by HA. In contrast, the anti-IL-6 antibody failed to 
sensitize ABC-DLBCL cells to IRAKi-based treatment 
(Online Supplementary Figure S1B). Thus, these results sug-
gest a significant activity of the drug combination towards 
CD44 downstream signaling, while IL-6 expression may 
not be directly involved in the effect of these agents. 

Finally, in order to assess the efficacy of the drug combi-
nation in vivo, NSG mice were subcutaneously injected 
with OCI-LY3 cells, and tumor-bearing animals received 
daily doses of either IRAKi (5 mg/kg, intraperitoneal [i.p.], 
BID), CPI203 (2.5 mg/kg, i.p., BID), the combination of 
both agents, or the equivalent volume of vehicle, for 11 
days. Figure 3C shows that CPI203 and IRAKi  
single agents induced a 31.5% and 46.3% tumor growth 
inhibition (TGI), respectively, while the combination of 
both drugs significantly improved this effect with a 65.6% 
TGI, when compared to vehicle-receiving animals 
(*P=0.011; **P=0.007). No significant toxicity was observed 
in any of the treatment arms. Histological analysis of the 
corresponding tumors revealed an improved reduction of 
mitotic index together with an accumulation of apoptotic 
cells by the combination therapy, as assessed by phospho-
histone H3 and activated-caspase-3 staining (Figure 3D). In 
agreement with the  
in vitro results, an enhanced reduction in the levels of CD44 
and MCL-1, and an improved downregulation of nuclear 
p50 used as a read of NF-κB activity, was observed in the 
combination group when compared with the other arms 
(Figure 3D). 

Collectively, our results suggest that IRAK1/4 inhibition 
is modestly effective in in vitro and in vivo models of ABC-
DLBCL with MYD88 L265P, achieving only a partial inhi-
bition of NF-κB signaling. We confirm that BET inhibition 
is an efficient strategy to counteract NF-κB over-activation 
in these models, offering synergistic anti-tumoral and pro-
apoptotic activities with IRAK inhibition, mediated by the 
downregulation of the NF-κB-regulated factors, CD44 and 
MCL-1, and the consequent blockade of cell motility and 
triggering of tumor cell death. 
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