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AABSTRACT 
 

B-cell non-Hodgkin lymphoma (B-NHL) represent the most frequent group of 

hematologic tumors. Follicular lymphoma (FL) is usually indolent; however, 

some patients relapse after standard chemotherapy, increasing risk of 

transformation to aggressive lymphoma. Mantle cell lymphoma (MCL) is less 

frequent but very aggressive. In this thesis, we set up 3D models to culture 

primary cells (named as Patient-Derived Lymphoma Spheroids, PDLS) from B-

NHL in vitro by mixing FL/MCL cells with healthy donors’ monocytes and 

specific cytokine cocktails in ultra-low attachment (ULA) plates. After 7 days, 

PDLS were highly viable and had an enhanced proliferation. RNA-seq and 

gene-set enrichment analysis determined PDLS strongly recapitulate the 

pathological LN as well as pathways involved in lymphoma pathogenesis. 

Remarkably, MCL-PDLS reproduces in vivo responses to ibrutinib, and its 

resistance may be overcame by adding anti-PD1 nivolumab. Besides, these 

models are suitable to test novel immunotherapies, which let us uncover a 

potential therapeutic benefit of anti-galectin9 antibodies in FL. In parallel, we 

used Nanostring technology to analyze the transcriptomic immune profile of 

FL-LN samples. In a cohort of patients at diagnose, homogeneously treated 

with immunochemotherapy, we discovered CD70 is up-regulated in patients 

that eventually relapse. Furthermore, we validated this over-expression at 

protein level and determined, by multiplex immunofluorescence, it is highly 

expressed in tumor B cells, but also in a subset of T cells from the 

microenvironment. Our results shoved the generation of a dual CD19-CD27 

CAR-T by combining an academic, approved CD19 CAR-T (ARI-0001) and a 

ligand-based anti-CD70 CAR-T using a truncated CD27 protein. 
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RRESUM 
 

El limfoma no Hodgkin de cèl·lules B (B-NHL) representa el grup més frequent 

de tumors hematològics. El limfoma fol·licular (FL) normalment és indolent, 

però alguns pacients recauen de la quimioimmunoteràpia estàndard, el que 

incrementa el risc de transformació a un limfoma agressiu. El limfoma de 

cèl·lules de mantell (MCL) és menys freqüent però molt agressiu. En aquesta 

tesi, hem generat models 3D per cultivar in vitro cèl·lules primàries de B-NHL 

(anomenats com Esferoids de Limfoma Derivats de Pacients, PDLS) barrejant 

cèl·lules de FL/MCL amb monòcits de donants sans i còctels de citoquines 

específics, en plaques de molt baixa adherència (ULA). Després de 7 dies, els 

PDLS eren altament viables i tenien una proliferació incrementada. Els anàlisis 

de RNA-seq i enriquiment de vies han determinat que els PDLS altament 

recapitulen el gangli limfàtic (LN) patològic així com vies involucrades en la 

patogènesi del limfoma. Cal destacar que els MCL-PDLS reprodueixen les 

respostes in vivo de l’ibrutinib, i la seva resistència pot ser superada afegint 

l’anti-PD1 nivoulamb. A més, aquests models poden ser utilitzats per provar 

noves immunoteràpies, el que ens ha permès descobrir un potencial benefici 

terapèutic a l’afegir anticossos anti-galectina-9 en FL. En paral·lel, hem 

utilitzat la tecnologia de Nanostring per analitzar el perfil immune a nivell 

transcriptòmic en mostres de FL-LN. En una cohort de pacients en el 

diagnòstic, homogèniament tractats amb quimioimmunoteràpia, hem 

descobert que CD70 està sobreexpressat en pacients que acaben recaient. 

També hem validat aquesta sobreexpressió a nivell de proteïna i hem 

determinat, amb immunofluorescència múltiplex, que està altament 

expressat en cèl·lules B tumorals, però també en una part de les cèl·lules T 

del microambient. Els nostres resultats han impulsat la generació d’un CAR-T 
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dual CD19-CD27 combinant un CAR-T CD19 acadèmic i aprovat (ARI-0001) 

amb un CAR-T anti-CD70 basat en lligand, utilitzant una proteïna CD27 

truncada. 
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IINTRODUCTION 
 

1. B-CELL NON-HODGKIN LYMPHOMA 

Non-Hodgkin lymphomas (NHL) are a heterogeneous group of hematologic 

malignancies that represent the majority of lymphomas (around 90% of 

cases) and constitute the seventh more prevalent cancer type and has the 

sixth highest mortality.1 Non-Hodgkin lymphomas are classified, according to 

the cell type, in B-cell and T/NK-cell lymphoma.2 The work from this thesis is 

based on B-cell lymphoma, which arise from mature B cells within the 

secondary lymphoid organs and account for 90% of cases.3 

B cells differentiate in the bone marrow from a hematopoietic stem cell (HSC) 

that commits to a common lymphoid progenitor.4 Contrary to T lymphocytes, 

which mature in the thymus, B lymphocytes are characterized by exiting the 

bone marrow into the bloodstream once they have completed their maturing 

process. 

In the blood, B cells circulate as naïve lymphocytes but, given their role in the 

adaptive immune system as major players in humoral, they have the capacity 

to recirculate through secondary lymphoid organs (SLO) to encounter 

antigens, and are able to experience the germinal center (GC) reaction in a T-

cell dependent process. 5 Germinal centers are specialized structures within 

lymphoid secondary organs (lymph nodes, spleen, Peyer’s patches and 

mucosal associated lymphoid tissues) in which B cells undergo somatic 

hypermutation (SMH) and are selected based on antigen affinity.6 

Hematoxylin-eosin staining allows the identification of the germinal center, 

and its division between the dark zone, composed by centroblasts, and the 
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light zone, containing mainly centrocytes (Figure 1). Moreover, by 

immunohistochemistry, cells are mostly CD20+CD10+, with CD3+ cells 

surrounding the GC area, highly proliferative (Ki67+), BCL2- (with the 

exception of some T follicular helper, TFH, cells) and with presence of 

follicular dendritic cells (FDC) in the light zone, characterized by the 

expression of CD21.7 

  

Figure 1. Germinal center immunohistochemistry. At the left, visualization of a 

germinal center using hematoxilin-eosin staining, indicating dark and light zones. At 

the right,  IHQ staining of common population markers. Van den Brand et al, 

Hematopathology 20207 

In the dark zone of GCs, centroblasts proliferate and experience the 

immunoglobulin somatic hypermutation process, which enables the 

introduction of single nucleotide exchanges in the genes encoding for the 

variable regions of the immunoglobulin receptors. On the other hand, 

centrocytes in the light zone interact with follicular dendritic cells and are 

selected based on the antigen affinity.85 B cells have the capacity to 

recirculate between compartments or to exit GC to differentiate to memory 

B cells and plasma cells in a highly controlled genetic and epigenetic 

network;910 nevertheless, these same mechanisms are prone to mutational 

events, making GC B cells very sensitive to lymphomagenesis as observed in          

Figure 2.811  
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Indeed, a majority of NHL are derived from B cells transiting the germinal 

center, and include diffuse large B-cell lymphoma (DLBCL), follicular 

lymphoma (FL) and Burkitt lymphoma (BL)12, 10. As SHM rearranges 

immunoglobulin (IG) genes, which encode for the B-cell receptor (BCR), B-cell 

lymphomas can be classified according whether they have undergone or not 

GC reaction, which has prognostic value in some pathologies as chronic 

lymphocytic leukemia (CLL) or mantle cell lymphoma (MCL)13, 14 

 

Figure 2. Development of B-NHL malignancies.  Efremov et al Cancers 202014 
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2. MANTLE CELL LYMPHOMA 

Mantle cell lymphoma is a rare and aggressive lymphoma that arise from 

small B lymphocytes within the mantle zone in the lymph node, an anatomical 

structure which is surrounding the germinal center.15 

MCL is phenotypically characterized by frequent CD5 positivity and accounts 

for 3-10% of NHL, with an incidence of 0.51-0.55 / 100,000. Patients are more 

usually males (ratio 2.5:1) and the median age at diagnosis is 68 years           

old.16, 13 The clinical behavior is usually aggressive, with a median overall 

survival (OS) of 4-5 years.17 

2.1. Pathogenesis 

The primary mutation in Mantle cell lymphoma is, in most patients, the 

translocation t(11;14)(q13;q32) in the bone marrow, which causes the 

overexpression of the cyclin D1. This genetic alteration occurs between the 

BCL-1 locus and the immunoglobulin heavy chain locus in the bone    

marrow.18, 19 Cyclin D1 is closely related to proliferation, as promote G1 to S 

transition by inactivating retinoblastoma protein.20 Strikingly, patients 

negative for the t(11;14) translocation present CCND2 or CCND3 

arrangements.21 

With the development of massive sequencing techniques, the complex 

mutational landscape of MCL have been uncovered.22 Recurrent mutations 

may be classified in different processes: 13 

 Cell cycle. Apart from CCND1 (95% rearrangement and 14-34% 

mutation), we can highlight deletions in RB1 (25-55%), LATS1 (19-37%) 

and CDKN2A/B (10-36%), while gains have been detected in BCL2 (3-

17%) and BMI1 (6-12%). 
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 DNA repair. Deletions and mutations in TP53 (21-45% and 14-31% 

respectively) and ATM (11-57% and 6-10%) are frequently detected. 

 BCR – NFkB. BIRC3 (11-57% deletions and 6-10% mutations) and 

CARD11 (mutations in 3-15%) are the most frequent altered genes. 

 Apoptosis. Deletions in FBXO25 (17-34%) and gains in MYC (6-32%). 

 Epigenetic modifiers. Mutations have been detected in KMT2D (12-

23%), KMT2C (5-16%), NSD2 (10-13%) and SMARCA4 (8%). 

2.2. Tumor microenvironment 

The cellular milieu in the mantle cell lymphoma tumor microenvironment 

(MCL-TME) includes immune cells (T cells, macrophages, NK cells), fibroblasts, 

endothelial cells, mesenchymal stromal cells (MSCs) and soluble cytokines 

and growth factors. (Figure 3) 

Recently, a detailed study by Jain et al shed light in MCL-TME. As done in solid 

tumors but also in other hematological malignancies as DLBCL,23 MCL samples 

could be classified according the immune infiltration: i) normal LN-like (high 

CD4+ cells, stroma-rich, FDC, TFH and lymphatic endothelium), ii) immune-

enriched or hot (low stromal expression and overexpression of immune and 

checkpoint molecules), iii) mesenchymal (increased stromal signature and 

tumor-promoting cytokines), and iv) immune-depleted or cold. This depleted 

group was related to resistance to Bruton’s tyrosine kinase (BTK) inhibitors 

and had the worse overall survival.24 

By comparing lymph node (LN) and peripheral blood tissues from MCL 

patients, activation of B-cell receptor (BCR) and NF-kB signaling were 

identified as relevant factors in MCL pathogenesis induced by LN 

microenvironment. Moreover, genes up-regulated in the LN also were related 
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to proliferation, stemness, invasion, BAFF-APRIL and PI3K-AKT.25 

Interestingly, BCR and PI3K pathways are highly activated but no mutations 

have been detected; thus, this observation remarks the importance of the 

TME.26 

 

Figure 3. MCL tumor microenvironment. Created with BioRender.com 

2.2.1. Mesenchymal stromal cells 

MSCs support MCL cells survival and proliferation, as seen in co-culture 

experiments performed in Medina et al. Concretely, MSCs secrete B-cell 

activator factor (BAFF) which binds to BAFF receptor (BAFF-R) in MCL cells and 

activates NFkB pathway.27 

Microenvironment interactions also determine B-cell trafficking into the 

secondary lymphoid organs in a process orchestrated by stromal cells.28 Both 

normal and malignant B cells highly express CXCR4 (a receptor of CXCL12) and 
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CXCR5, which has CXCL13 as a ligand.29, 30. CXCR4 has also been related to 

SOX11 expression, together with focal adhesion kinase (FAK).31 

Moreover, CD49d (commonly known as VLA-4) has also been defined as a key 

adhesion molecule. Besides, MSCs are also capable to confer drug resistance 

to chemotherapeutic drugs.32 Endothelial cells are also responsible in the 

migration process, as they secrete CCL19, a chemotaxic molecule for MCL 

cells but not for normal B cells.30 

2.2.2. Follicular dendritic cells 

Despite follicular dendritic cells (FDC) are not found in mantle zones within 

normal lymph nodes, they are present in MCL samples. Strikingly, the pattern 

of FDC correlates with survival, as nodular FDC pattern has a better prognosis 

than a diffuse one.33 Furthermore, the degree of overlap between MCL tumor 

area and CD21+ FDC meshwork is also an independent factor and correlates 

with good prognosis.34 

2.2.3. Macrophages 

Monocytes are not fully differentiated cells that shortly circulate in the 

bloodstream before they extravase and infiltrate a diversity of tissues, 

including lymph nodes.35 Monocytes can secret CXCL12 but also express its 

receptors CXCR4 and CXCR7, establishing an autocrine/paracrine loop.36 In 

cancer, tumor-associated macrophages have been usually described to 

possess pro-tumoral characteristics such as proliferation, extracellular matrix 

remodeling, angiongenesis and immunosuppression.37 

Macrophages are found in MCL-LN and their abundance seems to be related 

to disease aggressiveness, suggesting a role as tumor-associated 

macrophages26, 38 Their function as pro-tumorigenic is also supported by in 



INTRODUCTION 

 
 

vivo data published by Le K and colleagues, in which they found that MCL cells 

polarize monocytes to M2 macrophages, which are able to produce IL-10.39 

IL-10, together with colony stimulating factor 1 (CSF1) were also described as 

major drivers of monocyte polarization into CD163+ M2 macrophages. Of 

note, CD163 was up-regulated in monocytes from MCL patients compared to 

healthy donors, and CSF-1 and IL-10 are also increased in MCL patients’ 

plasma.40 

In Decombis et al, it was identified IL-32β as a cytokine secreted by tumor 

cells that enables the polarization of monocytes into tumor-associated 

macrophages, which favors tumor survival. In addition, these macrophages 

are able to secrete BAFF thus stimulating MCL cells, in a process dependent 

on alternative NFkB, NIK pathway.41 

T cells 

There are many evidences that T cells support MCL viability and proliferation. 

MCL cells are highly responsive to CD40 ligand (CD40L) and IL-442, 43. CD40L, 

also known as CD154, is found in the surface of T cells and binds to activate 

CD40. 

The abundance of T cells and, concretely, CD4+ cells, is associated to 

histology: nodular and especially diffuse variants are related to lower levels.44 

Moreover, a CD4:CD8 ratio correlated with longer overall survival.44, 45 

In a longitudinal single-cell RNA (scRNA) analysis, CD8 was found to be down-

regulated in non-responder patients after they were treated with ibrutinib, 

indicating CD8 dysfunction as a therapeutic resistance mechanism.46 
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In the study of Yang et al, T-cell infiltration was deeply studied in B-cell NHL, 

including two MCL patients and it was described the presence of intratumoral 

CD4+CD25+ T regulatory (Treg) cells, which are capable to hijack proliferation 

and cytokine production of CD4+ T cells. These immunosuppressor cells may 

be actively recruited by lymphoma B cells secreting CCL22.47 In the same line, 

Treg cells are higher infiltrated in aggressive SOX11+ MCL tumors, a 

phenomenon also related to an increase in CD70 expression and down-

modulation of antigen processing and T-cell presentation.48 Finally, high Treg 

infiltration was also confirmed as a poor prognosis marker by 

immunohistochemistry analysis, together with IL17A and low IL2.49 

2.3. Non-nodal vs indolent Mantle Cell Lymphoma 

Firstly, the analysis of the variable region of immunoglobulin gene (IGVH) 

determined mantle cell lymphoma cell of origin was a naïve pre-germinal 

center B cell, as somatic mutations were almost absent.50 Nevertheless, it was 

later identified a subset of patients characterized with non-nodal (nnMCL) 

disease (i.e.: absence of lymphadenopathy), the presence of IGHV mutations 

and frequent indolent disease, reflected in a prolonged overall survival.51 

Moreover, indolent MCL was associated to a non-complex karyotype and the 

absence of SOX11 protein expression.52 Then, subsequent studies confirmed 

the positivity of SOX11 in unmutated MCL as well as its identification as an 

independent risk factor that predicted poor survival.53 

An extensive study by Navarro et al identified SOX11 as an independent risk 

factor that predicted for poor survival, and positivity for SOX11 was 

associated with unmutated MCL.54 
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Nowadays, these two different subgroups (nodal or conventional MCL, cMCL, 

and leukemic non-nodal MCL) are recognized55 Interestingly, conventional 

MCL has a higher degree of genomic instability and epigenetic alterations 

compared to non-nodal MCL.56, 57 

2.4. Diagnosis and prognosis 

Patients with mantle cell lymphoma typically present with non-localized 

lymphadenopathy (in the case of conventional MCL) and the possibility of 

systemic B symptoms such as fever, sweats, weight loss or fatigue. Presence 

of circulating tumor cells and bone marrow involvement are common; thus, 

the study of the immunophenotype is necessary for a differential diagnosis. 

Tumor MCL cells are CD5+, CD20bright, CD19+, sIgM/IgD+, FMC-7+, CD23-, 

CD200-, although some leukemic non-nodal cases may have aberrant CD200 

expression and loss of CD5.57, 58 

Hematopathological study is crucial as blastoid and pleomorphic histological 

variants, which represent around 10% of cases, have been described to be 

more aggressive than classical MCL and may require a more intensive 

treatment.59 

In order to stratify non-Hodgkin patient’s prognosis, the International 

Prognostic Index (IPI) was developed.60 Specifically to mantle cell lymphoma, 

MIPI prognostic index was assessed and nowadays is widely used.61 By 

combining different clinical factors, it stratifies patients in better, 

intermediate or worse prognosis, and may also condition therapeutic 

approach. Finally, Ki-67 proliferation index and TP53 mutation or deletion are 

also important as they are related to bad prognosis.58 
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2.5. Treatment 

Treatment of mantle cell lymphoma is variable according to the clinic features 

of the patient, the subtype (conventional vs non-nodal), the histology, the 

percentage of Ki-67 positivity and alterations in TP53 gene.57 (Figure 4) 

 

Figure 4. Algorithm for primary therapy in patients with mantle cell lymphoma. 

Armitage and Longo, NEJM 202258 

As described in observational studies, some MCL patients presenting an 

indolent disease, may benefit from a wait and watch strategy if they do not 

require immediate systemic treatment.62, 63 

First-line treatment is based on chemoimmunotherapy regimens, combining 

anti-CD20 rituximab and a combination of chemotherapeutic drugs. Almost 

all patients achieve an objective response, with overall response rates (ORR) 

superior to 90%, while complete response (CR) is achieved by >60% of 
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patients. According to the risk factors previously mentioned and the age and 

fitness of the patient, an autologous bone marrow transplantation may be 

performed after intensive chemoimmunotherapy.57 Importantly, rituximab is 

also frequently used as a maintenance therapy, and meta-analysis data 

indicate longer progression free survival and lower hazard ratio of death.64 

For the treatment of relapsed / refractory (R/R) mantle cell lymphoma, BTK 

inhibitors have emerged as a common therapeutic option. BTK is a member 

of TEC family of non-receptor kinases involved which is involved in BCR 

pathway.65 Ibrutinib is an approved first-in-class covalent BTK inhibitor that 

demonstrated high activity in mantle cell lymphoma, with an ORR of 68% in 

clinical trials66 but also in other B-cell malignancies such as chronic 

lymphocytic leukemia.67 (Figure 5) 
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Figure 5. BCR pathway signaling and inhibition by ibrutinib. Created with 

BioRender.com 

The mechanisms underlying ibrutinib resistances, which can be either primary 

or acquired, includes point mutations in BTK pathway (BTKC481S and 

PCLG2R665W) but also in other signaling pathways, such as NFkB (mutations in 

TRAF2, TRAF3, MAPK3K14, CARD11, MYD88) and cell cycle (CCND1).68 

Furthermore, microenvironment interactions including PI3K-AKT-mTOR axis, 

integrin-B1-ILK signaling and BAFF have also been described as mediators of 

ibrutinib resistance.69, 27 

Ibrutinib has been recently proposed to be used in first-line. In a phase II 

clinical trial, in which ibrutinib was combined with rituximab to treat indolent 

clinical forms of MCL, CR was achieved in 87% of patients, and after 2 years 

of treatment ibrutinib could be discontinued in 69% of cases as disease was 

undetectable by minimal residual disease.70 Ibrutinib and rituximab 

combination was also investigated in older patients in a clinical trial which 

concluded it was effective as 96% patients had ORR including 71% of 

complete responses.71 

BCL-2 is an anti-apoptotic protein frequently overexpressed in non-Hodgkin 

lymphoma. In mantle cell lymphoma, gene amplification 18q21 was identified 

in 9 out of 39 patients.72 Later, other mechanisms such as defective protein 

degradation and transcriptional upregulation have also been described. For 

this reason, the BCL-2 inhibitor venetoclax was tested in B-NHL. Results 

showed a high heterogeneity among the different lymphomas; in the case of 

MCL, ORR was higher (75%) and a progression free survival (PFS) longer (14 

months) compared to germinal center-derived lymphomas.73 To date, 

venetoclax has been approved for chronic lymphocytic leukemia and small 
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lymphocytic lymphoma, but still is in phase III clinical trials for MCL. 

(NCT03112174) 

Recently, other immunotherapeutic options have emerged as promising for 

the treatment of R/R MCL. Bispecific antibodies targeting both tumor and T 

cells are able to activate cytotoxic response. In this frame, different products 

have been successfully tested in MCL as well as in other B-NHL. Finally, 

treatment with chimeric antigen receptor (CAR)-T cells directed to CD19 

expressing cells achieve high rates of response and a percentage of CR 

superior to 60%, emerging as a very effective option in BTKi resistance 

patients.74 
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3. FOLLICULAR LYMPHOMA 

Follicular Lymphoma is the most common indolent lymphoma and the second 

most prevalent after diffuse large B-cell lymphoma (DLBCL), representing 15-

20% of diagnoses and an incidence of 4/100,000/year.13 Despite it is 

considered an incurable disease, up to 40% of patients enjoy remission 

durations longer than 10 years and an overall survival of approximately 20 

years.75 The median age at diagnosis is 65 years.76 

FL is a nodal disease, with a usually progressive and slowly clinical course, with 

waxing and waning adenopathy. (Rosenquist). Besides lymphadenopathy, it 

commonly presents with bone marrow involvement and splenomegaly 77, 78. 

Moreover, leukemic disease may also be detected in a subset of patients.79 

3.1. Pathogenesis 

FL is a lymphoproliferative disorder that arises from developmentally blocked 

germinal center B cells, as the result of the cooperation of genetic alterations 

with a permissive tumor microenvironment.80  

The first oncogenic hit, also used for diagnostic purposes, is the translocation 

t(14;18)(q32;q21), which occurs in the Pro/Pre B phase during the B-cell 

development within the bone marrow. This translocation causes the over-

expression of the antiapoptoic protein BCL-2 as passes to be controlled by the 

IGHV promoter.81 Despite this translocation is also found in healthy 

individuals,82 a large study presented by Roulland and collaborators validated 

its utility as a predictive biomarker and demonstrated that disease 

progression occurred from t(14;18) positive precursors.83 

Importantly, there is a fraction of patients (~10-15%) who do not present 

t(14;18), indicating the existence of alternative pathogenic mechanisms.84 
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The existence of t(14;18) in healthy people indicates that this translocation 

per se is not enough to develop an overt disease. B cells that overexpress BCL2 

protein avoid cell death by apoptosis, but require multiple GC reentries 

before acquiring the characteristic development arrest.85 These 

developmentally blocked B cells, which constitutively express BCL-6 protein 

and activation-induced cytidine deaminase (AID), are able to acquire 

complementary oncogenic hits and progress to FL.86, 80 

Thanks to recent advances in sequencing techniques, including whole 

genome and exon sequencing and single-cell sequencing, the genomic 

landscape of FL has been deeply analyzed, unraveling mutations in epigenetic 

genes as early events in the disease development, present in the common 

precursor cell (CPC) population.87 CPC is a pool of tumor-initiating cells that 

harbor a shared set of mutations and alterations and acts as a disease 

reservoir for relapse or histological transformation.80, 87 Intriguingly, most of 

the high-prevalence mutations not only have a direct impact on tumor B cells, 

but also on the surrounding microenvironment.88 The most frequent altered 

pathways in FL are the following: 

 Chromatin regulation. Virtually all patients present mutations in 

chromatin-modifying genes. The most frequent one is the histone 

methyltransferase KMT2D, in which 79-89% patients have loss-of-

function mutations 89, 90, 91, 92. Inactivating mutations are also frequent 

in histone acetyltransferases CREBBP (up to 70%) and EP300 (9-19%), 

and are related to reduced p53 activation and BCL6 maintenance, as 

well as to diminished antigen presentation.93, 90, 91, 94, 95. On the 

contrary, the methyltransferase EZH2 presents gain-of-function 

mutations in 17-27% of patients. Its alteration implies GC light zone 
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cells lose dependency on TFH and favor its interaction with                    

FDC 96, 90, 92, 97 

 Immune regulation / evasion. TNFRSF14 (also known as HVEM) is a 

tumor suppressor frequently inactivated (around 30% FL patients) and 

associated with bad prognosis.98 

 BCR/NF-kB signaling. One third of patients present alterations in 

genes encoding for proteins in this pathway; the most frequently 

mutated gene is CARD11 (10% FL patients), followed by CD79B (9%) 

and TNFAIP3 (9%).13, 89, 90 

 JAK-STAT pathway. 21% of FL patients present activating mutations in 

STAT6 gene, which enhances IL-4 induced activation of target genes.99 

 mTor signaling. Activating mutations in RRAGC have been described 

in up to 17% of patients, representing a mechanism that bypasses 

amino acid deprivation and activates mTORC1 signaling.100, 101, 102 

3.2. Tumor microenvironment 

Follicular lymphoma is considered a paradigm of a B-cell malignancy 

dependent on a germinal center-like permissive microenvironment.103 The 

importance of the TME is not only important on the pathogenesis, but is also 

relevant in prognosis, and some cells have an impact in histological 

transformation.104 

In 2004, Dave et al developed gene-expression signatures to predict at 

diagnosis the survival of FL patients. Remarkably, the length of survival 

correlates with the molecular features of non-malignant immune cells. The 

immune-response 1 signature is associated with favorable prognosis (relative 

risk of death = 0.15) and includes genes expressed in T cells and macrophages. 

On the other hand, the immune-response 2 signature is associated with poor 
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prognosis (relative risk of death = 9.35) and the genes are associated with 

macrophages and dendritic cells.105 

The tumor microenvironment is composed by follicular dendritic cells, 

fibroblastic reticular cells (FRCs), mesenchymal stromal cells, tumor-

associated macrophages (TAMs) and a great diversity of T cells, including T 

follicular helper (TFH), T regulatory (Treg), T follicular regulatory (TFR) and 

CD8+ cytotoxic T cells (CTL).88 (Figure 6) 

In conclusion, there are many evidences that support the existence of a 

dynamic bidirectional crosstalk between FL tumor cells and the surrounding 

non-malignant cells. These cells constitute specialized tumor niches in the 

lymph node but also in the bone marrow.106 
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Figure 6. An integrative view of follicular lymphoma microenvironment. (A)  A 

variety of T-cell populations interact with FL cells. (B)  FL cells are supported by 

myeloid cells (M2-TAM, TAN) and follicular dendritic cells (FDC). (C) Some of the most 

prevalent mutations in FL notably impact in the TME. Dobaño-López et al. Cancers 

2021 

3.2.1. T cells 

T cells represent the most frequent non-malignant cell type in the FL-LN. In a 

single-cell study by Han and collaborators, T cells represented a median of 

87.6% of non-tumoral cells, in a range comprised between 73.8 and 98.9%.107 

As follicular lymphoma maintains the structure of germinal centers, in which 

B cells are highly activated after their interaction with T cells, proliferation of 

FL cells is dependent on CD4+ cells.108 
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T cells comprise a high diversity of specialized subtypes. In FL, different 

clusters of CD4+ cells (naïve, T regulatory, T follicular helper and cytotoxic) 

and CD8+ cells (naïve, effector and exhausted) have been identified.107 Based 

on this clustering, FL-TME was classified in four different groups, as similarly 

done in other lymphomas.23, 24 This classification includes naïve, warm, 

intermediate and depleted groups, having the last an inferior survival 

outcome.107 

CD8+ cells are cells with cytotoxic capacity as they express cytotoxic 

molecules such as granzymes and perforin and its low frequency has been 

correlated with a poor prognosis.109 Nevertheless, in cancer, CD8+ cells are 

frequently dysfunctional due to the expression of immune checkpoint 

inhibitors, among other factors.110 In FL, it has been reported a high 

percentage of TIM-3 within CD8+, but also coexpression of PD1 and LAG3 and 

TIGIT111, 112, 113 Interestingly, it was recently described a CD4+ population with 

cytotoxic capacity.107 

Immune checkpoint expression has also been observed in CD4+ population. 

IL-12, a cytokine increased in FL patients’ serum, induces TIM-3 expression, 

leading to an impairment of T-cell function114, 112 High expression of TIGIT 

correlates with bad prognosis in both CD4+ and CD8+ populations, and is 

abundantly expressed in Treg and TFH populations.113 

T regulatory cells (Treg), a CD4+ population characterized by expression of 

CD25, CTLA4 and the transcription factor FOXP3, suppresses anti-tumor 

immunity.115 In NHL, including FL, they are overrepresented compared to 

normal tonsils, and their cell distribution predicts survival and transformation 

to DLBCL.47, 116 Interestingly, tumor B cells actively recruit Treg cells within the 
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tumor niche by secretion of CCL22. Moreover, these cells are able to suppress 

the proliferation and infiltration of other T cells and impair the secretion of 

IFNγ.117 

T follicular helper cells (TFH) are a specialized CD4+ population found within 

the germinal center and play a crucial role in FL pathogenesis. They are 

characterized by expression of CXCR5, PD1, ICOS and BCL6, while are negative 

for CD25, CCR7.118, 88 As demonstrated by Amé-Thomas et al, TFH support 

tumor B cells and protect them from apoptosis by providing CD40 signaling 

through CD40 ligand (CD40L) and secreting IL4. TFH represent a high amount 

of CD4+ fraction in FL-LN (~30%) and are significantly increased compared to 

reactive LN but not to tonsils.119 In addition, TFH cells have a major role 

remodeling the TME, as IL4 and CD40L induce the expression of CCL17 and 

CCL22 chemokines, which recruit Treg cells, thus creating a positive feedback 

of immune suppression.120 

T follicular regulatory cells (TFR) is a subset of CXCR5+BCL6+ cells that also 

express FOXP3.121 It has been described this TFR population may be 

originated from both natural Treg precursors (Wing JB PNAS 2017) or from 

naïve FOXP3- precursors.122 This TFR population has mainly been described as 

a suppressor of GC reaction by inhibiting TFH and B cell activation. 121 123 124 

However, it has been recently described that TFR are also capable of 

producing IL10, which stimulates GC B cells, thus playing a dual role of 

stimulation / inhibition of the germinal center reaction.125, 126 Interestingly, it 

represents an enriched population in follicular lymphoma LN compared to 

follicular hyperplasia and tonsils.119 Overall, the significance of T regulatory 

FOXP3+ cells is controversial in FL,127 and this may be explained by the 

heterogeneity of FOXP3+ cells as well as the different roles they may have. 
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3.2.2. Lymphoid stromal cells 

Stromal cell are characterized by a mesenchymal, non-hematopoietic origin, 

and include follicular dendritic cells (FDC), mesenchymal stromal cells (MSC) 

and fibroblastic reticular cells (FRC).88 In FL, exists an active, bidirectional 

crosstalk between malignant B cells and stromal cells, which show a specific 

transcriptomic signature in FL.128 

Follicular dendritic cells are stromal CD21+CD23+ cells that retain antigens 

and present antigen – antibody complexes on their cell surface which can be 

recognized by B cells; those able to bind to the immune complexes will survive 

and complete the GC reaction and progress in the differentiation process.129 

Their differentiation from mesenchymal stromal cells is induced by tumor 

necrosis factor alpha (TNFα) and lymphotoxines (LT) LTα1β2, two cytokines 

produced by activated B cells.130 Interestingly, mutations in HVEM increase 

the production of these cytokines, reflecting in a higher number of FDC and 

type I collagen density.131 FDCs also express the chemokine CXCL13, which 

binds to CXCR5, expressed in both TFH and FL cells.132 Moreover, in FL-LN is 

enriched in CXCL12 expression and may be produced by stromal cells, 

including FDCs, after IL-4 stimulation.133 

Fibroblastic reticular cells are also capable to produce CXCL12, as well as 

other chemokines such as CCL19 and CCL21.133, 134 Contrary to FDCs, they are 

located in the T-cell zone of the lymph node, providing strength and flexibility 

and compartmentalizing B and T zones. Moreover, they stimulate B cells by 

secreting IL-7 and BAFF, and produce CCL19 and CCL21, enhancing T-cell 

regulatory functions.135 Finally, FRC are also capable to produce CXCL13 after 

interaction of CCL19 (chemokine secreted by fibroblasts) and IL-4R, found in 

B cells.136 
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In the bone marrow (BM) tumor microenvironment, mesenchymal stromal 

cells have a major role. FL patients frequently present with BM involvement, 

and it has been observed an ectopic development of stromal cells associated 

with tumor B cells.128 MSCs sustain B-cell viability through the secretion of 

BAFF.137 Furthermore, MSCs in FL have a specific gene signature, with 

enhanced production of CCL2.138 and IL-8,139 pointing out a role of neutrophils 

in FL-TME that has been poorly described. As other stromal cell types, they 

are able to recruit FL cells through the secretion of CXCL12, which is increased 

compared to healthy donors’ tonsils.133 In response to TNF and 

lymphotoxines, secreted by FL cells, they differentiate into FRCs.137 

3.2.3. Tumor associated macrophages (TAMs) 

Monocytes are circulating, non-fully differentiated myeloid cells that are able 

to extravase and differentiate into a variety of specialized cell types in the 

tissues, such as macrophages, dendritic cells and myeloid-derived suppressor 

cells.140 Their role in cancer has been extensively studied, as can induce 

immune tolerance and angiogenesis, and enhance dissemination. Tumor-

associated macrophages exhibit its own transcriptional profile and are 

enriched in genes associated with immunosuppression.141 

In FL, the prognostic value of macrophages has been controversial: in studies 

from the pre-rituximab era they were reported to have a bad          

prognosis,142, 143 consistent with the immune response 2 described in Dave et 

al, rich in myeloid genes.105 Moreover, in a study published in 2010, in which 

only two patients had received rituximab, it was described a pro-angiogenic 

function related to the number of macrophages.144 In contrast, in the 

rituximab era, the macrophage marker CD163 has been associated with 

favorable prognosis.145  
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In previous work from our group, we have demonstrated that macrophages 

support B-cell viability.146 FL cells actively recruit monocytes through CCL2 

and CSF-1 production; then, in the FL niche, these monocytes differentiate 

into pro-tumoral M2-like macrophages.146 138 (Yang ZZ and Ansell Clin Adv 

Hematol Oncol). These macrophages trans-present IL-15 to B cells,147 which 

induce B-cell proliferation in combination with CD40L, and activate the B-cell 

receptor in an antigen-independent manner by dendritic cell-specific 

intracellular adhesion molecule-3-grabbing nonintegrin (DC-SIGN).148 

Macrophages are cells with phagocytic capacity, able to kill tumor cells; 

however, many tumor cells overexpress CD47 protein, known as “do not eat 

me” signal, which bind to SIRPα in myeloid cells.149 In FL, it has been identified 

a CD14+SIRPαhigh population and is associated with an inferior survival.150 

Another mechanism of immune escape induced by TAMs is the 

overexpression of PD-L1 in an intrafollicular CD68+ population, related to a 

shorter time to transformation.151 

3.3. Diagnosis and prognosis 

Follicular lymphoma patients typically present with adenopathy; thus, a 

computed tomography (CT) scan of the neck, thorax and abdomen in the 

initial work-up is necessary. FL diagnosis is based on pathological review of a 

surgical specimen.152 LN have a nodal architecture, with tumor cells growing 

in a follicular pattern (Figure 7A). FL cells are highly positive for BCL-2 protein 

(Figure 7B) due to the translocation t(14;18), which can also be detected by 

fluorescence in situ hybridization (FISH). Determination of the 

immunophenotype is also useful for differential diagnosis, as FL cells are 

CD20bright, CD19+, CD10+, CD79b+ and BCL-6+; while are negative for CD5 

and CD23.76 



INTRODUCTION 

45 
 

 

Figure 7. Follicular lymphoma histopathology. (A) IHC of CD20+ cells creating follicle 

structures. (B) IHC of BCL2+ cells. Courtesy of Dr. Elias Campo, Secció Hematopatologia, 

Hospital Clínic de Barcelona. 

FL malignant cells are a mixture of centrocytes and centroblasts, both with a 

germinal center origin. While centrocytes are small/medium cells localized in 

the light zone of GC in physiological conditions, centroblasts are larger and 

have a dark zone origin. Determining the proportion of both cell types is 

crucial in the diagnosis of FL, as the number of centroblasts determines the 

clinical aggressiveness of the tumor.76 The histological grading of FL is 

determined by the number of centroblasts per high power field (hpf): Grade 

I FL has less than 5 blasts/hpf, Grade II has 6 to 15 and Grade III has more than 

15. Grade III is divided in 3A and 3B according whether centrocytes are 

observed or not, respectively.76, 152 According to ESMO guidelines, FL grade 

IIIB should be treated as an aggressive lymphoma, while other grades have to 

be treated as an indolent disease. Given the possibility of bone marrow 

involvement and presence of the disease in the peripheral blood, a BM 

aspirate and biopsy as well as a complete blood count are also 

recommended.152 Nevertheless, bone marrow assessment is controversial as 

recent data indicate it is no longer prognostic in the disease.75 
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FL patients’ prognosis have improved since the introduction of rituximab in 

the early 2000s. In an extensive study analyzing US and French cohorts, ten-

year overall survival was 77% and 80% respectively; however, histological 

transformation was highlighted as a major cause of death.153 

Multiple clinical-biologic risk models have been developed for FL154 The 

Follicular Lymphoma International Prognostic Index (FLIPI) has been widely 

used, and integrates five adverse prognostic factors: age, Ann Arbor stage, 

hemoglobin level, number of nodal areas and serum LDH level.155 With the 

standardization of rituximab, FLIPI score was updated by including bone 

marrow involvement, bulky disease and beta2 microglobulin.156 Furthermore, 

the m7-FLIPI takes into account genomic alterations in 7 genes (EZH2, 

ARID1A, MEF2B, EP300, FOXO1, CREBBP and CARD11).92 

In the rituximab era, follicular lymphoma patients experience in many cases 

complete and durable responses. Nevertheless, a fraction of patients is 

primary refractory to the treatment or rapidly relapse, which worsens the 

prognosis. In 2015, a study in patients treated at first line with R-CHOP 

defined as high-risk population those patients who experienced progression 

of disease (POD) within 2 years of treatment, also known as POD24. 

Concretely, 19% of patients relapsed in this timeframe, and had a five-year 

overall survival of 50%, much lower to the 90% in the reference group.157 

Recently, POD24 has been further validated in a pooled analysis of 13 

randomized clinical trials.158 
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3.4. Treatment 

Although follicular lymphoma remains to be considered as an incurable 

disease, the introduction of novel treatments in the last years has improved 

clinical management of FL patients.159 

In a minority of patients (less than 20%) that present with localized FL (Ann 

Arbor stage I / II) and have low tumor burden a radiotherapy-based treatment 

called involved field radiation therapy (IFRT) is the preferred approach as may 

be curative. 152 159 Radiotherapy may also be combined with rituximab as 

single-agent.160 In selected cases, watch-and-wait strategy or rituximab 

monotherapy treatment are also performed.152 (Figure 8) 

 

Figure 8. Algorithm of follicular lymphoma treatment. Created with BioRender.com 

Nevertheless, patients usually are diagnosed in an advanced stage (III / IV). 

The decision to start or delay treatment is based on clinical criteria, including 

B symptoms (unexplained fever, night sweats, weight loss), hematopoietic 
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impairment or bulky disease, among others.152, 159 In asymptomatic cases, 

watch-and-wait is usually done, as early initiation of therapy does not result 

in a clear therapeutic benefit;161 however, rituximab as a single-agent could 

result in longer progression free survival.162 

In symptomatic patients, immunochemotherapy has become the standard-

of-care. Despite rituximab is still the most commonly used anti-CD20 

antibody, GA101 or obinutuzumab, which has an enhanced direct and 

immune effector cell-mediated cytotoxicity, is approved since 2017.159, 163 

(Figure 9) Chemotherapy regimens include CHOP (cyclophosphamide, 

vincristine, doxorubicin, prednisone), bendamustine or CVP 

(cyclophosphamide, vincristine, prednisone), being the last inferior in PFS 

compared to CHOP.159, 152, 164 After the induction phase, a maintenance during 

2 years with rituximab has been demonstrated to prolong PFS.165 

 

Figure 9. Mechanism of action of anti-CD20 antibodies. 
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In relapse, it is recommended to perform a new biopsy so a transformation 

to an aggressive lymphoma can be excluded. Treatment depends on the initial 

response and its duration, and frequently are bendamustine / CHOP 

(depending on the first-line) with addition of rituximab / obinituzumab.152 

Combination of rituximab and lenalidomide (R2) is also often used.154 

Lenalidomide is an immunomodulatory agent effective for the treatment of 

both first-line and relapsed follicular lymphoma.166 Nevertheless, superiority 

over standard immunochemotherapy could not be demonstrated, meaning it 

will not replace standard-of-care therapy.159 Autologous stem-cell 

transplantation (ASCT) after high-dose chemotherapy prolongs PFS and may 

be considered in younger patients that experienced an early relapse.152 

Targeted and immunotherapies are used in third-line. PI3K inhibitor (PI3Ki) 

were commonly used, after it was assessed idelalisib is highly active in 

follicular lymphoma and other indolent lymphomas.167 Even so, concerns 

related to toxicity leaded to a withdrawal of this group of drugs from the U.S. 

market.154 

Nowadays, PI3Ki have been replaced for tazemetostat, an EZH2 inhibitor 

approved for r/r FL patients who had received at least two previous 

treatments.168 In a phase II clinical trial, the ORR was 69% in EZH2mut patients 

while decreased to 35% in EZH2mut individuals.169 

Anti-CD19 CAR-T therapy has been approved for relapsed follicular 

lymphoma. Due to described toxicities, its use remains reserved for 

transformed cases or relapsing patients with poor prognostic features.152 For 

this reason, data is still limited, but a clinical trial denotes follicular lymphoma 
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patients are highly responsive and experience long-term responses, with 71% 

of them achieving a CR compared to the 43% in the DLBCL cohort.170 

Finally, the regulatory agencies have recently approved mosunetuzumab, a 

bispecific T-cell engaging antibody (BITE), as clinical trials data indicates a high 

efficacy, with an ORR of 80% including 60% of CR.171, 172 

3.5. Histological transformation 

A subset of follicular lymphoma patients suffer a histological transformation 

(HT) to an aggressive lymphoma, mostly, GCB-DLBCL.173 HT occurs in a rate of 

around 2% patients per year, meaning an overall transformation rate of 10.7% 

at 5 years.174 Importantly, treatment with rituximab (with or without 

chemotherapy) is associated to a significant lower risk of transformation 

compared to watch and wait strategy.174 Subsequent series confirmed that 

observation and assessed a lower risk of transformation, of 8.7% at ten 

years.175 

Transformed FL (tFL) represent a challenge for the clinical management, as 

transformed FL (tFL) patients have a worse prognosis, especially those who 

suffered an early transformation.176 Histological changes are easily observed, 

as the typical follicular pattern (Figure 7) is completely lost due to the FDC 

network disappears and the cells acquire a diffuse pattern of            

centroblasts.177, 178 

Moreover, genetic changes also occur: it increase the mutational burden, the 

genomic complexity and tFL patients commonly harbor alterations in DNA 

damage response and cell cycle regulation genes such as MYC, CDKN2A/B and 

TP53.179, 91, 176  Even though the pathogenic process is still unknown, it has 

been assessed it occurs after divergent evolution from a common mutated 
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precursor.91 Furthermore, mutations in EBF1 and in regulators of NF-kB 

(MYD88, TNFAIP3) signaling are also acquired in transformation.90 
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4. MODELS TO STUDY B-NHL 

4.1. Culture of primary samples 

B-cell non-Hodgkin lymphoma, including mantle cell lymphoma and follicular 

lymphoma are characterized by a strong dependence on tumor 

microenvironment.26, 88 This means that, in order to study both the 

pathogenesis and novel treatments, it is necessary to develop complex 

models that englobe both the tumor cells and the surrounding TME. 

4.1.1. Cell lines and mouse models 

Cell lines represent quick, easy to use and non-expensive methods to work 

with many cancer types. However, several limitations compromise its use, as 

do not represent intratumoral heterogeneity (including clonal variability and 

absence of TME) and their serial passage may cause variations in genotype 

and phenotype.180 Moreover, in indolent lymphomas including follicular 

lymphoma, there is a lack of accurate cellular models due to the need of 

additional transforming events to achieve cell immortalization.181 For this 

reason, FL cell lines often represent a transformation stage into aggressive 

lymphoma. On the other hand, cell lines from aggressive lymphomas better 

recapitulate the disease. In mantle cell lymphoma, they carry mutations in 

CCND1, ATM and TP53 genes, while other relevant mutations such as KMT2D 

and NOTCH2 are poorly or not represented.22 

Cell lines have also been engrafted into mouse models to perform in vivo 

experiments in the so-called xenograft models.182 In the last years, patient-

derived xenofgrafts (PDX) have been successfully established from primary 

cells in different tumors.183 In NHL, they are still scarce but their use has been 

reported for both FL (n=2) and MCL (n=8).184 Nevertheless, it requires the use 
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of NOD/SCID mice, an immunodeficient model, which limits their use for 

immunotherapeutic and TME studies. Thus, humanized models that include a 

human immune system, such as humanized PDX (hu-PDX) have emerged as 

an interesting but still costly alternative.182 

As an alternative to PDX, there are syngeneic and genetically-engineered 

mouse models (GEMM). In syngeneic models, a murine cancer cell line has 

been isolated, expanded and inoculated in new immune-competent 

individuals from the same strain.182 In NHL, we have to highlight A20 

lymphoma line from BALB/c mice.23  

At last, GEMMs consist on the development of a transgenic mice that usually 

incorporates specific genomic alterations, which let a gradual tumor 

development and progression in immune-competent mice, allowing for an 

autologous development of a complex TME.182 In mantle cell lymphoma, 

there is the EμCycD1/Eμ-Myc double transgenic mice; however, it resembles 

the single Eμ-Myc, representing a rare genetic rearrangement, only found in 

some blastoid cases. Similarly, the tumors observed in the Cdk4R24C/Myc-

3ʹRR mice also resemble to the blastoid subtype. On the other hand, in 

follicular lymphoma the VavP-Bcl2 model not only recapitulates critical 

aspects on the disease, but has been widely used in combination with genetic 

alterations (Crebbpfl/fl, Kmt2dfl/fl and Ezh2Y641N) that are concomitanly 

mutated with BCL2.185 

4.1.2. MCL primary cultures 

In contrast to immortalized cancer cell lines, primary cells alone hardly survive 

or proliferate without the addition of specific signals or microenvironment 

cells that support its growth. 
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As previously mentioned, CD40L is a crucial stimulus for MCL cells; for this 

reason, it can be used to induce proliferation ex vivo. In the model published 

by Chiron et al, stromal cells expressing CD40L were used in combination to 

the addition of the following cytokines: IGF-1, BAFF, IL-6 and IL-10.  

Altogether, proliferation as well as relevant pathways in MCL, such as NFkB, 

were induced. Furthermore, regulation of apoptotic proteins and loss of 

mictochondrial priming were observed, which leaded to drug resistance.186 

Other models are based in the co-culture with cells from the 

microenvironment, as bone marrow stromal cells, which activate pro-survival 

and proliferation pathways.187, 27 Given the high relevance of the myeloid 

compartment, MCL primary cells are also highly viable if co-cultured with 

monocytes or macrophages.188 

 

4.1.3. FL primary cultures 

In previous studies from our laboratory, we co-cultured FL primary cells 

together with monocytes and confirm that FL cells actively differentiate and 

polarize monocytes to M2 macrophages and identified CSF-1R as a 

therapeutic target.146 

In order to mimic the germinal center microenvironment, a non-immortalized 

FDC cell line, HK, has been extensively used. 189 190 191 By co-culturing HK cells 

with FL primary cells we could study the impact of idelalisib in the 

angiogenesis and migration processes induced by FDC, as well as the FL-T cell 

crosstalk and the recruitment of relevant populations in the FL-TME such as 

Treg and TFH.192 
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Remarkably, HK cells alone do not induce proliferation in B-cell population 

but they do if combined with CD40 stimulation.189 In Caeser et al, 

immortalized YK6 were engineered from HK cells, and are able to express 

CD40L and IL21 in the cell membrane. YK6 cells allow for a robust stimulation 

of GC-derived B cells, thus broaden the experimental options to study GC-

derived lymphomas.193 

Tonsil stromal cells have also been used to culture primary FL cells in a 3D 

model.194 These cells were previously characterized and it was determined 

they exhibited characteristics of follicular reticular cells.137 Recently, a novel 

3D model that recapitulates immune exhaustion features from FL-LN has also 

been published. In this case, non-purified FL samples were cultured with a 

cytokine cocktail containing IL-2, IL-4 and CD40L.195 

4.2. 3D models 

In cancer research, 2D cultures represent a limitation, as they fail to represent 

the heterogeneity of tumor specimens and the original architecture.196 In 

vivo, tumors grow within an interactive 3D microenvironment that regulates 

cell function due to cell-cell and cell-ECM interactions, adhesive, 

topographical and mechanical forces and are subjected to local gradients of 

nutrients, oxygen and growth factors.197 

Different methods have been reported to generate tridimensional models, 

and may be classified in scaffold-free, scaffold-based or microfluidic devices. 

Based on the cellular composition and the dynamics of the system the models 

can also be classified in multicellular tumor spheroids, organoids and organ-

on a chip models.196 
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Multicellular tumor spheroids represent the most common scaffold-free 

model as its intermediate complexity between 2D in vitro cultures and in vivo 

models and its relatively low cost makes them suitable for drug testing. 

Spheroids may reproduce cellular heterogeneity, cell interactions and cell 

processes (migration, invasion). Importantly, they maintain a physical barrier 

for drug penetration, a metabolic and oxygen gradient and the tumor 

organization, with dividing cells in the periphery and apoptotic cells in a 

necrotic core.198 (Figure 10) 

Many methods are available to generate a 3D multicellular spheroid; 

however, we highlight i) the hanging-drop technique, in which a small droplet 

(10-50 ul) of cell suspension is placed onto a culture dish lip or a glass 

coverslip, and then inverted upside down; and ii) ultra-low attachment (ULA) 

microplates, treated with a hydrophilic coating covalently bound to the well 

surface that enables the formation of spheroids.198, 199 

 

Figure 10. Representation of a spheroid model. Zanoni et al 2020. 
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Spheroids usually refer to scaffold-free or anchorage-independent models. 

Nevertheless, the addition of a scaffold to provide physical support is feasible. 

These anchorage-dependent spheroids (also called tumoroids), intend to 

mimic a native ECM in which tumor cells adhere, proliferate and migrate in 

3D.197 

Organoids are self-organized structures containing adult or embryonic stem 

cells and reflects the original tissue architecture and characteristics, including 

cell differentiation. In summary, it is necessary to reproduce organogenesis 

cues in vitro. To date, organoids from many solid cancers have been 

generated.196 

Finally, organ-on-a-chip technology consist on a cell culture device design to 

reproduce functional units of human organs in vitro. They are composed by 

micro-channels that mimic a certain tissue-specific environment, meaning 

that parameters as temperature, pH and oxygen can be controlled.200 

4.2.1. 3D models in NHL 

Although lymphoma growth in the lymph nodes possess characteristics of a 

solid tumor, 3D models in the field are still very scarce. 

The first tridimensional models in follicular lymphoma were based on 

culturing cell lines in 3D. In 2013, Decaup and colleagues published a 

multicellular aggregate of lymphoma cells (MALC) using a hanging drop 

method to compare different anti-CD20 antibodies.201 In this line, our group 

has assessed a good antibody penetrance in this model by using anti-CD38 

daratumumab.202  

Recently, we demonstrated that MALC could also be generated by using ULA 

plates, resulting in regular and viable spheroids useful for drug testing.203 
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Lately, the culture of primary samples in the ULA plates has represented a 

step forward in the development of 3D models in FL and was named as 

patient-derived lymphoma spheroids (PDLS). This model maintains crucial 

markers of FL: CD79a, BCL2, CD10 and CD20, which could be analyzed by 

immunohistochemistry, and different populations from the TME (CD4+ T 

cells, CD8+ T cells and NK cells). 

In the model presented by Lamaison et al, a microfluidic method based on 

the encapsulation of cells inside alginate microspheres was used.  Both cell 

lines (from DLBCL and FL) and primary samples (FL) were tested, and stromal 

cells and matrigel to mimic ECM were included.194 

Apart from follicular lymphoma, attempts to create tridimensional models 

have been done in other malignancies including DLBCL and CLL. Regarding 

chronic lymphocytic leukemia, ULA plates have been used in a similar way 

than FL, in a model containing IL-2, IL-15, IL-21, CpG and anti-CD3/CD28 for T-

cell stimulation.204 A sophisticated bioprinting method published by Sbrana 

and collaborators consists on mixing cell lines or primary CLL cells with an 

hydrogel to generate a scaffold that allows cell viability for up to 28 days.205 

In Foxall et al, DLBCL grew in spheroids using a scaffold-based (collagen I) 

hanging-drop system, which enabled the study of adherent populations from 

the TME like cancer-associated fibroblasts (CAF) and TAMs.206 Finally, a 

lymphoma-on-chip model with a vascularized and perfusable microchannel 

has been reported.207 
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5. CD70 AS A TARGET FOR CAR-T THERAPY 

5.1. CD70 

CD70, also known as CD27 ligand (CD27L) or TNSF7, is a membrane protein 

that belongs to the tumor necrosis superfamily (TNSF).208209 Even though in 

physiological conditions it is only found on activated T and B lymphocytes, it 

is frequently deregulated in a variety of B-cell malignancies, including 

follicular lymphoma and mantle cell lymphoma,210 211 48 as well as other solid 

and hematologic cancers.212 

In first place, CD70 was defined as the ligand of CD27, a tumor necrosis factor 

receptor superfamily (TNFRSF) expressed in non-experienced antigen T cells 

and memory B cells. In T cells, CD27 acts as a coactivator, providing a second 

signal for T cell activation and revealing as a key component in the expansion 

and maintenance of adaptative immune system.213 214215 In parallel, a role in 

B-cell activation, proliferation and immunoglobulin synthesis by CD27/CD70 

axis was also described.216 

Nevertheless, CD27-CD70 interactions may be bidirectional, as first described 

by Lens et al, meaning that CD70 not only works as a ligand for CD27, but also 

could initiate a reverse signaling in which, after encountering CD27, induces 

PI3K and MEK pathways downstream.217 (Figure 11). Remarkably, this reverse 

signaling enhances B-cell proliferation and synergizes with CD40L and IL-4, 

known as GC stimuli, while the terminal differentiation to plasma cells was 

decreased.217 218 
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Figure 11. CD27/CD70 axis signaling. Created with BioRender.com 

Altogether, CD27-CD70 axis has gained attention as an interesting novel 

target for cancer treatment, especially for immunotherapy intervention.219 

5.2. CD70 as a target in B-NHL 

In the recent years, therapies targeting CD70 in B-cell lymphoma are being 

studied and some of them reached clinical trials (Table 1). Even so, clinical 

development of anti-CD70 drugs was already progressed for acute myeloid 

leukemia (AML), characterized by de novo CD70 expression in malignant 

cells.220 In this way, ARGX-110 (also known as Cusatuzumab) is a monoclonal 

antibody that targets and neutralizes CD70, disrupting CD27/CD70 axis and 

promoting antibody-dependent cellular cytotoxicity (ADCC) and antibody-

dependent cellular phagocytosis (ADCP)221 with interesting results in clinical 
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trials for AML treatment: NCT03030612222, NCT03030612223, 

NCT04241549224. Apart from AML, it has been tested in different CD70+ 

malignancies, including cutaneous T-cell lymphoma and other solid tumors 

(NCT01813539, NCT01813539) 225 226 Even though no data is available for B-

NHL, promising results have recently been presented in a preclinical model of 

chronic lymphocytic leukemia.227 

Clinical Trial 

ID 

Pathology Product Phase Start date 

NCT05667155 DLBCL, tFL, 

PMBCL, MCL, 

other indolent 

and transforming 

B-NHL 

Cord Blood-derived 

dualCAR-NK19/70 

I 15-12-2022 

NCT04429438 B-cell lymphoma 

including PMBCL, 

CNS-BCL 

CAR-T cells 

targeting different 

antigens (CD19, 

CD20, CD22, CD70, 

CD13, CD79b, GD2, 

PSMA) 

I / II 01-06-2020 

NCT05842707 DLBCL, tFL, 

PMBCL, MCL, 

other indolent 

and transforming 

B-NHL  

dualCAR-NK19/70 

cell 

I / II 18-01-2023 

NCT02216890 DLBCL, FL3b, MCL SGN-CD70A I 08-2014 

(completed 

15-02-2017) 
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NCT03307746 DLBCL, FL, MCL, 

MZL 

Varlilumab in 

combination with 

Rituximab 

I / II 23-11-2017 

NCT04502446 DLBCL Anti-

CD70 Allogeneic 

CRISPR-Cas9-

Engineered 

T Cells (CTX130) 

I 31-07-2020 

NCT00944905  MDX-1203, a 

human monoclonal 

antibody drug 

conjugate 

 07-2009 

(completed 

11-2012) 

Table 1. Clinical trials targeting CD70 in B-NHL. Information extracted from 

ClinicalTrials.gov 

In contrast to Cusatuzumab, which has not reached clinical trials in B-cell 

lymphoma, antibody drug conjugate (ADC) strategies have been more 

successful. That is the case of SGN-CD70A, a compound formed by an anti-

CD70 antibody, a protease-cleavable linker and a DNA-crosslinking 

pyrrolobenzodiazepine dimer drug, which has been used for patients with 

CD70+ DLBCL and MCL (NCT02216890228). Nevertheless, its limited efficacy 

(ORR=20%) and frequent thrombocytopenia have limited its therapeutic 

applicability. MDX-1203, also known as BMS-936561, is another example of 

an ADC: there is an anti-CD70 antibody linked to a duocarmycin derivative 

containing a DNA binding domain, which acts as a cytotoxic agent, and a 

dipeptide linker.229 In a first-in-human clinical trial in clear cell renal cell 

carcinoma (ccRCC) or relapsed or refractory B-NHL any CR/PR were observed 

( NCT00944905230). 
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Finally, varlilumab (CDX-1127) is a human mAb that targets CD27 developed 

to target CD27-expressing leukemias or lymphomas.231 Given the role of CD27 

cells as a coactivator in CD3+, it has also been purposed that varlilumab could 

have an anti-tumoral effect by activating T lymphocytes through an agonistic 

effect on CD27. 232 233 234. To date, safety and activity results from 2 clinical 

trials in solid tumors have been published with modest response rates 

(NCT01460134235, NCT02335918236), while similar results were recently 

observed in hematological malignancies. However, a durable CR was 

observed on an advanced Hodgkin lymphoma patient, whose tumor cells 

were characterized by a high CD27 expression.237 

A novel strategy that has revolutionized the management of hematologic 

tumors in the latest years, chimeric antigen receptor (CAR) T cells, has not 

been excluded in the development of CD70-targeting therapies. A prove of 

that is the fact that out of the seven active clinical trials targeting CD70 for B-

cell lymphoma, four of them are CAR-based. (Table 1) (Figure 12) 
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Figure 12. Different strategies targeting CD70 in hematologic tumors. 

Created with BioRender.com 

5.3. CAR-T cells 

Chimeric antigen receptor T-cell (CAR-T) treatment is a cellular 

immunotherapy based on combining an effector cell with antitumor 

properties (T cell) with a synthetic receptor with high capacity to recognize 

antigens.238 (Figure 13) 

First-generation CAR-T, composed only by the following domains: 

extracellular antigen recognition, hinge, transmembrane and intracellular 

signaling (CD3ζ) were not able to induce clinical responses.238 239 For this 

reason, second-generation CAR-T cells that include a costimulatory domain 

were developed. In first place, CD28 was used as a costimulatory signaling 



INTRODUCTION 

65 
 

domain;240 241 however, 4-1BB domain also was demonstrated to be 

effective.242 Finally, third-generation CAR-T are the result to combine CD28 

and 4-1BB in the same construct; while fourth-generation CAR-T include a 

transgene, usually encoding for a cytokine that may be useful to overcome an 

immunosuppressive tumor microenvironment.243 244 

 

Figure 13. CAR-T constructs. At left, a normal TCR. At right, 1st to 4th 

generation of chimeric antigen receptor constructs. Singh and McGuirc Lancet 

Oncol 2020 

CAR-T cells are activated due to antigen recognition, without the need of 

human leukocyte antigen (HLA) presentation, avoiding a crucial mechanism 

of immune evasion in cancer.245 Even though the chimeric receptor usually 

consists of a single-chain variable fragment (scFv) containing the variable 

regions of the heavy (VH) and light (VL) of an antibody connected by a peptide 

linker, there are also CAR-T products not based on antibodies.246 247 

Aiming to overcome some limitations in scFv-based CAR-T, ligand-based CAR-

T have emerged as a promising alternative.248 Importantly, they maintain the 

capacity to recognize antigens in a non-HLA based manner and, compared to 

antibody-based CAR-T, are likely to present an increased stability, decreased 

dimerization, and lower immunogenicity. To date, ligand-based CAR-T cells 
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directed into many targets have entered into clinical trials, including anti-

CD70 CAR-T based on its natural ligand CD27. 246 247 

To date, most CAR-T clinically tested use autologous T cells. These T cells are 

isolated from the patient and genetically modified to express the CAR and the 

desired domains. Then, CAR-T cells are expanded ex vivo and reinfused into 

the patient.249 (Figure 14)  

 

Figure 14. CAR-T therapy generation in the clinics. Abbasi S et al Cancer Medicine 

2022 

5.3.1. CD19 CAR-T 

CD19 is a surface molecule restricted to the B-cell lineage that has been 

widely used as a target for CAR-T cell therapy for the treatment of B-acute 

lymphoblastic leukemia (ALL) and lymphoma (B-NHL).239 Nowadays, many 

anti-CD19 CAR-T products have been approved for the treatment of B-NHL by 

regulatory agencies, including the following: tisagenlecleucel (tisa-cel), 

axicabtagene ciloleucel (axi-cel), lisocabtagene maraleucel (liso-cel) and 

brexucabtagene, being the last only for R/R MCL.246 
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Additionally, the academic CAR-T ARI-0001, developed at Hospital Clínic de 

Barcelona, received the approval by the Spanish Agency of Medicines and 

Medical Devices (AEMPS) as a hospital exemption to treat R/R B-ALL patients 

older than 25 years old.250 251 In the clinical trial (NCT03144583) also 8 NHL (4 

DLBCL, 2 primary mediastinal B cell lymphoma, 2 FL) were included with ORR 

= 75%. Recently, data published from nine CLL patients treated with ARI-0001, 

six of them with Richter’s transformation, indicate a good overall response 

rate of 87.5%, including a CR in four patients.252 Overall, ARI-0001 efficacy is 

comparable to available commercial CAR-Ts.253  

5.3.2. Dual CAR-T 

CAR-T therapy has been proved to be highly effective in B-NHL; however, 

long-term data is still scarce. In a recent review by Cappell and Kochenderfer, 

in which are reported ten studies with more than 24 months of follow-up, 

ORR was superior to 60% in most cases, with the exception of a tFL cohort in 

which the ORR was 46%.254 Complete response was slightly lower, in a range 

of 40-70%.255 

One of the most complete studies determined a duration of response (DOR) 

in a cohort composed by B-NHL and CLL patients treated with axi-cel superior 

to 3 years of 51%, with a slight superiority in low grade lymphoma (63%).256  

Whether a patient achieve or not a durable remission is associated, among 

other factors, to a deep initial response.255 While overall DOR > 3 years was 

51%, in patients which experienced a CR was increased to 76%.256 

Furthermore, up to 25% of patients who first respond to CD19 CAR-T 

treatment, experience a CD19-negative relapse, showing antigen-escape 
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resistance mechanisms in CAR-T cell therapy.254 247 For this reason, dual CAR-

Ts able to target two different antigens are being developed.  

The frequent loss of CD19 antigen in lymphoma has led to the recent 

development of novel CAR-Ts that are able to target different antigens 

simultaneously. In this way, Hospital Clínic de Barcelona has combined anti-

CD19 CAR-T (ARI-0001) with anti-BCMA (hARI-0002), the last used for 

multiple myeloma,257 generating a new product, ARI-0003. 258 

Nevertheless, to date, the most frequent strategy has been the development 

of dual CAR-T targeting CD19 and CD22, a protein also found in the membrane 

of B cells259260261262. An extensive clinical trial reported in Spiegel JY et al 

demonstrated a similar PFS rate of dual CAR-T compared to tisa-cel; 

nevertheless, they observed an inferior cytokine release after CD22 scFv 

ligation compared to CD19.263 In another study, anti-CD19 CAR-T also induced 

higher levels of IL2 and TNFα in vitro; however, the dual CD19-CD22 CAR-T 

produced more granzyme B. It was also included a clinical trial with 

comparable responses to anti-CD19 CAR-T in aggressive B lymphoma with 

87.5% ORR and 62.5% CR.261 Finally, dual bicistronic CD19-CD22 CAR-T has 

also been tested in a clinical trial in combination with anti-PD1 

pembrolizumab with similar results (ORR = 66%, CR = 48.9%) without avoiding 

relapse.264 

5.4. Anti-CD70 CAR-T strategies 

CD70 has been proposed as an interesting target for lymphoma in the context 

of CD19 antigen escape.265 Nevertheless, to date, development of dual CD19-

CD70 CAR-T have been limited in a coadministration of both single CAR-T cells 

in a patient diagnosed of primary central nervous system (PCNS)-DLBCL.266 
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Besides, in the recent years, anti-CD70 CAR-T cells have been considered, not 

only for the treatment of hematologic tumors, but also for some solid tumors 

as head and neck squamous cell carcinoma267 and gliomas.268  

5.4.1. Ligand-based CAR-Ts 

Ligand-based strategies to generate CAR-T cells that target CD70 have been 

broadly used. In 2011, Shaffer and colleagues generated a first-generation 

CAR fusing CD27 with CD3-ζ chain. This CAR-T was tested against cell lines 

from NHL and other hematologic malignancies, showing an increase in 

citoquines (IL-2, IFNγ). Mild specific lysis was observed and patient samples 

from B-cell lymphoma were included in the study.269 

However, strategies to modify CD27 protein by using a truncated version 

(without intracellular domain) as well to include 4-1-BB and/or CD28 

costimulatory domains have been evaluated.270 In this paper it was suggested 

that CD28 signaling leaded to lower reactivity, while a truncated CD27 with 4-

1-BB costimulatory domain was selected to be tested against a clear cell renal 

carcinoma cell line. Interestingly, similar efficacy was observed compared to 

full length 1st generation CAR-T described in Shaffer et al. This product has 

also been used in head and neck models267 and in glioblastoma.271 

Given the fact that AML cells highly express CD70, it has become a good model 

to study a-CD70 CAR-Ts. Strikingly, it was demonstrated a superior activity of 

a ligand-based strategy using CD27 compared to the six scFv constructs 

studied. Although one of the scFv constructs, LF-27z, also induced similar 

levels of cytotoxicity and cytokine production in vitro, it had poorer results in 

vivo.272 Moreover, T-cell expansion was also diminished and viability was 

comprised when IM spacer and 41BB costimulatory domain were present, 
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while a differentiation towards effector memory T cells was observed in scFv-

based CAR-Ts with the exception of LF-27z. 

In order to optimize CD27 CAR-Ts, Leick et al describe a novel strategy based 

on substituting CD27 transmembrane residues by a CD8 hinge and 

transmembrane domain. This novel CAR-T induced a superior in vitro specific 

lysis as well as an increased survival in in vivo experiments compared to all 

products tested, including the native truncated form described in Wang et al. 

Moreover, this construct was not released into supernatants, as had similar 

levels than untransduced cells. Finally, it was demonstrated that this CAR-T 

had an enhanced binding avidity.273 

5.4.2. scFv-based CAR-Ts 

scFv-based strategy has also been used in other studies, such as in Ji F et al, 

in which they generated a CAR-T containing a CD8 hinge and a 4-1BB 

costimulatory domain to treat RCC or in Seyfrid et al, in which a similar 

construct was developed to target cancer stem cells in glioblastoma.274 

An antibody-based CAR-T was also used in AML with high efficacy in vitro but, 

even though attenuated leukemia progression in vivo, failed persist and mice 

eventually died due to the disease.275 

Two antibodies (one of them, based on cusatuzumab, ant the other on P91 

antibody) were compared to truncated CD27 with comparable levels of 

cytotoxicity and differences among lung cancer models in the case of 

cusatuzumab-based, while P91-based had inferior results.276 

Finally, a novel emergent strategy has been the development of nanobodies 

to target CD70 that also were CD70-knockout (KO).277 These nanobodies 
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represent an alternative to scFv and contain a single-variable domain on 

heavy chain (VHH). 

5.4.3. Fratricide 

As CD70 is a protein that may be also expressed by T cells, fratricide could 

constitute a limitation in the context of CAR-T therapy. Fratricide is the 

process by which CAR-T cells can kill each other and it has been especially 

studied in constructs that target CD7 as a therapy for T-cell malignancies.278 

(Figure 15) 

 

Figure 15. CAR-T fratricide. Modified from Kozani et al Stem Cell Res Ther 2021 

According to Park YP et al, fratricide was not observed; nevertheless, it has 

been suggested in Seyfrid et al., as lower CD70 was found in CAR-T transduced 

cells. CD70 knockdown using shRNA was performed to avoid this limitation in 

Jurkat cells and it improved the viability.267274 

To prevent fratricide and a potential exhaustion during CAR-T generation and 

expansion, KO has been tested.279 However, there was not clear data that 

demonstrated an improvement.  

Interestingly, CD70 KO has been compared to wild-type in an anti-CD70 CAR-

T designed to treat AML: knock-out slightly increased T-cell expansion, 

viability and functionality. Intriguingly, it was seen by scRNAseq that KO 
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product contained a higher proportion of CD4+ central memory cells and 

CD4+ naïve cells as well as higher TCR clonal diversity but lower CD8 

cytotoxic.277 

5.4.4. Allogenic CAR-T 

By now, all approved CAR-T therapies have been based on modifying 

autologous T cells from the patients. However, cost of production represents 

a limitation on the standardization of these therapies. For this reason, the use 

of allogenic CAR-Ts, also called universal or “off the shield” (ref) have been 

explored. In the case of CD70, an allogenic CAR-T with disrupted CD52 and 

TRAC to prevent graft versus host disease (GvHD) has been published for RCC 

treatment.279  
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OOBJECTIVES 
 

The main objective of this thesis is to develop three-dimensional models of 

non-Hodgkin lymphoma to test novel immunotherapies. B-cell Non-Hodgkin 

lymphomas are a heterogeneous group of malignancies with high 

dependence of the tumor microenvironment. Immunotherapy represents a 

promising novel strategy in B-NHL treatment but is necessary to determine 

which patients  

To achieve this aim, the first objective is to generate and characterize in vitro 

3D models of NHL, which better recapitulate the TME. The second objective 

is to identify novel actionable immune modulators by analyzing the immune 

profile at transcriptomic and protein level of FL and MCL patients. Finally, the 

third objective is to explore novel combinations of selected immunotherapies 

in 3D cultures tailored for each disease and clinical group. 
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CHAPTER 1. DEVELOPMENT OF NOVEL 3D MODELS IN NON-
HODGKIN LYMPHOMA 

This first chapter is focused on the generation and characterization of new 

models to culture primary B-NHL cells from mantle cell lymphoma (Study 1) 

and follicular lymphoma (Study 2) in three-dimensions to test conventional 

and immunotherapeutic drugs. 
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STUDY 1. A novel patient-derived 3D model recapitulates mantle cell 
lymphoma lymph node signaling, immune profile and in vivo 
ibrutinib responses 

Araujo-Ayala F*, Dobaño-López C*, Valero JG, Nadeu F, Gava F, Faria C, 

Norlund M, Morin R, Bernes-Lasserre P, Serrat N, Playa-Albinyana H, Giménez 

R, Campo E, Lagarde JM, López-Guillermo A, Gine E, Colomer D, Bezombes C, 

Pérez-Galán P. A novel patient-derived 3D model recapitulates mantle cell 

lymphoma lymph node signaling, immune profile and in vivo ibrutinib 

responses. 

Leukemia. 2023 Jun;37(6):1311-1323. doi: 10.1038/s41375-023-01885-1. 

Epub 2023 Apr 8. PMID: 37031299; PMCID: PMC10244172. 

*These authors contributed equally to this work  
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STUDY 2. Patient-Derived Follicular Lymphoma Spheroids recapitulate 
lymph node signaling and immune profile uncovering galectin-9 as a 
novel immunotherapeutic target 

Dobaño-López C*, Valero JG*, Araujo-Ayala F, Nadeu F, Gava F, Faria C, 

Norlund M, Morin R, Bernes-Lasserre P, Arenas F, Grau M, López C, López-

Oreja I, Serrat N, Martínez-Farran A, Hernández L, Playa-Albinyana H, 

Giménez R, Beà S, Campo E, Lagarde JM, López-Guillermo A, Magnano L, 

Colomer D, Bezombes C, Pérez-Galán P. Patient-derived follicular lymphoma 

spheroids recapitulate lymph node signaling and immune profile uncovering 

galectin-9 as a novel immunotherapeutic target. Blood Cancer J. 2024 May 

2;14(1):75. doi: 10.1038/s41408-024-01041-7. PMID: 38697976. 

*These authors contributed equally to this work  
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CHAPTER 2. IDENTIFICATION OF TAILORED IMMUNOTHERAPIES 
IN FOLLICULAR LYMPHOMA 

The second chapter of this dissertation is based on a manuscript in 

preparation (Study 3) which identified CD70 as an up-regulated gene in 

follicular patients that relapse. This finding leaded to the development of a 

novel dual CAR-T targeting CD19 and CD70. 
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STUDY 3. CD70 deregulation in follicular lymphoma at diagnosis is 
associated with relapse and opens new avenues for dual CD19-CD70 
CAR-T therapy 

Ferran Araujo-Ayala, Maria Ros, Mireia Bachiller, Raluca Alexandru, Pablo 
Mozas, Salut Colell, María Villalba-Esparza, Judith Mateos-Jaimez, Ferran 
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SUMMARY OF THE RESULTS 

In Chapter 1, we generated 3D models (PDLS) to mimic the mantle cell 

lymphoma (Study 1) and follicular lymphoma (Study 2) lymph nodes. To 

achieve that, we cultured primary cells from lymphoma patients, mainly from 

peripheral blood in the MCL project and from lymph node or peripheral blood 

in FL. Lymphoma cells were enriched with a lymphoma-specific cytokine 

cocktail and monocytes from healthy donors’ peripheral blood were added. 

In both cases, we achieved a high viability after 7 days of ex vivo culture, and 

an enhanced proliferation, which was superior in FL than in MCL. 

RNA-seq was performed in order to analyze the transcriptomic profile from 

our PDLS and compare to patients’ samples. FL and MCL-PDLS are enriched 

with pathways related to the pathological lymph nodes. In MCL, gene 

signatures from Saba et al and Rosenwald et al were highly recapitulated. On 

the other hand, we developed a FL-LN signature in our work by comparing LN 

and PB samples to assess FL-PDLS also reassembles to the original LN sample. 

Importantly, our samples contain not only tumor B cells, but also T cells from 

the tumor microenvironment. In this project, we characterized these T 

lymphocytes and demonstrated that express increased levels of immune 

checkpoints (ICP) as well as other immune regulator proteins up-regulated in 

the pathological lymph nodes compared to normal tonsils. Moreover, T-cell 

phenotype was depicted in FL-PDLS, showing we have a notable proportion 

of TFH and Treg cells. 

Furthermore, our PDLS models may be used to test different types of drugs, 

including standard-of-care immunochemotherapy (R-CHOP), targeted 

therapy (Ibrutinib) or other immunotherapies (Nivolumab, anti-galectin9). 
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Remarkably, MCL-PDLS recapitulated ibrutinib responses, thus indicating our 

models could be used as a predictive tool to test therapies and advance in the 

personalized medicine era. 

In Chapter 2 (Study 3) we performed an RNA analysis of several immune-

related genes in cancer context using a well-established FL patients cohort 

from our institution. Using samples at diagnose, we found CD70 was 

increased at transcriptomic level in patients that eventually relapse compared 

to those that did not. Moreover, higher expression of CD70 was associated to 

a lower mutational burden. 

Moreover, we validated CD70 over-expression at protein level using multiplex 

immunofluorescence techniques. Interestingly, CD70 is increased, not only in 

tumor B cells, in which there is a clear association to a shorter progression-

free survival (PFS), but also in T cells from the TME, although in a lower 

percentage of expression. CD70 ligand, CD27, was also investigated, and 

while tumor cells in relapse patients are also increased, in T cells the 

differential expression was dependent on the population. In CD8+ and CD4+ 

T helper non-follicular cells patients which experienced relapse had lower 

CD27 expression but it was higher in TFH. 

Using CRISPR/Cas9 techniques to knock-out CD70, we were able to 

experimentally validate our findings and assessed a higher CD70 expression 

in tumor cells induce increased CD70 levels in T cells while dampened CD27. 

Besides, in primary cells, CD70-KO samples had a lower proliferation than 

those transfected with a non-targeting control. 

Our results motivated the generation of a novel dual CD19-CD70 CAR-T 

therapy. We compared ligand-based and scFv-based constructs and 
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concluded ligand-based CAR-Ts had a better in vitro expansion. Furthermore, 

a truncated CD27-ECD (trCD27-ECD) construct, which avoids cleavage from 

the membrane, had a superior cytotoxicity activity and cytokine release. By 

co-transducing trCD27-ECD with an approved, academic CD19 CAR-T (ARI-

0001), we achieved the generation of a dual CAR-T that may be used to treat 

high-risk FL patients. 
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DDISCUSSION 

PDLS as a 3D system to culture NHL samples mimicking the lymph 

node 

Culture of primary samples from non-Hodgkin lymphoma has historically 

represented a major limitation in the research of the field. In vivo, B 

lymphocytes grow within the lymph nodes, where they are supported by the 

surrounding microenvironment 26 88. However, LN samples are usually scarce, 

while in some B-cell malignancies, including MCL and FL, peripheral blood 

samples are more likely to be available. Importantly, PB samples change the 

transcriptomic profile, losing proliferation capacity and the activation of many 

pathways involved in lymphoma pathogenesis.25 280 281 In our work (Studies 1 

and 2), we demonstrated PB are a suitable source of biological material to 

study lymphoma. 

In a parallel PDLS development for FL and MCL, we cultured primary samples 

with monocytes purified from healthy donors and a lymphoma-specific 

cytokine cocktail, in ultra-low attachment plates to achieve the formation of 

3D structures. Nowadays, it is commonly accepted that 3D models better 

represent cancer biology, signaling pathways and lymphocyte activation as 

they are subjected to mechanical forces. 201 282 283  

First, we analyzed viability and proliferation after 7 days of culture. In both 

PDLS, we achieve a high viability B-cell and T-cell viability, with an expected 

interpatient variability. Curiously, although in both cases we used the same 

media284, MCL cells without stimuli were barely alive (Study 1), while FL cells 

showed better viability and was not increased after addition of cytokines 



DISCUSSION 

166 
 

(Study 2). Regarding proliferation, both models had a significant enhanced 

proliferation compared to non-stimulated control; however, B-cell 

proliferation in FL was much higher than in MCL. 

Importantly, both cytokine cocktails contain common factors (CD40L, IL4), but 

also other specific for each lymphoma, which may explained these 

differences. CD40L ligand represents an important survival stimulus provided 

by TFH cells in both FL and MCL.43 119 TFH are also responsible for the 

secretion of IL-4, which enhances JAK-STAT pathway by binding to IL-4R in B 

cells, 42 99 but also is responsible for TME remodeling.120 While in MCL we 

added BAFF, secreted by stromal cells and described to activate NFkB,27 in FL 

we used IL-21 and IL-15. IL-15 is trans-presented by macrophages and 

synergies with CD40L to induce B-cell proliferation in FL.285 Finally, IL-21 

induces proliferation in germinal center cells193 and has been correlated with 

aggressivity in FL.286 Probably, the differential use of IL-21 makes a difference 

in the induction of proliferation. IL-21 was also used in a recently published 

3D model to culture CLL primary samples. This model is also characterized by 

a high proliferation, but the authors also used CpG as a toll-like receptor (TLR) 

stimulation, which is a potent stimulator for CLL cells. 287 288 Thus, it is difficult 

to discriminate whether IL-21 had a beneficial effect on B cells. Importantly, 

IL-21 has been described to induce apoptosis in MCL.286 Altogether, we 

decided not to include this cytokine in MCL cocktail at the expense of having 

lower proliferation levels. Indeed, proliferation is also very heterogeneous in 

the 2D model described in Chiron et al, in which MCL cells were co-cultured 

with CD40L-expressing stromal cells and soluble BAFF was also added, among 

other cytokines.186 
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Interestingly, PDLS transcriptome strongly recapitulates the pathological LN. 

RNA-seq analysis in FL included LN and PB original samples, as well as PDLS 

derived from PB. Paired analysis on LN – PB samples allowed the generation 

of a FL-LN signature. After comparing the PDLS with the original PB sample, 

we assessed this LN signature was highly up-regulated in our PDLS. In MCL, 

opposite as FL, we did not have paired LN-PB samples; however, we benefited 

from previous studies which defined a proliferation signature289 and a MCL-

LN signature, as well as identified an up-regulation of NFkB, NIK and BCR 

pathways due to LN TME.25 All of these pathways were enriched in MCL-PDLS 

compared to the original PB, while a MCL-PB signature was down-regulated. 

Furthermore, in both cases, gene-set enrichment analysis showed our PDLS 

recapitulate pathways related to proliferation and lymphomagenesis, such as 

metabolic pathways including OXPHOS290, MYC and different cytokines such 

as IL-10 or IFNγ. 

In order to investigate the effects of culturing our cells in three dimensions, 

we included our PB-NHL cells cultured with the same stimuli as the PDLS but 

in a regular, flat 96-wells plate. Despite the number of differential expressed 

genes was lower, we found that, in MCL, 3D culture better recapitulates MCL-

specific signatures, as well as there was an increase in MYC, angiogenesis and 

extracellular matrix / collagen pathways. Involvement of cell adhesion 

pathways was also confirmed in FL, together with an increase of glucose 

metabolism and E2F targets in the PDLS. 

The pro-survival effects by adding myeloid cells in lymphoma cultures have 

been demonstrated in both FL and MCL.146188 Nevertheless, single-cell 

suspensions from LN do not recover adherent cells, and PB samples from 

leukemic patients usually have very low numbers of monocytes. In order to 
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include the myeloid compartment, we added allogenic monocytes from 

healthy donors. In the case of follicular lymphoma, we were able to compare 

the expression of tumor cells co-cultured with autologous or allogenic 

monocytes. PCA analysis determined samples are clustered according the 

patient, while we found 77 differentially expressed genes and an increase in 

pathways related to allograft rejection. On the contrary, in MCL we did not 

have the biological material to perform this comparison; however, it has been 

previously determined both autologous and allogenic monocytes support 

MCL viability.188 

Regarding the phenotype these monocytes acquire within the PDLS, we could 

detect significant changes. In both models, but more pronounced in MCL, 

monocytes grew and gained complexity, suggesting a differentiation process 

into macrophages. When investigating whether they polarized into M1 or M2 

macrophages by qPCR analysis of previously reported genes,291 292 in MCL we 

found they clearly had an M2-like phenotype, with high expression of MRC1 

and CCL22, while CCL5 and CXCL11 were decreased as M2 macrophages 

differentiated with M-CSF. In FL, we did not find a fixed pattern, and PCA 

analysis determined macrophages were in a separated group between M1 

and M2, suggesting an intermediate phenotype. 

Overall, we developed two spheroid models that maintain viability and 

proliferate in vitro, as well as recapitulate the pathogenesis of malignant 

lymph nodes and incorporates myeloid cells to recapitulate the tumor 

microenvironment. 
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Drug testing in PDLS recapitulate in vivo responses and may be 

used for immunotherapeutic treatment 

One of the major applications of spheroids development is the possibility of 

a drug-testing platform.293 Some of the advantages of our PDLS models 

include they are scaffold-free models, allowing an easy manipulation to 

assess a reliable cellular count by flow cytometry, multiplexed (96-well 

format) and proliferative, allowing the use of drugs with impact on this 

aspect.  

To demonstrate our models are suitable for drug testing, we used approved 

drugs for the treatment of lymphoma. R-CHOP, the combination of anti-CD20 

rituximab and chemotherapy, is widely used as a 1st line therapy in follicular 

lymphoma, but also in other B-cell lymphoma including MCL. In our project, 

we focused R-CHOP in the context of FL (Study 2), and found that almost all 

patients responded. These results are similar as the clinical response, in which 

almost 90% of patients achieve at least a PR.294 

In Study 1, we focused on the use of BTK inhibitors for the treatment of 

relapsed MCL. Ibrutinib is a first-in-class covalent inhibitor and its used has 

been extended as 2nd-line therapy, although recent data from clinical trials 

suggest a beneficial effect if used in front-line therapy.70 57 295 

Nevertheless, more than 30% of patients do not achieve an objective 

response to ibrutinib,66 which leads to a rapid relapse and a poor prognosis. 

Thus, it is mandatory to develop novel systems to assess the response prior 

to its clinical use. In our study, we used 8 samples from patients that had or 

not achieved at least a PR in vivo. Remarkably, in all of the PDLS coming from 
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resistant samples (n=3) we did not observe a B-cell depletion, while ibrutinib 

efficiently depleted tumor cells in sensitive samples (n=5). Altogether, the use 

of a 3D system that recapitulates clinical responses to BTK inhibitors is a 

promising tool; however, extended series of patients are needed to confirm 

its use to anticipate clinical decisions. 

Importantly, our lymphoma samples contain a variable fraction of non-

tumoral T-cells. Therefore, in a second part of the drug testing in our PDLS, 

we investigated whether they may be used as a platform for immunotherapy 

testing. 

First, we characterized the immune regulators expression in T cells. By 

bioinformatics analysis from public databases (gene expression omnibus, 

GEO), we compared the expression of these genes between the pathologic 

non-purified lymph nodes and the normal tonsil. In both diseases, we found 

an increase on the immune checkpoints (ICP) TIGIT and HAVCR2 (TIM-3). PD-

1 was not up-regulated, but PD-L1 was increased in MCL; moreover, PD-1 was 

highly expressed in FL. Besides, anti-PD1 inhibitors have revolutionized the 

treatment of some cancers, including lung cancer,296 melanoma297 or Hodgkin 

lymphoma.298 

Along the PDLS culture, we found an increase of most of the immune 

regulators analyze, recapitulating an exhausted immune phenotype. The 

ligands of the main immune checkpoints were also characterized in both the 

tumor cells and the macrophages. In FL, as the proportion of tumor cells was 

lower, we were able to deeper characterize the T-cell population, and 

different levels of immune exhaustion were found. Finally, we also showed 

that FL samples maintain a notable proportion of TFH, Treg and TFR cells, 
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reassembling the pathological lymph nodes. Overall, we had evidences that 

PDLS are a suitable tool for immunotherapeutic testing. 

Contrary to other tumors, responses to nivolumab as monotherapy in B-NHL 

have not been that successful.299 However, its combination with ibrutinib has 

been investigated in a clinical trial (NCT02329847) in FL, DLBCL and CLL, but 

not in mantle cell lymphoma. Interestingly, ORR superior to 60% was found in 

CLL and Richter transformation.300 In MCL-PDLS, the combination of ibrutinib 

and anti-PD1 resulted in an increase in B-cell depletion but only in patients 

with lower responses to ibrutinib as monotherapy. Remarkably, among the 

patients that benefit with the combination we found the three ibrutinib-

resistant cases in the clinics. Besides, we found an enhanced release of 

cytokines (IFNγ and granzyme B, the last only in patients that responded to 

the combination), indicating that PDLS can be used as an immunocompetent 

system. 

Anti-PD1 therapy has also been combined with anti-CD20 in FL patients, with 

responses superior to 60% of patients including ~50% of CR.301 302 In our study, 

we observed a trend of higher B-cell depletion compared to rituximab alone. 

Nevertheless, there was a high interpatient variability. Intriguingly, we found 

a significant negative correlation between the expression of TIM-3 or one of 

its ligands, CD66a (CEACAM1),303 and the response to either anti-CD20 or anti-

CD20 + anti-PD1. This observation provides a rational therapeutic 

intervention in TIM-3. However, anti-TIM3 antibody did not result in an 

improvement in B-cell depletion. This may be explained because TIM-3 is able 

to bind to different ligands, including the mentioned CD66a, but also galectin-

9 and phophatidylserine.304 Besides, it has been reported that anti-TIM3 

antibodies are unable to block the galectin-9 binding site.305 As galectin-9 it is 
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presented as a soluble TIM-3 ligand,304 we analyzed the supernatants from 

our PDLS treated with the combination of rituximab and anti-TIM3, and found 

a noteworthy correlation, with higher levels of soluble galectin-9 related to 

lower response to the combination, but also we found correlations in the 

same direction with rituximab as monotherapy and rituximab + nivolumab. 

Finally, we demonstrated that the combination of rituximab and anti-

galectin9 had an improved tumor depletion in our PDLS, being significantly 

higher compared to both antibodies as single agents. Due to the role of 

galectin-9 as an immune escape molecule,306 307 it has recently gained 

attention as an immunotherapeutic target for cancer therapy. 308 309 

Nevertheless, in B-cell neoplasms data is scarce, and only has been described 

as an up-regulated protein in Treg and Th1 T cells in CLL and was related to 

increased IL-10 levels310 In conclusion, our results showed galectin-9 would 

also have a key immunosuppressive role in FL and be used as a novel 

therapeutic target. 

 

CD70 is up-regulated in FL-LN in patients that will relapse 

The introduction of rituximab, the first-in-class anti-CD20 antibody, 

revolutionized follicular lymphoma treatment. Nowadays, standard 

treatment is mostly based on combination of rituximab and chemotherapy, 

known as immunochemotherapy.153 In the recent years, the advances on 

identifying the genomic and molecular features of each lymphoma enabled 

the development of targeted therapies that have broaden the therapeutical 

repertoire; in the case of FL, we must highlight anti-EZH2 tazemetostat.168 169 
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Finally, ultimate advances based on immunotherapeutic drugs, mainly T-cell 

engagers 171 172 and anti-CD19 CAR-T.254 

In our work (Study 3), we focused on the role of the tumor microenvironment 

in follicular lymphoma, necessary to develop an overt disease.311 FL-TME is 

very heterogeneous and include immune and non-immune cells;88 thus, the 

study of both tumor cells and TME is necessary to compile FL complexity.  

First, we analyzed RNA expression of more than 700 immune-related genes 

in full lysates FFPE biopsies from FL patients at diagnose from a homogeneous 

cohort. Despite the fact that a single-center series could have limitations and 

may require validation in other cohorts, there are also some advantages: i) 

patients were diagnosed following the same clinico-pathological criteria, ii) all 

patients were homogeneously treated with ICT (100% patients received CHOP 

as a 1st-line chemotherapy), and iii) during the follow-up period patients that 

suffered a histological transformation were excluded. Our analysis assessed a 

differential immune pattern between a group of patients that relapse and a 

group that never relapsed, with a very prolonged follow-up time. These 

differences revealed 31 differentially expressed genes (representing a 4.2% 

of studied genes) and a differential enrichment of biological pathways, 

including cytokine-associated pathways, oncogenic pathways (JAK-STAT312 

and PI3K/Akt313) and those related to cell adhesion and extracellular matrix 

(ECM). In the last years, the role of the ECM in FL pathogenesis has gained 

attention as single-cell studies have confirmed a high expression of ECM 

genes314 in LN stromal cells,315 which may be related to early relapse.316 

Among the 25 up-regulated genes in the relapse group, we found CD70, which 

was also associated, close to statistical significance, to a shorter progression-
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free survival. Moreover, we have depicted that patients with high CD70 RNA 

levels use to have a lower number of mutations. Therefore, CD70 could 

constitute a pro-oncogenic mechanism that bypasses the need of B 

lymphocytes to acquire additional mutations in order to achieve FL 

progression.  

Lately, CD70 has drawn attention on the context of cancer. In solid cancers, 

there are evidences that is deregulated in pancreatic, renal, lung or colon, 

among others. In a recent study by Nilsson et al, an interesting association to 

epithelial to mesenchymal transition was described.276 In hematologic 

tumors, it has been deeply studied in acute myeloblastic leukemia (AML) as 

leukemia stem cells highly express CD70. Besides, an aberrant expression and 

a potential pro-oncogenic role has been described in B-cell lymphoma211 

including FL,317 318 DLBCL,319 MCL48 and CLL.320 227 Moreover, CD27/CD70 axis 

has been linked to diverse mechanisms of TME modulation in       

lymphoma.321 322 323 

Our results clearly indicate that CD70 is more prevalent in the tumor fraction 

and abundantly expressed on patients that relapse. Importantly, its 

association with survival is more pronounced than in whole lysate RNA, thus 

having a more prognostic significance. CD70 from the tumor could bind to 

CD27-expressing cells, including T regulatory cells, which are highly positive 

for CD27.324 325 Furthermore, it was previously described that CD70+ B-NHL 

cells induce FOXP3 expression.321 Gene expression analysis also correlated 

CD70 expression with cytokines responsible for Treg chemoattraction (CCL20, 

CCL22)326, 120 and IRF4, linked to a higher risk of transformation.173 Finally, a 

positive correlation was found between the density of CD20+CD70+ cells with 

the abundance of Treg in FL-LN biopsies.  
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The diminished CD27 in CD8+ and CD4+ T helper non-follicular cells may be 

related to a lower T-cell anti-tumoral response317 and induced by a CD70-

dependent cleavage. Soluble CD27 (sCD27) has not been deeply studied in 

lymphoma, but its levels are increased in CLL320 and it has been related to bad 

prognosis in DLBCL.327 In vitro experiments we have performed using FL CD70-

KO cells point out to this phenomenon. Furthermore, the up-regulation of 

CD27 in B cells, usually linked to a memory-like phenotype suggest CD70+ and 

CD27+ tumor cells mutually interact. Historically, FL cells have been defined 

to be frozen in a GC state; however, single-cell analysis revealed distinct cell 

states co-exist328 and memory-like features have been linked to a higher risk 

of transformation.329330 

While most of the studies focus on the significance of CD70 over-expression 

on the tumor fraction, we also interrogated its expression in the T cells from 

the FL-TME. Intriguingly, all T-cell populations analyzed except TFR cells 

showed higher CD70 protein levels in patients that relapse. We validated the 

co-culture of T cells with CD70+ FL cell lines, but not CD70 knocked out cells, 

induced higher CD70 levels, pointing out to a CD70-dependent regulation. 

CD27 downstream signaling activates NF-kB and JNK, and CD70 promoter is 

enriched in binding sites for NF-kB and c-Jun transcription factors.331  

Whether this positive feedback mechanism could also happen between 

tumor cells remains to be confirmed.  

Tumor CD70+ cells not only are capable to induce tumor-promoting effects in 

other B cells or T cells from the TME, but also receive signals from CD27+ cells 

or soluble CD27. Notably, activation of CD70 leads to MEK and Akt 

phosphorylation.217 Overall, the pathogenic mechanisms in which CD70 

participates are complex and diverse, and include tumor and non-tumor cells. 
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In this work, we adapted a CRISPR/Cas9 protocol developed to genetically 

modify B-cell lymphoid malignancies332 by using FDC-derived YK6 cells 

mimicking germinal center stimuli193 333 and adding IL-4 and IL-15 to use the 

same factors as in Study 2. Remarkably, we achieved a significant reduction 

of CD70 protein levels, which was associated to lower B-cell proliferation and 

diminished sCD27 levels. 

To sum up, we found that FL patients that relapse have at the diagnose higher 

CD70 expression, at both RNA and protein level. CD70 is mainly expressed in 

tumor B cells, but is also up-regulated in T cells from the TME. These findings 

reinforce the oncogenic role of CD27/CD70 axis in FL as well as its therapeutic 

intervention. 

 

CD70 as a target for CAR-T cells in B-cell lymphoma 

After validating CD70 as an increased protein in FL patients that relapse, 

together with a biological validation of the target, we proposed the 

generation of a dual CAR-T cell that can target CD19 and CD70. Although anti-

CD19 CAR-Ts have improved the management of high-risk lymphoma 

patients, still a relevant portion of them have limited, non-durable 

responses.254 Moreover, CD19-CAR-T relapse has been described, indicating 

antigen loss as a mechanism of evasion254 247 For this reason, dual CAR-T cells 

have been proposed as a therapeutic strategy to avoid antigen escape or to 

treat relapsed CAR-T patients that lost CD19 expression. To date, only single 

anti-CD70 CAR-Ts have been explored (NCT04429438) (NCT04502446), apart 

from the coadministration of a CD19 and a CD70 CAR-T.266 (NCT04429438) 
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We first investigated the best construct to deplete CD70+ lymphoma cells as 

a single CAR-T. Two ligand-based and a scFv-based CAR-T were used and 

compared to ARI-0001, an approved academic product from our 

institution.250 251 We validated ligand-based CAR-Ts using CD27 expanded 

better. However, CD27-ECD lost expression on the membrane and was 

released into the supernatant, which did not occur in trCD27-ECD as 

described in Leick et al.273 Although it has been envisioned that ligand-based 

could have benefits compared to scFv-based CAR-Ts,246 this cleavage issue has 

also been described in a CAR-T targeting thrombopoietin.334  

Despite having pros and cons regarding the use of ligand-based CAR-Ts, 

cytotoxicity experiments demonstrated trCD27 was the most effective anti-

CD70 CAR-T and released higher IL-2 cytokine. This enhanced anti-tumoral 

effect has been assessed in both artificial antigen presenting cells (K562 cells 

transduced with CD19 and/or CD70) at short-term (24h) and at long-term (6 

days) using FL-derived cell lines at low ratios. Compared to ARI-0001,  

cytotoxicity at 24h was very similar, but IL-2 levels were inferior than those 

induced by CD19 CAR-T. This inferior cytokine release was reflected in a lower 

T-cell proliferation in long-term assays compared to ARI-0001. In conclusion, 

we selected trCD27-ECD as the most promising anti-CD70 construct. 

In addition, we generated a dual CD19-CD70 CAR-T using a co-transduction 

strategy, as done with ARI-0003, a dual CAR-T combining CD19 (ARI-0001) and 

BCMA (hARI-0002).258 Importantly, the combination of both viruses leaded to 

a lower ARI-0001 expression compared to the single transduction, while CD27 

remained stable. Therefore, we optimized the ARI-0001 : trCD27 ratio, and 

determined a MOI 2 for ARI-0001 and MOI 0.5 for trCD27-ECD as the optimal.  
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Nevertheless, the fact that T cells can also express CD70, although in low 

levels, could constitute a limitation on anti-CD70 CAR-T therapies. Although 

we did not find a diminished T-cell expansion during CAR-T generation, we 

observed a loss of CD70 expression in conditions carrying trCD27-ECD 

construct (data not shown), suggesting fratricide. Aiming to avoid this 

process, we investigated the use of dasatinib during the T-cell expansions, a 

tyrosine kinase inhibitor that reversibly switch off the CAR-T cytotoxic 

effects.335 By using this drug, we restored CD70 expression but, when CAR-T 

cells were co-cultured with primary FL / MCL samples using PDLS 

methodology (Studies 1 and 2) fratricide was present. Even so, preliminary 

data suggested a higher tumor killing in two patients exhibiting a CD70high 

CD19dim phenotype (data not shown). 

Some published studies knocked-out CD70 expression in T cells during CAR-T 

expansion,279 277 including clinical trials with a genetically modified, allogenic 

anti-CD70 CAR-T, which results in clear-cell renal carcinoma were recently 

published.334 Probably, by applying this strategy to our construct, a higher T-

cell proliferation and improved long-term cytotoxicity efficacy could be 

achieved.  

In conclusion, after validating CD70 as a promising target in follicular 

lymphoma, we developed a dual CD19-CD70 CAR-T combining an academic, 

approved CD19 (ARI-0001) and a ligand-based (trCD27-ECD) construct. 

However, this novel product still needs to be improved by knocking-out CD70 

expression and a further preclinical testing is needed. While CAR-T testing has 

usually based on non-immunocompetent in vitro (cell lines) and in vivo 

(xenografts using NSG mice) systems, the PDLS models we developed during 

this thesis also proved to be useful for CAR-T testing.258 Among the 
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advantages of PDLS for cellular therapies we envision the following: i) they 

are immunocompetent models, ii) recapitulate inter-patient heterogeneity, 

iii) CD70 expression is close to the observed in the patients’ lymph nodes, and 

iv) reflect intra-tumor heterogeneity, with subpopulations with different 

CD19/CD70 levels in our case. 
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CCONCLUSIONS 
 

The general conclusions derived from this thesis are as follows: 

1. PDLS represent dynamic and alive 3D structures that contain 

proliferating tumor B cells, autologous T cells and myeloid cells. 

 

2. Monocytes differentiate into macrophages within the PDLS, and 

polarized into M2-like macrophages in MCL while present an 

intermediate M1-M2 phenotype in FL. 

 

3. PDLS created from PB samples transcriptionally reassemble to the 

pathogenic LN and recapitulate fundamental lymphoma signatures. 

 

4. MCL-PDLS faithfully reproduce clinical responses to ibrutinib and FL-

PDLS respond to standard R-CHOP treatment. 

 

5. Autologous T cells from PDLS up-regulate specific immunoregulators 

that are increased at RNA level in the FL and MCL LN. 

 
6. FL-PDLS contain a high number of TFH and Treg cells, recapitulating 

the T-cell heterogeneity found in the FL-LN. 

 
7. Combination of ibrutinib and anti-PD1 overcomes ibrutinib resistance 

in MCL-PDLS, together with an activation of the anti-tumoral immune 

response,  
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8. Galectin-9 represents a novel immunosuppressor target in FL as it 

dampens anti-CD20 activity. Its therapeutical intervention improves 

rituximab efficacy. 

 
9. CD70 is increased at RNA level in the LN of FL patients at diagnose that 

eventually relapse. 

 
10. At protein level, CD70 up-regulation is validated in both tumor cells 

and T cells from the TME, but expression levels are higher in B cells. 

 
11. CD70 is associated with a lower progression-free survival in both RNA 

and protein levels; however, the prognostic value is higher in protein. 

 
12. CD27 is over-expressed in FL patients that relapse in the tumor 

fraction, but diminished in CD8+ and CD4+ T helper non-follicular cells. 

 
13. CRISPR/Cas9 experiments demonstrated CD70 in tumor cells induce 

higher CD70 levels in T cells. In primary cells, we observed a decrease 

in B-cell proliferation in CD70-KO cells. 

 

14. CD70 represents a promising target for CAR-T cell therapy. In the 

context of lymphoma, a dual CD19-CD70 CAR-T could constitute a 

reliable alternative in the clinics. 

 

15. Fratricide due to CD70 expression in T cells represents a limitation but 

might be overcame by knocking-out CD70 expression during CAR-T 

expansion. 
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2. Araujo-Ayala F, Pérez-Galán P, Campo E. Vulnerabilities in the tumor 
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