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ABSTRACT

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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RESUM

El limfoma no Hodgkin de cel-lules B (B-NHL) representa el grup més frequent
de tumors hematologics. El limfoma fol-licular (FL) normalment és indolent,
perod alguns pacients recauen de la quimioimmunoterapia estandard, el que
incrementa el risc de transformacié a un limfoma agressiu. El limfoma de
cél-lules de mantell (MCL) és menys freqiient pero molt agressiu. En aquesta
tesi, hem generat models 3D per cultivar in vitro cél-lules primaries de B-NHL
(anomenats com Esferoids de Limfoma Derivats de Pacients, PDLS) barrejant
cél-lules de FL/MCL amb monocits de donants sans i coctels de citoquines
especifics, en plaques de molt baixa adherencia (ULA). Després de 7 dies, els
PDLS eren altament viables i tenien una proliferacié incrementada. Els analisis
de RNA-seq i enriquiment de vies han determinat que els PDLS altament
recapitulen el gangli limfatic (LN) patologic aixi com vies involucrades en la
patogénesi del limfoma. Cal destacar que els MCL-PDLS reprodueixen les
respostes in vivo de l'ibrutinib, i la seva resisténcia pot ser superada afegint
I’anti-PD1 nivoulamb. A més, aquests models poden ser utilitzats per provar
noves immunoterapies, el que ens ha permes descobrir un potencial benefici
terapéutic a I'afegir anticossos anti-galectina-9 en FL. En paral-lel, hem
utilitzat la tecnologia de Nanostring per analitzar el perfil immune a nivell
transcriptomic en mostres de FL-LN. En una cohort de pacients en el
diagnostic, homogeniament tractats amb quimioimmunoterapia, hem
descobert que CD70 esta sobreexpressat en pacients que acaben recaient.
També hem validat aquesta sobreexpressié a nivell de proteina i hem
determinat, amb immunofluorescéncia multiplex, que esta altament
expressat en cél-lules B tumorals, perd també en una part de les cél-lules T

del microambient. Els nostres resultats han impulsat la generacié d’un CAR-T

16
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dual CD19-CD27 combinant un CAR-T CD19 académic i aprovat (ARI-0001)
amb un CAR-T anti-CD70 basat en lligand, utilitzant una proteina CD27

truncada.
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INTRODUCTION

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.! Non-Hodgkin lymphomas are classified, according to
the cell type, in B-cell and T/NK-cell lymphoma.? 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.?

B cells differentiate in the bone marrow from a hematopoietic stem cell (HSC)
that commits to a common lymphoid progenitor.* 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 naive 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. > 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.®

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 2020’

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.8> 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;®? nevertheless, these same mechanisms are prone to mutational
events, making GC B cells very sensitive to lymphomagenesis as observed in

Figure 2.8
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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)!> 0. As SHM rearranges
immunoglobulin (1G) 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)* 4

Bone marrow Blood Lymph node
81 t
C i

Beell

Ge ! B cell
Stem Pro-B Pre-B Naive rerom, ¢
cell cell cell B cell p<" Y —

e ; o»
Follicular lymphoma i Plasma cell
DLBCL (GCB type) B
v
Mantle cell lymphoma
v

DLBCL (ABC type) K]

Lymphoplasmacytic
lymphoma

Figure 2. Development of B-NHL malignhancies. Efremov et al Cancers 2020%*
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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.!>

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.'® 13 The clinical behavior is usually aggressive, with a median overall

survival (OS) of 4-5 years.!’

2.1. Pathogenesis

The primary mutation in Mantle cell lymphoma is, in most patients, the
translocation t(11;14)(g13;932) 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.'® 1 Cyclin D1 is closely related to proliferation, as promote G1 to S
transition by inactivating retinoblastoma protein.?® Strikingly, patients
negative for the t(11;14) translocation present CCND2 or CCND3

arrangements.?!

With the development of massive sequencing techniques, the complex
mutational landscape of MCL have been uncovered.?> Recurrent mutations

may be classified in different processes: 3

e 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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e DNA repair. Deletions and mutations in TP53 (21-45% and 14-31%
respectively) and ATM (11-57% and 6-10%) are frequently detected.

e BCR - NFkB. BIRC3 (11-57% deletions and 6-10% mutations) and
CARD11 (mutations in 3-15%) are the most frequent altered genes.

e Apoptosis. Deletions in FBX0O25 (17-34%) and gains in MYC (6-32%).

e 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,?> 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.?*

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.»
Interestingly, BCR and PI3K pathways are highly activated but no mutations
have been detected; thus, this observation remarks the importance of the

TME.?®

BCMA IL-10

g, TACl  “o o
4 BAFF-R . !:LTCR

TigiT_CD155
o= @
PD-1 -
A,
TCR IL-328 ° oy
LAG-3 MHC-1I
CcD8
PD-1 ‘@ PD- )
A

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.?’

Microenvironment interactions also determine B-cell trafficking into the
secondary lymphoid organs in a process orchestrated by stromal cells.?® Both

normal and malignant B cells highly express CXCR4 (a receptor of CXCL12) and



INTRODUCTION

CXCR5, which has CXCL13 as a ligand.?® 39, CXCR4 has also been related to

SOX11 expression, together with focal adhesion kinase (FAK).3?

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.3? 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.3*

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.?* Monocytes can secret CXCL12 but also express its
receptors CXCR4 and CXCR7, establishing an autocrine/paracrine loop.3® In
cancer, tumor-associated macrophages have been usually described to
possess pro-tumoral characteristics such as proliferation, extracellular matrix

remodeling, angiongenesis and immunosuppression.3’

Macrophages are found in MCL-LN and their abundance seems to be related
to disease aggressiveness, suggesting a role as tumor-associated

macrophages?® 32 Their function as pro-tumorigenic is also supported by in
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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-10.3°

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.*®

In Decombis et al, it was identified IL-32f3 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.*
Tcells

There are many evidences that T cells support MCL viability and proliferation.
MCL cells are highly responsive to CD40 ligand (CD40L) and IL-4%> 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.**

Moreover, a CD4:CDS ratio correlated with longer overall survival.?* 4>

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.*®
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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.#” 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.*® Finally, high Treg
infiltration was also confirmed as a poor prognosis marker by

immunohistochemistry analysis, together with IL17A and low L2.%°

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 naive pre-germinal
center B cell, as somatic mutations were almost absent.>® Nevertheless, it was
later identified a subset of patients characterized with non-nodal (hnnMCL)
disease (i.e.: absence of lymphadenopathy), the presence of IGHV mutations
and frequent indolent disease, reflected in a prolonged overall survival.>!
Moreover, indolent MCL was associated to a non-complex karyotype and the
absence of SOX11 protein expression.>? 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.>3

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.>*
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Nowadays, these two different subgroups (nodal or conventional MCL, cMCL,
and leukemic non-nodal MCL) are recognized® Interestingly, conventional
MCL has a higher degree of genomic instability and epigenetic alterations

compared to non-nodal MCL.>® >/

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+, slgM/IgD+, FMC-7+, CD23-,
CD200-, although some leukemic non-nodal cases may have aberrant CD200

expression and loss of CD5.>7 8

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.>®

In order to stratify non-Hodgkin patient’s prognosis, the International
Prognostic Index (IPI) was developed.®® Specifically to mantle cell lymphoma,
MIPI prognostic index was assessed and nowadays is widely used.®! 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.>®
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2.5. Treatment
Treatment of mantle cell ymphoma 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.>’ (Figure 4)

Mantle-cell lymphoma diagnosis

Asymptomatic Symptomatic
Low-volume disease High-volume disease
No high-risk factors High-risk factors
Patient prefers to avoid treatment Patient wants treatment

’ Younger and healthier patient with Older and less healthy patient with
Watch and wait ; i i ; T 4
no serious coexisting conditions serious coexisting conditions
Candidate for autologous trans- Not a candidate for autologous trans-
plantation plantation
Treatment goal is complete remission Treatment goal is complete remission
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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.®% 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.®’ 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.®*

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.®° 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 trials®® but also in other B-cell malignancies such as chronic

lymphocytic leukemia.®’ (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 (BTK®®S and
PCLG2R665W) but also in other signaling pathways, such as NFkB (mutations in
TRAF2, TRAF3, MAPK3K14, CARD11, MYD88) and cell cycle (CCND1).%®
Furthermore, microenvironment interactions including PI3K-AKT-mTOR axis,
integrin-B1-ILK signaling and BAFF have also been described as mediators of

ibrutinib resistance.t% 27

Ibrutinib has been recently proposed to be used in first-line. In a phase Il
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.”® lIbrutinib 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.’?

BCL-2 is an anti-apoptotic protein frequently overexpressed in non-Hodgkin
lymphoma. In mantle cell ymphoma, gene amplification 18921 was identified
in 9 out of 39 patients.’? 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.”®> To date,

venetoclax has been approved for chronic lymphocytic leukemia and small
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lymphocytic lymphoma, but still is in phase lll 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.’*
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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.'®> 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.”> The median age at diagnosis is 65 years.’®

FLis 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.”®

3.1. Pathogenesis
FLis 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.8°

The first oncogenic hit, also used for diagnostic purposes, is the translocation
t(14;18)(gq32;921), 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.8! Despite this translocation is also found in healthy
individuals,®? 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.®3

Importantly, there is a fraction of patients (~10-15%) who do not present
t(14;18), indicating the existence of alternative pathogenic mechanisms.®*
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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.8> 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.8% 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.?” 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.?% &’ Intriguingly, most of
the high-prevalence mutations not only have a direct impact on tumor B cells,
but also on the surrounding microenvironment.® The most frequent altered

pathways in FL are the following:

e 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 8% %0 °1 92 |nactivating 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.®® °0 91 94 95 QOn 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

e Immune regulation / evasion. TNFRSF14 (also known as HVEM) is a
tumor suppressor frequently inactivated (around 30% FL patients) and
associated with bad prognosis.®®

e 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%).13:8% 0

e JAK-STAT pathway. 21% of FL patients present activating mutations in
STAT6 gene, which enhances IL-4 induced activation of target genes.

e 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.10% 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.%® 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.1%

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).28 (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.%®
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Figure 6. An integrative view of follicular lymphoma microenvironment. (A) A
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prevalent mutations in FL notably impact in the TME. Dobafio-Lépez et al. Cancers
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3.2.1. Tcells

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%.%7
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.'08
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T cells comprise a high diversity of specialized subtypes. In FL, different
clusters of CD4+ cells (naive, T regulatory, T follicular helper and cytotoxic)
and CD8+ cells (naive, effector and exhausted) have been identified.'%” Based
on this clustering, FL-TME was classified in four different groups, as similarly
done in other lymphomas.?® 24 This classification includes naive, 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.'® Nevertheless, in cancer, CD8+ cells are
frequently dysfunctional due to the expression of immune checkpoint
inhibitors, among other factors.!'® In FL, it has been reported a high
percentage of TIM-3 within CD8+, but also coexpression of PD1 and LAG3 and
TIGITL 112,113 |nterestingly, it was recently described a CD4+ population with

cytotoxic capacity.?’

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 function'* 12 High expression of TIGIT
correlates with bad prognosis in both CD4+ and CD8+ populations, and is

abundantly expressed in Treg and TFH populations.*'3

T regulatory cells (Treg), a CD4+ population characterized by expression of
CD25, CTLA4 and the transcription factor FOXP3, suppresses anti-tumor
immunity.'*> In NHL, including FL, they are overrepresented compared to
normal tonsils, and their cell distribution predicts survival and transformation

to DLBCL.#”- 118 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

IFNy. 17

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, CCR7.11% 8 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.’*® 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.12°

T follicular regulatory cells (TFR) is a subset of CXCR5+BCL6+ cells that also
express FOXP3.12! |t has been described this TFR population may be
originated from both natural Treg precursors (Wing JB PNAS 2017) or from
naive FOXP3- precursors.'?? This TFR population has mainly been described as
a suppressor of GC reaction by inhibiting TFH and B cell activation. 12! 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.'?> 126 |nterestingly, it
represents an enriched population in follicular lymphoma LN compared to
follicular hyperplasia and tonsils.!*® Overall, the significance of T regulatory
FOXP3+ cells is controversial in FL,'*” 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).2 In FL, exists an active, bidirectional
crosstalk between malignant B cells and stromal cells, which show a specific

transcriptomic signature in FL.1%8

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.'?®
Their differentiation from mesenchymal stromal cells is induced by tumor
necrosis factor alpha (TNFa) and lymphotoxines (LT) LTa1B2, two cytokines
produced by activated B cells.’3° Interestingly, mutations in HVEM increase
the production of these cytokines, reflecting in a higher number of FDC and
type | collagen density.?3! FDCs also express the chemokine CXCL13, which
binds to CXCR5, expressed in both TFH and FL cells.*3*? Moreover, in FL-LN is
enriched in CXCL12 expression and may be produced by stromal cells,

including FDCs, after IL-4 stimulation.!33

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.'3> 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.1?® MSCs sustain B-cell viability through the secretion of
BAFF.'3” Furthermore, MSCs in FL have a specific gene signature, with
enhanced production of CCL2.138 and IL-8,%3% 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

133

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

lymphotoxines, secreted by FL cells, they differentiate into FRCs.*3”

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.}4® 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.4!

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,’*? 143 consistent with the immune response 2 described in Dave et
al, rich in myeloid genes.® 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.'** In contrast, in the
rituximab era, the macrophage marker CD163 has been associated with

favorable prognosis.1#
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In previous work from our group, we have demonstrated that macrophages
support B-cell viability.1*® 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.*® 138 (Yang ZZ and Ansell Clin Adv
Hematol Oncol). These macrophages trans-present IL-15 to B cells,**” 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 SIRPa in myeloid cells.}*° In FL, it has been identified
a CD14+SIRPaMe" population and is associated with an inferior survival.>°
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.>!

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.? 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 CD23.7°
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Figure 7. Follicular lymphoma histopathology. (A) IHC of CD20+ cells creating follicle
structures. (B) IHC of BCL2+ cells. Courtesy of Dr. Elias Campo, Secci6 Hematopatologia,

Hospital Clinic 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.”® The histological grading of FL is
determined by the number of centroblasts per high power field (hpf): Grade
| FL has less than 5 blasts/hpf, Grade Il has 6 to 15 and Grade Il has more than
15. Grade Il is divided in 3A and 3B according whether centrocytes are
observed or not, respectively.”® 12 According to ESMO guidelines, FL grade
[11B 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.’? Nevertheless, bone marrow assessment is controversial as

recent data indicate it is no longer prognostic in the disease.”
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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.>3

Multiple clinical-biologic risk models have been developed for FL'** 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.'>> With the
standardization of rituximab, FLIPI score was updated by including bone
marrow involvement, bulky disease and beta2 microglobulin.’*® Furthermore,
the m7-FLIPI takes into account genomic alterations in 7 genes (EZH2,

ARID1A, MEF2B, EP300, FOXO1, CREBBP and CARD11).%?

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.'>’
Recently, POD24 has been further validated in a pooled analysis of 13

randomized clinical trials.1%8
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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.'>®

In a minority of patients (less than 20%) that present with localized FL (Ann
Arbor stage | / 1I) and have low tumor burden a radiotherapy-based treatment
called involved field radiation therapy (IFRT) is the preferred approach as may
be curative. 12 1> Radiotherapy may also be combined with rituximab as
single-agent.'® |n selected cases, watch-and-wait strategy or rituximab

monotherapy treatment are also performed.'>? (Figure 8)
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Figure 8. Algorithm of follicular ymphoma treatment. Created with BioRender.com

Nevertheless, patients usually are diagnosed in an advanced stage (Il / 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.?>? 13 |n asymptomatic cases,
watch-and-wait is usually done, as early initiation of therapy does not result
in a clear therapeutic benefit;'%* however, rituximab as a single-agent could

result in longer progression free survival.16?

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 2017.1>% 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.1>% 152,164 After the induction phase, a maintenance during

2 years with rituximab has been demonstrated to prolong PFS.16°

R:++
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\/ ® Cytotoxic
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% @'> Direct killing
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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.>?
Combination of rituximab and lenalidomide (R2) is also often used.'>
Lenalidomide is an immunomodulatory agent effective for the treatment of
both first-line and relapsed follicular lymphoma.'®® Nevertheless, superiority
over standard immunochemotherapy could not be demonstrated, meaning it

will not replace standard-of-care therapy.'*

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

be considered in younger patients that experienced an early relapse.'>?

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.'®’ Even so, concerns
related to toxicity leaded to a withdrawal of this group of drugs from the U.S.

market.1>*

Nowadays, PI3Ki have been replaced for tazemetostat, an EZH2 inhibitor
approved for r/r FL patients who had received at least two previous
treatments.'®® In a phase Il clinical trial, the ORR was 69% in EZH2™"t patients

while decreased to 35% in EZH2™"t individuals.1®

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.'>? 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.’®

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.17% 172

3.5. Histological transformation

A subset of follicular lymphoma patients suffer a histological transformation
(HT) to an aggressive lymphoma, mostly, GCB-DLBCL.'’3 HT occurs in a rate of
around 2% patients per year, meaning an overall transformation rate of 10.7%
at 5 years.!’* Importantly, treatment with rituximab (with or without
chemotherapy) is associated to a significant lower risk of transformation
compared to watch and wait strategy.'’* Subsequent series confirmed that
observation and assessed a lower risk of transformation, of 8.7% at ten

years.'’>

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.'’® 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
TP53.17%, 91,176 Eyen 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.®® Furthermore, mutations in EBF1 and in regulators of NF-kB

(MYDS88, TNFAIP3) signaling are also acquired in transformation.*°
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4. MODELS TO STUDY B-NHL

4.1. Culture of primary samples

B-cell non-Hodgkin lymphoma, including mantle cell ymphoma and follicular
lymphoma are characterized by a strong dependence on tumor
microenvironment.?® # 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.'® 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.'8! 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.??

Cell lines have also been engrafted into mouse models to perform in vivo
experiments in the so-called xenograft models.'8? In the last years, patient-
derived xenofgrafts (PDX) have been successfully established from primary

183

cells in different tumors.*%3 In NHL, they are still scarce but their use has been

reported for both FL (n=2) and MCL (n=8).18* 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.®

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.'8? In NHL, we have to highlight A20

lymphoma line from BALB/c mice.?3

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.'®? In mantle cell lymphoma,
there is the Eu®PY/Eu-Myc double transgenic mice; however, it resembles
the single Eu-Myc, representing a rare genetic rearrangement, only found in
some blastoid cases. Similarly, the tumors observed in the Cdk4R?*¢/Myc-
3’RR mice also resemble to the blastoid subtype. On the other hand, in
follicular lymphoma the VavP-Bc/2 model not only recapitulates critical
aspects on the disease, but has been widely used in combination with genetic
alterations (Crebbp™#, Kmt2d"f and Ezh2'64!N) that are concomitanly

mutated with BCL2.18>

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.'®

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.'®” 27 Given the high relevance of the myeloid
compartment, MCL primary cells are also highly viable if co-cultured with

monocytes or macrophages.8

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.14¢

In order to mimic the germinal center microenvironment, a non-immortalized
FDC cell line, HK, has been extensively used. 89 190 131 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.1%?
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Remarkably, HK cells alone do not induce proliferation in B-cell population
but they do if combined with CD40 stimulation.’®® 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.'%3

Tonsil stromal cells have also been used to culture primary FL cells in a 3D
model.’®* These cells were previously characterized and it was determined
they exhibited characteristics of follicular reticular cells.'3” 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.%°>

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.®® 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.®’

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.1%
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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.'®® (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. %% %9

CELL-TO-CELL
METABOLIC GRADIENT CELL-ECM
INTERACTIONS

“ DESMOSOMES

H ﬂ GAP JUNCTION
H ﬁ CELL-ECM

DIVIDING CELLS “ |
A | QUIESCENT/SENESCENT H
b CELLS !
" i APOPTOTIC CELLS . :

: CELL PROLIFERATIVE
OXYGEN GRADIENT STATUS

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.%®

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.?%®

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.??! In this line, our group
has assessed a good antibody penetrance in this model by using anti-CD38

daratumumab.20?

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

plates, resulting in regular and viable spheroids useful for drug testing.?%3
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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.?®*

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.?%* 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.2%>

In Foxall et al, DLBCL grew in spheroids using a scaffold-based (collagen )
hanging-drop system, which enabled the study of adherent populations from
the TME like cancer-associated fibroblasts (CAF) and TAMs.2% Finally, a
lymphoma-on-chip model with a vascularized and perfusable microchannel

has been reported.?%’
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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).298299 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,?° 211 48 35 well as other solid

and hematologic cancers.?!?

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.?!3 214215 |n parallel, a role in
B-cell activation, proliferation and immunoglobulin synthesis by CD27/CD70

axis was also described.?1®

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
P13K and MEK pathways downstream.?!” (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.?17 218
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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.?*®

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.?? 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)??! with interesting results in clinical
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trials for AML treatment:  NCT03030612%%2, NCT030306122%,
NCT042415492%4, Apart from AML, it has been tested in different CD70+
malignancies, including cutaneous T-cell lymphoma and other solid tumors
(NCT01813539, NCT01813539) 22> 226 Eyen though no data is available for B-
NHL, promising results have recently been presented in a preclinical model of

chronic lymphocytic leukemia.??’

Clinical Trial | Pathology Product Phase | Start date
ID
NCT05667155 | DLBCL, tFL, | Cord Blood-derived | | 15-12-2022

PMBCL, MCL, | dualCAR-NK19/70
other indolent
and transforming

B-NHL

NCT04429438 | B-cell lymphoma | CAR-T cells | 1/1 01-06-2020
including PMBCL, | targeting different
CNS-BCL antigens (CD19,
CD20, CD22, CD70,
CD13, CD79b, GD2,
PSMA)

NCT05842707 | DLBCL, tFL, | dualCAR-NK19/70 WAl 18-01-2023
PMBCL, MCL, | cell
other indolent

and transforming

B-NHL
NCT02216890 | DLBCL, FL3b, MCL | SGN-CD70A 08-2014
(completed
15-02-2017)
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NCT03307746 | DLBCL, FL, MCL, | Varlilumab in |1/ 23-11-2017
MzZL combination  with
Rituximab
NCT04502446 | DLBCL Anti- 31-07-2020

CD70 Allogeneic
CRISPR-Cas9-
Engineered

T Cells (CTX130)

NCT00944905 MDX-1203, a 07-2009
human monoclonal (completed
antibody drug 11-2012)
conjugate

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 (NCT02216890%%8). 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.??® 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

( NCT009449052%).
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Finally, varlilumab (CDX-1127) is a human mAb that targets CD27 developed
to target CD27-expressing leukemias or lymphomas.?3! 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
(NCT01460134%%, NCT023359182%¢), while similar results were recently
observed in hematological malighancies. However, a durable CR was
observed on an advanced Hodgkin lymphoma patient, whose tumor cells

were characterized by a high CD27 expression.?3’

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 ymphoma, 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.?38 (Figure 13)

First-generation CAR-T, composed only by the following domains:
extracellular antigen recognition, hinge, transmembrane and intracellular
signaling (CD37) were not able to induce clinical responses.?3® 23° 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
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domain;2*® 241 however, 4-1BB domain also was demonstrated to be
effective.?*? 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.?43 244

T-cell receptor First-generation Second-generation Third-generation Fourth-generation
CAR CAR CAR CAR

Linker
VL F
VH scFv Cytokines
o0d0 o
002 0
1) Hu\ge = - s ..°.

D28 0 or @ 4-1BB 28 028

3

Extracellular space

4-1BB 4-1BB
D@D

Cytokine

transgene

Intracellular space

Figure 13. CAR-T constructs. At left, a normal TCR. At right, 1% to 4%
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.?* 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.?*6 247

Aiming to overcome some limitations in scFv-based CAR-T, ligand-based CAR-
T have emerged as a promising alternative.?*® 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.?*® (Figure 14)

Peripheral blood T cells isolation Genetically engineering

_—-—t

o Blood sample o Tcell o

CAR-T Cell

Therapy

‘ (6 (5 — @
< S .
CAR-T cell infusion

Patient
CAR-T cell

CAR-T cell attack Expansion

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).?3° 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.%%¢
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Additionally, the academic CAR-T ARI-0001, developed at Hospital Clinic 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.?>° 2°1 |n 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.?>> Overall, ARI-0001 efficacy is

comparable to available commercial CAR-Ts.2>3

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%.2>* Complete response was slightly lower, in a range

of 40-70%.2%°

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%).2°¢

Whether a patient achieve or not a durable remission is associated, among
other factors, to a deep initial response.?>> While overall DOR > 3 years was
51%, in patients which experienced a CR was increased to 76%.2°°
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.?>* 2%” 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 Clinic de Barcelona has combined anti-
CD19 CAR-T (ARI-0001) with anti-BCMA (hARI-0002), the last used for

multiple myeloma,?*’ generating a new product, ARI-0003. 2°8

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 cells?>9260261262  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.%%3 In another study, anti-CD19 CAR-T also induced
higher levels of IL2 and TNFa 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.?%! 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.?®*

5.4. Anti-CD70 CAR-T strategies

CD70 has been proposed as an interesting target for lymphoma in the context
of CD19 antigen escape.?®® 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.2%¢
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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 carcinoma?®’ and gliomas.?%8

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-T chain. This CAR-T was tested against cell lines
from NHL and other hematologic malignancies, showing an increase in
citoquines (IL-2, IFNy). Mild specific lysis was observed and patient samples

from B-cell ymphoma were included in the study.?®

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.?’? 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 models?%” and in glioblastoma.?’?

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.?’2 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.?”3

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.?’*

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.?’”>

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.2’®

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

to target CD70 that also were CD70-knockout (KO).2’”” 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.?’®
(Figure 15)

T-cell
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associated
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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.?’”? 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+ naive cells as well as higher TCR clonal diversity but lower CD8

cytotoxic.?”’

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.2’?
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OBJECTIVES

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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MATERIAL, METHODS AND RESULTS

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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Mantle cell lymphoma (MCL), a rare and aggressive B-cell non-Hodgkin lymphoma, mainly develops in the lymph node (LN) and
creates a protective and immunosuppressive niche that facilitates tumor survival, proliferation and chemoresistance. To capture
disease heterogeneity and tumor microenvironment (TME) cues, we have developed the first patient-derived MCL spheroids (MCL-
PDLS) that recapitulate tumor oncogenic pathways and immune microenvironment in a multiplexed system that allows easy drug
screening, including immunott MCL spheroids, i 1 by tumor B cells, monocytes and autologous T-cells self-organize
in disc-shaped structures, where B and T-cells maintain viability and proliferate, and monocytes differentiate into M2-like
macrophages. RNA-seq analysis demonstrated that tumor cells recapitulate hallmarks of MCL-LN (proliferation, NF-kB and BCR),
with T cells exhibiting an exhaustion profile (PD1, TIM-3 and TIGIT). MCL-PDLS reproduces in vivo responses to ibrutinib and
demonstrates that combination of ibrutinib with nivolumab (anti-PD1) may be effective in ibrutinib-resistant cases by engaging an
immune response with increased interferon gamma and granzyme B release. In conclusion, MCL-PDLS recapitulates specific MCL-
LN features and in vivo responses to ibrutinib, representing a robust tool to study MCL interaction with the immune TME and to

perform drug screening in a patient-derived system, advancing toward personalized therapeutic approaches.

Leukemia (2023) 37:1311-1323; https://doi.org/10.1038/541375-023-01885-1

INTRODUCTION
Mantle cell lymphoma (MCL) is a rare and aggressive B-cell non-
Hodgkin lymphoma characterized by CCND1 deregulation caused
by the t(11;14)(q13;q32) translocation as the first oncogenic hit.
Moreover, MCL is characterized by genomic instability and high
number of secondary genetic aberrations that are necessary to
engage lymphomagenesis. MCL is an heterogeneous disease
“per se” and World Health Organization recognizes 2 molecular
subtypes that differ in their clinical and biological features: the most
common and aggressive conventional MCL (cMCL, SOX11+ and
unmutated immunoglobulin heavy chain (IGHV), naive-like B-cell)
and the indolent leukemic non-nodal MCL (nnMCL; SOX11— and
mutated IGHV, memory-like B-cell) [1-3]. Besides, both forms differ
in the underlying genomic and epigenomic abnormalities [4].

In the last decade, next generation sequencing studies have
deciphered the MCL mutational landscape identifying recurrent

mutations (TP53, ATM, NOTCH1/2, CCND1, HNRNPH1, KMT2D, ARID1A,
SMARCA4) [5, 6] that contribute to MCL pathogenesis and resistance
to chemoimmunotherapy or targeted therapies [7]. These genomic
alterations often impact molecular pathways that are involved in
DNA damage response, cell proliferation and cell survival [8, 9]. In
addition to these genomic abnormalities it is fundamental to
consider MCL-tumor microenvironment (TME) crosstalk within the
lymph node (LN) [10, 11]. This dialog, together with genomic
alterations, leads to the activation of MCL hallmarks pathways of cell
proliferation, DNA repair, apoptosis inhibition, NF-kB and BCR
signaling [12], with a different representation among patients. In
this regard, a study combining genomic and transcriptomic profiling
has revealed distinct patients subsets, grouped by genomic
alterations and activated pathways (6], associated with differential
outcomes, thus reflecting the cooperation between genome
aberrations and TME on disease development and outcomes.
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In the LN ecosystem, the interaction between MCL tumor cells MCL viability. In addition, macrophages play a fundamental role
and T cells through CD40L and IL-4 is fundamental to promote in this scenario, as their number is associated with poor
tumor proliferation and viability [13]. Likewise, stromal cells as prognosis [19], support MCL cell growth in vitro [20] as well as
follicular dendritic cells (FDC) [14, 15], through integrin receptors in vivo [21], and may induce immune exhaustion through PD-L1

and secreted factors as CXCL12/13 or BAFF [16-18] maintain expression [22].
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MCL-PDLS as a novel 3D model to culture MCL samples ex vivo. A Representative scheme showing the workflow for MCL-PDLS

generation. Created with BioRender.com. B Brightfield images (magnification x40) captured in the Cytation 1 of PDLS generated with
cytokines (Cyt) and monocytes (Mn) stimuli compared to non-stimulated PDLS control (Ctrl) after 7 days of culture. € 3D reconstruction of a
representative PDLS (MCL 1) from an image obtained by SPIM microscopy. D Cell viability in tumor B cells and autologous T cells from PDLS
determined by percentage of negative LIVE/DEAD fixable Aqua staining (n = 18) after 7 days of culture. E Cell proliferation in B cells and
T cells, calculated as percentage of CFSE low cells, after 7 days of culture (n= 18). F PCA analysis using normalized expression values of six
genes related to macrophage polarization obtained by RT-qPCR in macrophages isolated from MCL-PDLS and 2D-differentiated macrophages
polarized to M1 or M2 phenotype as references. Undifferentiated monocytes were used as a control. MRCT and CCL22 are used as M2 markers

:vhile CCL5 and CXCL11 are used as M1 markers.

<

In view of the heterogeneity of this rare disease and the critical
contribution of TME, powerful preclinical systems using patient-
derived material and recapitulating microenvironment cues are
mandatory. Several attempts have been described in order to
maintain lymphoma patient-derived cultures and induce their
proliferation in 2D co-culture systems [17, 23-25]. In the last years
there has been an evolution toward patient-derived 3D cultures
and organoids (PDO) in many cancer types [26]. However, those
systems are scarce in lymphoma [27, 28] and not previously
generated in MCL. In the era of personalized medicine and with
the rapid evolution of immunotherapies, there is an urgent need
to establish these systems that recapitulate disease activated
pathway and immune profile, and are able to induce T-cell
mediated responses. In this work, we aimed to develop a novel 3D
spheroid-based model to culture MCL primary cells together with
autologous T cells and healthy donor monocytes, recreating the
immune TME. This MCL Patient Derived Lymphoma Spheroid
(MCL-PDLS) reproduces a specific MCL-LN signature [12] making it
a suitable tool to study MCL biology, and to test both conventional
and immunotherapeutic drugs together with identification of
biomarkers of response and relapse.

METHODS

PDLS generation

Peripheral blood mononuclear cells (PBMCs) isolated from MCL (n =19)
samples were thawed in sterile conditions, resuspended in enriched
medium [29] and counted using Neubauer chamber system with trypan
blue to assess cell viability. In order to assess proliferation, cells were
labeled with 0.5uM carboxyfluorescein succinimidyl ester (CFSE) cell
tracker (Thermo Fisher Scientific, Waltham, MA, USA) following manufac-
turer’s instructions.

The workflow for MCL-PDLS generation is detailed in Fig. 1A. CFSE-
labeled MCL samples were mixed with monocytes at a 4:1 ratio
(MCL:monocytes), seeding 5x 10% MCL cells/well and 125 x 10 mono-
cytes/well in a final volume of 200 ul/well in Nunclon™ Sphera™ 96-wells
Ultra-Low Attachment (ULA) microplates (Thermo Fisher Scientific) in
enriched medium supplemented with the following cytokines: 50 ng/ml
CD40L-HA tagged (R&D Systems, Minneapolis, MN, USA), 1 pg/ml anti-HA-
Tag antibody (Merck, Darmstadt, Germany), 10ng/ml IL-4 (Peprotech,
Cranbury, NJ, USA) and 50 ng/ml B-cell activating factor (BAFF) (Miltenyi
Biotec), referred hereafter as “PDLS medium"” and maintained at 37 °C 5%
CO, up to 7 days.

Drug assays
PDLS generated as indicated above were cultured in 150 ul of PDLS
medium, drugs were added at day 3 (50 pl/well in PDLS medium). Ibrutinib
(Selleck Chemicals LLC, Houston, TX, USA) was added to a final
concentration of 500nM and nivolumab (Selleck Chemicals LLC) at
10 ug/ml. Six PDLS replicates were assessed per each condition. After
3 days of treatment, MCL-PDLS were mechanically disaggregated and
analyzed by flow cytometry (BD LSRFortessa SORP-HTS, BD Biosciences,
Franklin Lakes, NY, USA) to assess cell viability (LIVE/DEAD Fixable Aqua)
and cell population distribution (CD20, CD3, CD4, CD8). To determine cell
number of viable cells, disaggregated PDLS were analyzed using a High
Throughput Sampler (HTS) integrated in the flow cytometry reading a fix
volume.

Detailed description of additional methods is included in the Supple-
mentary Material. These materials include: patient samples, monocyte-
macrophage differentiation and polarization analysis, PDLS immune profile

Leukemia (2023) 37:1311-1323

and activation, RNA-seq, metadata comparative analysis and a table of
antibodies used to characterize the populations by flow cytometry
(Table S1).

RESULTS

Patient-derived MCL spheroid
distribution and 3D structure
In secondary lymphoid organs (SLO) as the LN, lymphoma B cells
are in close contact with cells of immune origin, including CD40L-
expressing T cells, and macrophages together with endothelial
and stromal cells [30]. Thus, in order to generate a system that
recapitulates microenvironment cues in SLO, we cultured MCL
samples (Table 1), most of them from PB, in an optimized medium
(PDLS medium) containing CD40L, IL-4 and BAFF, which are
known to be fundamental to mimic interactions with T cells and
stromal cells [16, 17]. Macrophages are often not recovered from
biopsies and the number of monocytes in Peripheral Blood (PB) is
highly variable and does not correlate with macrophage infiltra-
tion of SLO in MCL [31]. For this reason, monocytes from healthy
donors were also included to account for the myeloid compart-
ment, fundamental in this pathology [20, 21]. This multicellular
suspension was seeded in ULA plates, as shown in Fig. 1A, to
facilitate cell aggregation and growth (Fig. 1B). Nineteen MCL-PB
samples were used to successfully generate PDLS. Spheroid
formation occurs in the first 24 h after seeding (Supplementary
Video 1). SPIM microscopy demonstrated that these structures
self-organize in a real spheroid, with a mean volume of 0.16 mm?
(MCL1) (Fig. 1C and Supplementary Video 2). As shown in Fig. S1A,
B, after 7 days of culture the viability of lymphoma B cells (mean
22.5) and accompanying T cells (mean 49.7), was significantly
increased by both the cytokine cocktail (mean B cells 62.5; mean
T cells 57.8) and the monocytes (mean B cells 55.45; mean T cells
73.92), separately. However, B-cell proliferation was only engaged
by cytokines (mean 32.95). In the case of T cells, both cytokines
(mean 21.47), and monocytes (mean 23.64) induced proliferation
(Fig. S1A, B), albeit with a great variability and similarly to previous
studies in 2D MCL stimulated with other cocktails [17]. This
proliferation was also reflected in the spheroid diameter (Fig. S1C).
Interestingly, this cytokine cocktail not only induced B-cell
proliferation, but also activation, as revealed by flow cytometry
changes in size (FSC) and complexity (SSC) and by the
upregulation of CD69 and CD86, as seen in SLO (Fig. S1D). Thus,
we chose to combine both cytokine cocktail and monocytes with
the lymphoma B cells and T cells, which similarly increased
viability in B and T cells (mean 62.88 and 70.9, respectively) and
proliferation in B cells (mean 30.17), while improved the T-cell
proliferation induced by cytokines alone (mean 39.57) (Fig. 1D, E).
After 7 days, MCL PDLS were mostly composed of B cells (mean
82%) and similar proportion of T cells (mean 9,8%) and monocytes
(mean 8,2%) (Fig. S1E).

It has been previously recognized that MCL cells induce
differentiation of monocytes to M2 macrophages [12, 21].
Similarly, we observed that monocytes progressively differentiate
into macrophages as shown by the increase in size and complexity
(FSC/SSC) (Fig. S1F). These macrophages displayed high expres-
sion of M2-like markers as the mannose receptor CD206 (MRC1)

cellular
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Table 1. MCL patient characteristics.
Study label Sex/ Samgle % IgVH Stage? McL Disease MIPI® nnMCL/ P53 Color
Age® type homology® variant® status’ cmcL” altered'
mcL1 M/63 PB 96.18% v NA R Medium  nnMCL Y

McCL2 M/76 PB 97.92 v C D High cMCL Y

o
MCL4 M/NA PB 98.17 v NA D High cMCL NA

(@)
MCL5 M/73 PB 99.6/ v NA D NA cMCL NA

O
MCL6 m/43 PB 99,65 v B D High cMCL NA

O
MCL8 M/NA PB NA NA B NA NA NA NA

()
McCL10 F/73 PB 100’ v G R High cMCL NA

(@)
MCL11 M/71 PB 100/ v G D High cMCL N

o
McCL12 M/64 PB 100* v © R High cMCL N

@
MCL13 M/70 PB 98.60" v ¢ R High cMCL N

(@)
MCL14 M/75 PB 95.14% v NA R High nnMCL Y

O
MCL16 M/80 PB 97.22% v NA D High nnMCL Y;

@
McL17 F/78 PB 95.83% NA NA R NA nnMCL N

@)
MmcL18 M/65 PB 91.58" v NA Pt Medium nnMCL N

@
MCL19 F/60 BM 97.32) NA NA Pt NA nnMCL NA

®
MCL20 M/52 PB NA 1 NA R Low nnMCL NA

O
MCL21 F/59 PB 96.18' v C R Low cMCL N

[
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Table 1. continued

Study label  Sex/ Samgle % IgVH Stage!
Age® type homology®

MCL22 M/60 BM 93.47% v

MCL24 F/59 LN NA v

°F: female, M: male.
PB: peripheral blood, LN: lymph node, BM: bone marrow.

mcL
variant®

Disease mipi# nnMCL/ TP53 Color
status’ amcLh altered'

R Medium nnMCL Y

R Low cMCL NA

% of homology with the germline, assessed by /Sanger sequencing or kigCaller (59].

dAnn Arbor stage.

“Evaluated by two independent pathologists. C: conventional, B: blastoid; NA cases did not have tissue available.
‘Samples were obtained at D: diagnosis, R: relapse, Pt: pretreatment, NA: not available.

9IMIPI: Mantle cell L og|
"nnMCL: non-nodal MCL; cMCL: conventional MCL.

ic Index (High: 6-11; Medium: 4-5; Low: 0-3).

'Mutated and/or deleted at the time of sampling. Y: yes, N: no, NA: not available.

and CCL22 (Fig. 1F), while M1-like markers were underrepresented
(Fig. 1F). Moreover, the macrophages from the MCL-PDLS clearly
clustered with M2-like macrophages in the PCA analysis generated
with the expression of monocytes (PMAIPT and RGS2), M1 (CCL5
and CXCL1) and M2 markers (CCL22 and MRC1). These genes were
selected from studies analyzing their differential expression
32, 331

In summary, we have established for the first time a patient-
derived 3D system integrating fundamental cellular and signaling
component of MCL-TME with viable and proliferative B and T cells.

Patient-derived MCL spheroids recapitul;
pathways

We next sought to determine if these MCL-PDLS engage a
transcriptional program close to that of LN-resident MCL cells.
Thus, we performed RNA-seq of purified B cells from unstimulated
samples (MCL-PB) and compared with B cells isolated from the
generated PDLS after 7 days of culture (n=4). Differential
expression analysis of paired samples indicated that 4262 genes
were upregulated and 3365 downregulated in the PDLS (Fig. 2A,
B), highlighting a significant transcriptome modulation. We next
proceeded to validate if MCL-PDLS recapitulate MCL-LN signaling
pathways. A recent study from Saba [12] and cols established
MCL-PB and MCL-LN compartment-specific signatures. Using
these signatures, as well as BCR, NF-kB and NIK pathway and
proliferation signatures [12, 34], we demonstrated that the
expression levels of the genes involved in those signatures
(signature score) were significantly upregulated in the MCL-PDLS
compared to original MCL-PB, while PB signature was down-
regulated. The leading-edge genes of these signatures are
presented in a heatmap (Fig. 2C) and gene names are included
in Table S2. Moreover, we confirmed by GSEA analysis that these
pathways were significantly enriched in the PDLS while PB
signature was enriched in MCL-PB samples (Fig. S2A).

BCR signature was also increased in 3 out of the 4 patients
analyzed (Fig. S2B) but did not reach significance. Of note, the
sample that behaves differently (MCL 10) belongs to a post-
ibrutinib case at the time of relapse that may explain this outlier
behavior. In fact, the down-regulation of BCR signaling after
treatment with BTK inhibitors has been recently described in
Richter transformation patients [35].

Furthermore, GSEA analysis using canonical pathways [36]
uncovered that B cells from PDLS, compared to MCL-PB, exhibited
an overrepresentation of relevant pathways in MCL pathogenesis
including two fundamental blocks. The first one, composed of
proliferation (E2F, MYC, KRAS), survival (NF-kB, TNF), metabolic

MCL-LN signali

Leukemia (2023) 37:1311-1323

pathways (OXPHOS, glucose and amino acid metabolism), “house-
keeping” cellular processes (protein and RNA synthesis), DNA
damage/repair, altogether reflecting the active state of these MCL
tumoroids. The second block was composed of Immune pathways
including activation, antigen presentation together with cytokines
and chemokines fundamental for a LN-like immune microenvir-
onment (Figs. 2D and S2C and Tables S3 and S4).

Moreover, we confirmed that the optimized culture conditions
for primary MCL cells in 3D (PDLS) were superior to a conventional
2D approach including the same cytokine cocktail and monocytes.
In this regard, differential expression analysis of 3D (PDLS) vs. 2D
(MCL-2D) approaches allowed the identification of 90 genes
upregulated in the PDLS condition, while only 32 genes were
increased in the 2D culture (Fig. 3A, B). Noteworthy, PDLS was
superior than MCL-2D in recapitulating MCL hallmark pathways
(BCR, NF-kB, NIK and proliferation) (Fig. 3C). Moreover, GSEA
highlighted additional pathways upregulated in PDLS compared
to MCL-2D including angiogenesis, cell cycle, oncogene activation
(KRAS and MYC), cell adhesion, stemness, post-translational
modification (O-glycosylation) and extracellular matrix (ECM)
involvement (Table S5 and Fig. 3D). The leading-edge genes of
representative signatures from Fig. 3C are presented in heatmaps
(Fig. 3E) and gene names are included in Table Sé. In this regard, it
is noteworthy the reorganization of the ECM that occurs in 3D
including the upregulation of several collagens (COL12AT,
COL22A1, COL6A3 and COL7A1), the immunosuppressive tenascin
(TNC) together with metalloproteinases (MMP9, MMP16 and
MMP19) (Table S6).

Altogether, these results support that MCL-PDLS represent a
robust 3D model recapitulating fundamental biological pathways
of MCL in secondary lymphoid organs such as the LN.

Patient-derived MCL spheroids exhibit a T-cell immune
h profile r ent of MCL-LN

It has been described that MCL exhibits features of exhaustion,
including high expression of PD-1 and TIGIT in both CD4 and CD8
T cells [22], as well as the presence of the corresponding ligands
PD-L1, CD155 and CD112 in lymphoma cells and/or macrophages.
By means of a bioinformatics analyses of public databases we
compared the expression of a wide panel of immune checkpoints
and its ligands in normal tonsils and in LN from MCL patients
(MCL-LN), and we confirmed those published results and
identified additional immune regulators overexpressed in MCL-
LN. Among the receptor-ligand pairs analyzed, we highlight the
increase in RNA levels of CD66a and TIM3, SIRPa, CD27, together
with the already known PD-L1 and TIGIT (Fig. 4A). We next sought
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to determine if MCL-PDLS recapitulate this immune exhaustion
profile by flow cytometry analysis of these immune regulators and
their ligands, including those whose expression levels were not
significantly different between MCL and normal tonsils. We
performed this analysis in the PB sample just after thawing
(MCL-PB) and in PDLS after 3- and 7-days culture. Moreover, we
added a control of PBMCs from healthy donors. Likewise, in the
case of monocytes, we compared the immune regulators

Leukemia (2023) 37:1311-1323

expression before their inclusion in the PDLS, and after being in
the PDLS for 3 or 7 days. We observed that MCL-PB profile is quite
similar to PBMCs control for the expression of many immune
regulators in CD4 or CD8 T cells and B cells. After the PDLS culture,
there was an increase of most immune checkpoints and their
ligands including: TIM-3 and TIGIT in both CD4 and CD8 cells,
CD70 in CD8 and PD-1 in CD4. SIRPa, CD27 and CDA47 expression
was basically maintained. The increase of PD-L1, CD112 and
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CD155 was also significant in both B (CD20+) cells and
monocytes/macrophages (CD11b+) in the PDLS (Figs. 4B and
$3) compared to MCL-PB. As expected, the level of immune
exhaustion generally increases with the days of culture. The
heatmap in Fig. 4C illustrates this phenomenon for PD-1, TIM-3
and TIGIT and also shows the interpatient variability.

Overall, we can conclude that MCL-PDLS generated from PB
recapitulate the immune exhaustion features of MCL-LN and may
represent a good tool for immune-oncology studies.

in vivo

Patient-derived MCL spheroids recapitul
to ibrutinib treatment

BTK inhibitors as ibrutinib represent the standard of care to treat
relapsed MCL, and is currently moving to frontline combined with
standard first-line therapy (NCT02858258). Thus, we sought to
determine if we could recapitulate clinical responses to ibrutinib in
the MCL-PDLS system. First, we checked if the inhibitor was active
in the PDLS. As shown in Fig. S4A, ibrutinib decreases tumor
burden significantly, almost 50% on average albeit with inter-
patient variability (n =17). This depletion was associated in the
sensitive cases with a decrease in tumor cell proliferation and
viability induced by ibrutinib (Fig. S4B, C).

Then, we generated MCL-PDLS with samples from patients who
received the drug at our institution and thus can be classified into
responder patients (including partial response) and non-
responder patients. After 3 days, MCL-PDLS were treated with
ibrutinib or not (control condition) and cell count and viability
were determined by flow cytometry. Noteworthy, MCL-PDLS
reproduced with high degree of accuracy the in vivo response
(Fig. 5A), and only the PDLS derived from ibrutinib-responder
patients showed a decrease in their viability in B-cell fraction when
adding ibrutinib (Fig. 5B).

Interestingly, one of the patients included in this study,
MCL10, received ibrutinib as 2nd line treatment after relapsing
from R-CHOP initial treatment. At first, MCL10 was responsive to
ibrutinib achieving a partial response, followed by a new
progression 9 months later. We were able to generate PDLS
from MCL10 from the sensitive pre-ibrutinib sample and with
the samples of the second relapse, post-ibrutinib, when the
patient was longer responding to ibrutinib. PDLS recapitulate
this in vivo scenario faithfully, as displayed in Fig. 5C. Ibrutinib
induced more than 30% B-cell depletion in the PDLS from the
first relapse that initially responded to ibrutinib, while no effect
was seen when treating the PDLS from ibrutinib progression.
Similar results were obtained when viability was assessed in
these two PDLS (Fig. 5C).

These results support the PDLS model as a robust system to
predict the response to BTK inhibitors.

Patient-derived MCL spheroids engage ii activation in

P to i checkpoint i
Ibrutinib is known to be an effective drug for MCL treatment, but
most patients acquire resistance and eventually relapse. Therefore,
effective therapeutic alternatives represent an unmet clinical need
for MCL. In this scenario, the combination of ibrutinib with the
anti-PD1 nivolumab has been studied in clinical trials [37] in
several types of NHL but not in MCL, showing good results in CLL
Richter transformation [38]. Thus, we analyzed the efficacy of this
combination compared to ibrutinib in the PDLS system. As shown
in Fig. 6A, B-cell depletion induced by the combination was
slightly higher than ibrutinib monotherapy, but without reaching
statistical significance. However, we noticed that those MCL cases
with limited responses to ibrutinib (B-cell depletion below the
mean (31.9%)), were those that benefit most from the combina-
tion, and B-cell depletion was significantly superior than ibrutinib
alone (Fig. 6A, right).

Furthermore, in vivo non-responder patients to ibrutinib
achieved a higher B-cell depletion with nivolumab combination,
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while the in vivo responder patients did not benefit from
nivolumab addition in vitro (Fig. 6B).

Next, we classified our patients according to TP53 status
between wild-type and mutated (Table 1). Interestingly, addition
of nivolumab only benefited those cases who did not have altered
TP53, while patients who carried mutations or deletions showed a
similar B-cell depletion (fold change=1) when comparing the
combination or ibrutinib as monotherapy (Fig. S5A).

Finally, we investigated whether addition of nivolumab
activated the immune system toward an anti-tumoral response
by analyzing the release of IFNy and Granzyme B in the MCL-PDLS
supernatants as a read-out of immune activation. Interestingly, the
combination led to significant higher IFNy concentrations in PDLS
supernatants compared to ibrutinib alone, suggesting that the
MCL-PDLS system may engage a Th1 anti-tumoral response
(Fig. 6C). Granzyme B levels were also increased but without
reaching statistical significance (Fig. S5B). However, when patients
were classified into sensitive or refractory to the combination,
according to the in vitro response (fold change depletion
(ibru - nivo vs. ibru) >1.2), we observed the increase of granzyme
B levels in supernatants from sensitive PDLS, while not in those
from refractory PDLS (Fig. 6D). Likewise, the percentage of CD8
T cells increased in PDLS sensitive to the combination (Fig. S5C).

Thus, we found evidence that a cytotoxic response (Granzyme B
release) is activated by the addition of nivolumab to the PDLS
system and it is associated to the efficacy of the combination.

DISCUSSION

B lymphoma mainly develop within LN as aggregates of tumor
cells densely packed with their surrounding microenvironment,
creating a tumor specific niche. In the precise case of LN-resident
MCL cells, they rely mostly on BCR-mediated signaling and NF-kB
pathways and have therefore a clear role in proliferation of LN-
MCL cells [12]. These signaling pathways are the results of MCL
crosstalk with the TME in the LN, mainly T cells, macrophages and
resident stromal cells as FDCs. In order to recapitulate these
complex interactions in vitro, patient-derived 2D co-cultures
supplemented with specific cytokines and growth factor cocktails
have been established [17]. However, it is currently accepted that
3D models better represent cancer biology, signaling pathways
[39, 40], and specially B and T-cell activation, as they are
influenced by physical forces that are not recapitulated in 2D
cultures [41]. Thus, in the era of precision medicine, it is
mandatory to establish robust and reproducible patient-derived
3D systems. This is even more urgent in a rare and heterogeneous
disease as MCL, where preclinical efficacy of novel agents and
combinations will ease the design of clinical trials where patient
recruitment is always challenging.

For all these reasons, we endeavored to set the first patient-
derived MCL lymphoma 3D system as a real alternative to costly
Patient-Derived Xenograft (PDX) model. MCL-PDX have been
successfully established in this disease and have proven to be
useful for antibody therapy [42-44]. However, they do not
represent the best option for large screenings and do not
recapitulate a human microenvironment, unless using humanized
(hu-PDX) mice, which elevates the cost and complicates the
design. Thus, one can envision PDX and hu-PDX as a last step of
validation before clinical translation.

MCL-PDLS represents an affordable and robust system for a
number of reasons:

First, both tumor B cells and autologous T cells maintain good
viability and engage proliferation for at least 1-week, a window
which allows to analyze the efficacy of most therapeutic agents. It
is fundamental to consider the myeloid compartment as a part of
the MCL niche, disease pathogenesis and a source of immuno-
suppressive signals [20, 21, 45]. As the percentage of autologous
monocytes in the original PB sample was extremely low due to
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tumor B-cell expansion [46], we decided to introduce monocytes
from healthy donors in a ratio that reflects macrophage infiltration
in MCL biopsies [31].

Second, in this study most of the samples were PBMCs from PB,
both from cMCL (n = 10) and nnMCL (n = 8). PB samples represent

SPRINGER NATURE

the most common and abundant material available as a high
proportion of MCL patients present with leukemic disease [47].
Thanks to the optimized culture conditions, PDLS fairly recapitulate
MCL-LN signature and fundamental hallmarks as NF-kB, BCR and
proliferation signature. This is of special interest considering the
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scarce availability of MCL-LN samples. Moreover, additional relevant
pathways identified include metabolic pathways (OXPHOS [48],
glucose and amino acids metabolism) and housekeeping processes
(protein/RNA synthesis), reflecting that MCL-PDLS are a living and
dynamic system. In addition, despite the absence of external
additional of ECM in the system, we were able to demonstrate that
the 3D conformation together with monocytes that differentiate
into macrophages in the MCL-PDLS, favor the generation of ECM
components including several types collagen (COL12A1, COL22A1,
COL6A3 and COL7A1), the immunosuppressive tenascin (TNC)
together with metalloproteinases (MMP9, MMP16 and MMP19),
creating a more fibrotic TME typical of M2-like macrophages [49, 50].

Third, MCL-PDLS recapitulate the immune TME exhaustion
features of MCL-LN [51] and may represent a good tool for
immune-oncology studies. It is noteworthy the overrepresentation
of gene sets related to immune pathways identified by RNA-seq
(Tables S3 and S4). Thus, PDLS may be useful to test bi-specific
antibodies and T-cell engagers due to the presence of autologous
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T-cells. Moreover, this MCL-PDLS has the advantage of including
myeloid immunosuppressive cells expressing key ICP ligands such
as PDL1, CD66a, SIRPa and the TIGIT ligands CD112 and CD155.

Fourth, PDLS recapitulate in vivo responses to biological agents
targeting tumor cells and TME such as ibrutinib, and represents a
platform to study novel combination of BTK inhibitors. Ibrutinib is
approved and very active in relapse/refractory (R/R) MCL [52], but
most patients eventually develop resistance. Thus, second and
third generation BTKi have been developed and will offer an
advantage in certain settings [53]. Likewise, new combinatorial
approaches have been investigated, including anti-CD20 mAb [54]
and/or BH3 mimetics [55, 56]. In this context we propose the
combination with the anti-PD1 mAb nivolumab specifically for
those patients with limited ibrutinib responses. This has been
analyzed in the phase Iflla LYM1002 study (NCT02329847) for
several relapsed/refractory B-cell malignancies. The best responses
(>60%) were obtained for chronic lymphocytic leukemia (CLL) and
Richter Syndrome [57], and current efforts are driven toward the
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identification of potential biomarkers of response to identify
beforehand those patients who will benefit from this combination
[58]. Likewise, the preliminary efficacy of the anti-PD1 pembroli-
zumab in combination with ibrutinib is under investigation in a
phase |/lla trial (NCT03153202) in R/R CLL and R/R MCL. Thus, we
envision our MCL-PDLS system as a complementary in vitro tool
for phase 1/2 trials to help identifying biomarkers of response and
mechanisms of resistance.

In summary, MCL-PDLS represents a novel 3D model maintaining
fundamental hallmarks of MCL-LN, that may serve a platform to
perform preclinical screening of novel targeted therapies, immu-
notherapies and cell therapies in a robust, 96-well format and
affordable patient-derived 3D system. Future perspectives we are
approaching to improve and complexify these systems include:
the integration of ECM and relevant stromal cells (FDC), and the
inclusion of these tumoroids in a microvascularized system.
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Follicular lymphoma (FL), the most common indolent non-Hodgkin lymphoma, constitutes a paradigm of immune tumor
microenvironment (TME) contribution to disease onset, progression, and heterogenous clinical outcome. Here we present the first
FL-Patient Derived Lymphoma Spheroid (FL-PDLS), including fundamental immune actors and features of TME in FL lymph nodes
(LNs). FL-PDLS is organized in disc-shaped 3D structures composed of proliferating B and T cells, together with macrophages with
an intermediate M1/M2 phenotype. FL-PDLS recapitulates the most relevant B-cell transcriptional pathways present in FL-LN
(proliferation, epigenetic regulation, mTOR, adaptive immune system, among others). The T cell compartment in the FL-PDLS
preserves CD4 subsets (follicular helper, regulatory, and follicular regulatory), also encompassing the spectrum of activation/
exhaustion phenotypes in CD4 and CD8 populations. Moreover, this system is suitable for chemo and immunotherapy testing,
recapitulating results obtained in the clinic. FL-PDLS allowed uncovering that soluble galectin-9 limits rituximab, rituximab, plus
nivolumab/TIM-3 antitumoral activities. Blocking galectin-9 improves rituximab efficacy, highlighting galectin-9 as a novel
immunotherapeutic target in FL. In conclusion, FL-PDLS maintains the crosstalk between malignant B cells and the immune LN-TME
and constitutes a robust and multiplexed pre-clinical tool to perform drug screening in a patient-derived system, advancing toward

www.nature.com/bcj

W) Check for updates

personalized therapeutic approaches.

Blood Cancer Journal (2024)14:75 ; https://doi.org/10.1038/541408-024-01041-7

INTRODUCTION

Follicular Lymphoma (FL) is the most common indolent non-
Hodgkin’s lymphoma (NHL) and is considered a chronic and
incurable disease [1]. Despite the high response rates to R-CHOP
induction therapy, relapses are a frequent event. The risk of
histologic transformation to diffuse large B cell lymphoma (DLBCL)
increases over time (2-3% per year) [2], and confers a dismal
prognosis [3]. FL arises from the malignant transformation of
germinal center (GC) B cells that most frequently (v85%) acquire
the t(14;18)(q32;921) translocation, leading to BCL2 overexpression
[4]. In addition, genetic alterations in histone-modifying enzymes
are recognized as a central hallmark of FL, being KMT2D, CREBBP,
and EZH2 [5] the most frequently mutated genes, together with
other relevant lesions participating in pathogenic processes (ie.,
MEF2B, HVEM, and RRAGC) [6-8]. Moreover, these alterations
induce a reshaping in the immune tumor microenvironment (TME),
favoring the generation of this disease and its progression [9, 10].

FL represents a paradigm of dependence on the TME [11-13],
and current stratification scores include both genetic alterations
and immune signatures [14-16]. This TME is composed of an
intricate network of cytokines and immune modulators expressed
by non-malignant cells present in the normal GC structures of
lymph nodes (LN). The main players that support FL cells and
maintain the GC structure are CD4" T follicular helpers (Try) and
follicular dendritic cells (FDC), which by means of CD40L, IL-4, and
IL-21 cytokine signaling, contribute to tumor survival and
proliferation [17-19]. Moreover, FL cells are involved in the
recruitment of CD4™ T regulatory cells (Tgeg), in charge of
inhibiting anti-tumor immune responses, hampering CD8"
granzyme B and perforin release [20]. In addition, these CD8"
exhibit an exhaustion profile with high levels of PD-1 and TIM-3
[21]. Nevertheless, the myeloid compartment trans-presents IL-15
which will stimulate NK and CD8 cell activity. Likewise, TAMs
encompass several subpopulations with opposing roles in the
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TME. Therefore, conflicting prognosis values were obtained using
the classical TAM marker CD163 [22]. In this regard, we have e ° e
demonstrated that the percentage of CSF-1R™ macrophages (Md)
correlates with FL grade and risk of transformation to an
aggressive lymphoma [23].

In order to study this complex and heterogeneous network,
patient-derived systems that recapitulate microenvironment cues
are mandatory. FL cell lines are not representative of FL pathology
or its heterogeneity, and patient-derived xenograft (PDX) models
fail to recapitulate the human microenvironment. In the last years,
there has been an evolution toward patient-derived 3D cultures
and organoids in many solid tumors [24], yet lymphomas are
scarce [25, 26] and with limited TME [27]. Therefore, there is a
need to establish an amenable system recapitulating the main
pathogenic pathways delivered to the tumor B-cell in the LN,
together with the immune activation/suppression status of T cells
and the myeloid compartment. This system would be instrumental
in the context of precision medicine. In the same line, we have
recently developed a mantle cell lymphoma (MCL) patient-derived
3D model co-culturing MCL primary cells with autologous T cells
and monocytes from healthy donors [28].

Here we present the first patient-derived lymphoma spheroids
(PDLS) from FL samples (FL-PDLS) that recapitulate the signaling
cues of the tumor niche in the GC together with monocytes and
autologous T cells, building a system for immunotherapies and
cell therapies intervention. In this context, we have uncovered a
role for galectin-9 in T-cell responses that may deserve attention
in FL immunotherapeutic approaches.
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METHODS

FL-PDLS generation

FL samples from LN or peripheral blood (PB) (n=20) (Table 1) were
thawed in sterile conditions, resuspended in enriched medium [29] (RPMI
Glutamax (Gibco, Thermo Fisher Scientific, Waltham, MA, USA); 15% FBS
(Gibco, Thermo Fisher Scientific); 1,1% ITS (Sigma-Aldrich, St. Louis, MO,
USA); 1% HEPES (Sigma-Aldrich); 1% Pyruvate (Gibco, Thermo Fisher
Scientific); 1% Non-Essential AA (Gibco, Thermo Fisher Scientific); 0.1%
2f-merc hanol (Si Aldrich); 0.5% Gentar e (Sigma-Aldrich)),
and counted using Neubauer chamber system with trypan blue to assess
initial cell viability. To assess proliferation, cells were labeled with 0.5 uM
carboxyfluorescein succinimidyl ester (CFSE) cell tracker (Thermo Fisher
Scientific) following the manufacturer's instructions. CFSE-labeled FL
samples were then mixed with monocytes (isolation described in
supplemental methods) at 4:1 ratio (FL:monocytes), seeding 50,000 cells/
well and 12,500 monocytes/well in a final volume of 200 plL/well in
Nunclon™ Sphera™ 96-wells Ultra-Low Attachment (ULA) microplates
(Thermo Fisher Scientific) in the enriched medium mentioned above,
supplemented with the following cytokines (PDLS medium): 50 ng/mL
CD40L-HA tagged (R&D Systems, Minneapolis, MN, USA), 1 ug/mL anti-HA-
Tag antibody (R&D Systems), 100 ng/mL IL-21 (Peprotech, Cranbury, NJ,
USA), 10 ng/mL IL-4 (Peprotech) and 50 ng/mL IL-15 (R&D Systems). PDLS
were maintained at 37 °C 5% CO, for up to 10 days. The workflow for FL-
PDLS generation is detailed in Fig. 1A.

Parsaclisib + lbru
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R-ESHAP
ASCT
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Histolos
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Disease
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Drug assays and activation analysis

Six FL-PDLS replicates per experimental condition were cultured in 150 pL/
well of PDLS medium -+ Mn and treated after 72 h (day 3) with 50 pL/well
containing the drugs diluted in PDLS medium. The following antibodies
and doses were used: 3.75 ug/mL rituximab (provided by Hospital Clinic
pharmacy), 10 ug/mL anti-ICOS, 5 ug/mL anti-TIM-3, 2 ug/mL anti-LAG-3,
and 10ug/mL anti-TIGIT, all functional grade antibodies from Thermo
Fisher Scientific, 10 ug/mL nivolumab (Selleck Chemicals LLC, Houston, TX,
USA) and 2.5 pug/mL anti-galectin9 (Biolegend, San Diego, CA, USA). CHOP
components, provided by the Hospital Clinic pharmacy, were used at the
following conc i cycloph ide (0.1 pg/mL), doxorubicin
hydrochloride (0.5 pg/mL), vincristine sulfate (0.014 pg/mL) and predni-
sone (1 pg/mL). After 72 h of treatment (day 6), PDLS were mechanically
disaggregated to analyze cell viability (LIVE/DEAD Fixable Aqua, Thermo

Samgle
type
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PB

FL patient characteristics.
Sex/
age”
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Fisher Scientific) and cell population proportions (CD20, CD3, CD4, CD8) by
flow cytometry (BD LSRFortessa SORP-HTS, BD Biosciences, Franklin Lanes,
NJ, USA). To be able to determine cell absolute number of viable cells,
disaggregated PDLS were analyzed by reading a fixed volume using a High
Throughput Sampler (HTS) integrated in the cytometer. To quantify IFNy
levels after 72 h of treatment, PDLS supernatants were pooled and stored
at —80°C. Cytometric Bead Array (CBA) kit was then used following the
manufacturer’s instructions (BD Biosciences). Data was analyzed using
FCAP Array™ v.3.0 Software (BD Biosciences).

Additional materials and methods, including FL-PDLS imaging, immune
profile, immunofluorescence, RNAseq, and metadata analysis, together
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with a complete list of antibodies (Table S$1), are provided as
Supplementary Information.

RESULTS

FL-PDLS g and charac

To recreate an ex vivo FL model that recapitulates immune TME
signaling in the LN, composed of non-malignant immune cells
such as CD4 Tgy, T follicular regulatory cells (Trp), and Treg
together with CD8 cytotoxic cells and TAMs [13, 30], we have

Blood Cancer Journal (2024)14:75
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Fig. 1 FL-PDLS is a novel patient-derived model i an i i A Schematic representation of the workflow for
FL-PDLS generation. Created with BioRender.com. B Bnghtﬁeld images (Cytation 1) of two representative cases after 7 days of culture showing
non-stimulated PDLS (Control) and the PDLS medium with allogeneic monocytes (Mn+Cyt). Magnification 4x and 1000 um scale. € 3D
structure obtained by SPIM microscopy of PDLS shown in (B), under complete condition (Mn+Cyt). D CD20™ and CD3™ population viability
(upper panel) was determined by the percentage of Aqua™ flow cytometry staining, and proliferation (lower panel) was measured by the
percentage of CFSE low signal after 7 days of culture in the four experimental scenarios. Patient coding is included in Table 1. One-way ANOVA
followed by the Holm-Sidak post hoc test was applied. E FL-PDLS immunofluorescence of CD19", CD3*, or Mn/M¢ cells (green), merged with
Ki-67" (red) to determine the proliferation of each population by signal colocalization (yellow) at day 7 of culture. Captured in confocal Leica
TCS SPE microscope. Scale 200 pm. F BCL-2/IGH rearrangement by FISH using IGH/BCL2 dual fusion dual color in FL1 and break-apart probe in
the case FL21. FL1: the signal constellation illustrates two yellow signals (yellow arrow) corresponding to the /GH/BCL2 fusion and one red (red
arrow), and one green signal (green arrow) for the unrearranged BCL2 and IGH, respectively. Normal cells have two green signals and two red
signals. FL21: the signal constellation shows a yellow signal (yellow arrow) for the unrearranged BCL2 and green and red signals for the
rearranged BCL2 allele. Normal cells display two yellow signals. G Side scatter (SSC-A) vs forward scatter (FSC-A) plot of CD11b™ cells from Mn,
from day 6 M¢-PDLS, and from M2 macrophages (left). Gene expression of Mn makers (RGS2 and PMAIP1) by RT-qPCR in CD11b" cells sorted
from day 7-FL-PDLS, compared to Mn, MO, M1, or M2 macrophages. Values are relative to MO macrophages (mean, n=4) (right). H PCA
diagrams clustering Md-PDLS with in vitro differentiated MO, M1, M2 and non-differentiated Mn, based on CXCL11, CCL5, MRC1, CCL22, RGS2
and PMAIP1 gene expression levels measured by RT-PCR (left), or based on flow cytometry expression of CD163, CD206, CLEC4A, CD80, and

CD86 (right).
<
<

established a 3D model using primary FL samples (n = 20, Table 1)
composed by malignant B FL cells and autologous T cells, together
with monocytes (Mn) (1Mn:4FL ratio) purified from healthy donors.
We optimized a PDLS medium containing the following cytokines
to recapitulate the FL-LN niche: CD40L, IL-21, IL-4, and IL-15 in an
enriched medium (described in materials and methods). Several
cytokine combinations were tested that maintained B and T cell
viability (Figure S1), CD40L clustering and IL-21 were fundamental
for B-cell proliferation, while the addition of IL-15, trans-presented
by monocytes, promoted T cell proliferation [31].

Either cryopreserved LN biopsies or PB samples were seeded as
a multicellular suspension in ULA plates, as shown in the workflow
(Fig. 1A), to facilitate cell aggregation and growth. PDLS clustering
occurred within the first 12 h (Supplemental Video 1), successfully
maintaining a rounded structure for up to 7-10 days of culture,
containing darker dense proliferation cores where CFSE staining
disappeared (Figs. 1B and S2A). To characterize the real 3D
structure, PDLS were imaged by Selective Plane lllumination
Microscopy (SPIM, ZEISS Lightsheet Z.7, Imactiv 3D, Toulouse,
France), showing self—organized disc-shaped structures with a
mean volume of 1.84 mm? (Fig. 1C and Supplemental Video 2). We
then analyzed the viability and proliferation of B and T cells in the
PDLS. The culture without cytokines (control) maintained B cell
viability (mean: 53.68), and the monocytes moderately improved
this effect (mean: 64.45) (Fig. 1D). Cell proliferation, evaluated by
accumulative CFSE loss, was prominently engaged when cytokines
were added (PDLS medium, Cyt) in B and T cells (mean 86.78 and
71.9 respectively), whereas the co-culture with monocytes alone
(Mn) just induced significant proliferation in T cells (mean: 22.68)
while the effect on B cells was minor. Likewise, both monocyte co-
culture (Mn) and PDLS medium (Cyt) alone enhanced T cell
viability (mean: 65.26 and 77.23 respectively), reaching a mean
percentage above 78% when both were combined (Fig. 1D). Thus,
we decided to combine Cyt (PDLS medium) and Mn to better
mimic FL-TME signaling and interactions including the presence of
the myeloid compartment. Proliferation was further confirmed by
confocal microscopy labeling Ki-67 in CD19', CD3 "', and macro-
phages (Fig. 1E). The colocalized signals in yellow validate the
expression of Ki67 in B and T cells, whereas in monocytes/
macrophages, no double signaling was detected, confirming the
low proliferation capacity of human monocytes cultured in vitro
[32]. B, T cell and macrophage distribution in the PDLS are shown
in Fig. S2B. The cellular composition was evaluated in day 7-PDLS,
displaying a mean of 60.11% CD20 ', 4.62% CD11b "', and 35.27%
CD3™, where CD4"/CD8" account for 44%/55% on average (Fig.
S20). Importantly, FL-PDLS maintained the FL hallmark BCL2
rearrangement as demonstrated by fluorescence in situ hybridiza-
tion (Fig. 1F). Likewise, we analyzed light chain restriction in the
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initial sample and in day 6-PDLS (Fig. S2D), demonstrating that
most of B cells maintained the original isotype, with a small
portion of cells with a different isotype, indicating some
proliferation of existing normal cells in the initial sample.
Moreover, tumor cells (CD20—~CD10+ kappa+, in red) were
CD43 dim and CD305- at day 0, and this specific FL markers [33]
are preserved in the PDLS (shown for FL1, Fig. S2D).

We next analyzed the evolution of monocytes introduced in the
FL-PDLS. As shown in Fig. 1G, CD11b™ cells in the day, 6-PDLS
increased size (FSC-A) and complexity (SSC-A) when compared
with day 0 CD11b™ Mn and downregulated the expression of the
monocyte genes RGS2 and PMAIPT [34] indicating their differ-
entiation toward macrophages in the FL-PDLS system. We next
characterized their phenotype by qPCR (CXCLT1/CCL5 for M1 and
MRC1/CCL22 for M2) and by flow cytometry (CD80/CD86 for M1
and CD163/CD206/CLEC4A for M2) [34]. Most of the M1 and M2-
like markers increase with the PDLS condition (Figs. 1H and S2E),
indicating that monocytes added in the PDLS culture, after 7 days,
partially differentiate into macrophages and polarize within an
intermediate state between an activated (M1) and a tumor
supportive (M2) phenotype. This phenomenon is clearly displayed
in the corresponding PCA diagrams for qPCR and flow cytometry
protein markers (Fig. TH).

In summary, FL-PDLS is organized in a disc-shaped 3D structure
composed of proliferating and viable B tumor cells and
autologous T cells, together with macrophages with an inter-
mediate M1/M2 phenotype.

FL-PDLS from PB les r i LN si i
To determine if FL-PDLS engages a transcriptional program close
to that of LN-resident FL cells, we performed RNA-seq analysis on
purified B cells from paired PB and LN, together with B cells
isolated from the PDLS generated using the same PB sample.

We first performed two differential expression analyses of
purified tumor B cells: (1) LN vs PB and (2) PDLS vs PB. A total of
593 genes were upregulated and 227 downregulated in LN
compared to PB (Fig. 2A upper panel). This analysis allowed us the
generation of LN signatures (Table S2). PDLS vs PB comparison
uncovered a significant transcriptome modulation, with 5451
upregulated and 4131 downregulated genes in PDLS (Fig. 2A
lower panel). We next analyzed the degree of overlap between
these two comparisons as a measurement of how close PDLS were
to LN. As shown in Fig. 2B, a significant number of common
differentially expressed genes between LN or PDLS compared to
PB were identified (199 up, 28 down) (Fig. 2B).

We next proceeded to validate if PDLS summarizes LN signaling
pathways. For this purpose, we created two LN signatures
including significantly upregulated and downregulated genes
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from the LN versus PB comparative (Fig. 2A). Using these
signatures, we showed that the expression levels of the genes
involved in the LN upregulated signature were also significantly
upregulated in the PDLS compared to original PB (NES = 1.78,
FDR<0.001) and moderately downregulated in the case of
downregulated signature (NES = 1.48, FDR < 0.001) (Fig. 2C).

To further characterize the FL-PDLS system, we conducted a
GSEA analysis in the two previous comparatives (LN vs PB and
PDLS vs PB), including all published gene sets in MsigDB
(msigdb.v2023.1.Hs.symbols). Noteworthy, 40% of the upregulated
gene sets (1084 up) in the LN vs PB comparison were also
upregulated in that of PDLS vs PB. This data indicates a remarkably
high homology between PDLS and LN samples (Fig. 2D upper
panel). A large number of these shared gene sets were related to
increased proliferation (E2F, MYC, and cell cycle-related gene sets),
survival (MTOR, programmed cell death and apoptosis), metabolic
pathways (OXPHOS, glucose and fatty acid metabolism) and
epigenetic modifications (DNA methylation). Altogether, these
findings reflect that changes that occurred during the generation
of the FL-PDLS render initial PB samples to resemble an LN sample
rather than the original PB (Fig. 2D lower and left panel, Table 2).

To explore the consequences of growing FL cells in a 3D setup,
a parallel comparison was done between PDLS vs 2D culture. First,
the principal component analysis (PCA) showed that samples
cluster mainly by the patient (Fig. S3A). The changes were
moderate and just 29 genes were upregulated and 31 down-
regulated in PDLS compared to standard 2D culture (Fig. S3B).
These genes were related to an increase in fundamental pathways
such as cell adhesion, glucose metabolism, and proliferation, while
a decrease was observed in pathways related to BCR or TNFa (Fig.
$3Q).

Another important question was to analyze the effect of co-
culturing allogeneic monocytes in comparison with a co-culture
with autologous monocytes. The PCA analysis indicated that
samples also cluster mainly by the patient (Fig. S4A). Focusing on
gene expression analysis, we found that only 39 upregulated
genes and 38 downregulated showed a differential expression
(Fig. S4B) involving pathways naturally related to allograft
rejection (Fig. S4C). This result demonstrates moderate variations
in B cell gene expression when using allogeneic monocytes or
autologous monocytes.

Altogether, these results support that FL-PDLS represents a
robust 3D model recapitulating fundamental biological pathways
of FL in secondary lymphoid organs such as the LN.

FL-PDLS exhibit an i
FL-LN

Tumor-infiltrating T cells constitute the most abundant non-
malignant immune population [35]. Thus, the next step was to
characterize to what extent the T cells present in the FL-PDLS
represent the T cell subpopulations present in FL-LN. Previous
studies have described that this T cell infiltrate is composed of
different levels of exhaustion governed by co-expression of
specific immune checkpoints (ICs) [36-39]. We first interrogated
the expression of a panel of ICs in FL biopsies and tonsils as
healthy controls using available bulk RNA-seq data from public
repositories. Results confirmed that ICs described in the literature
encoding for the exhaustion markers PDCD1 (PD-1), HAVCR2 (TIM-
3), LAG-3, and TIGIT were indeed increased in FL biopsies
compared with the non-malignant tissue (Fig. 3A). We next
validated the expression of these markers by flow cytometry at
baseline (FL), and after 3 and 7 days of FL-PDLS in vitro culture.
PBMCs from 4 healthy donors were used as controls (Fig. 3B). As
expected, PD-1, TIM-3, LAG-3, and TIGIT were expressed in FL-
PDLS at higher levels than in healthy controls and increased with
culture. Interestingly, TIM-3 and LAG-3 were significantly higher in
CD8 than in CD4 T cells (Fig. S4A). The differential expression
analysis of FL-LN vs tonsils also highlighted IC activators such as,

profile consi: with
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TNFRSF9 (4-1BB), CD28, and TNFRSF4 (OX40) (Fig. 3A). Validation of
these receptors by flow cytometry showed that 4-1BB expression
increased with culture, OX40 was barely expressed, and the co-
stimulator CD28 was remarkably high and mostly maintained both
in CD4* and CD8" (Fig. 3B and Fig. S5A). The costimulatory
molecule ICOS, fundamental in FL-Tgy crosstalk, was prominent in
CD4" and low in CD8" cells. Finally, the myeloid modulator,
CD200, described to be overexpressed in FL-Tgy and FL [40], was
highly represented in CD4" and CD8" cells and its expression was
increased along the culture. In addition, the expression of some of
their ligands was assessed in FL cells (CD20") and in the myeloid
compartment (CD11b") within the PDLS culture (Fig. S5B). PD-L1
and CD66a (TIM-3 ligand), ICOSL and OX40L were represented in
both populations, while 4-1BBL was barely detected neither in
CD20" nor CD11b".

To better characterize the immune exhaustion of the T cell
compartment in the PDLS, we analyzed the co-expression of PD-1,
TIM-3, LAG-3, and ICOS on CD4' and CD8' T cells (day 3-PDLS)
using bioinformatics tools to cluster different CD3' phenotypes
based on flow cytometry expression (Fig. 3C, D). Eight clusters
were identified, divided by a clear polarized expression of the CD8
marker. Within each population (CD37CD8 and CD3"CD8"), four
clusters were identified (CO-C3 and C4-C7, respectively) repre-
senting the T cell phenotype spectrum from non-activated or
resting populations to terminally differentiated or exhausted (Fig.
3¢, D).

Moreover, using CCR7 and CD45RA markers (Fig. 3E), we could
confirm that our system recapitulates the whole spectrum of the T
cell phenotypic states and the heterogeneity seen in FL scRNA-seq
studies [35]. On average and consistent with other NHL studies
[41], T effector memory (Tem) represented the main subset both
in CD4 and CD8 T cells (mean: 48.57 and 49.56, respectively), T
naive (Tn) were also equally represented between CD4 and CD8
(mean: 19.84 and 21.84, respectively). Interestingly T central
memory (Tcm) cells were more abundant in the CD4 population,
while Terminally differentiated T cells (Temra) were in CD8 T cells
(Fig. S6A).

Finally, considering the remarkable role of CD4 " cells in the FL-
TME [13, 18], the presence of Ty, and the regulatory subsets, Tgeg
and Tpg, were confirmed in all PDLS analyzed (Fig. 3F and Fig. S6B),
albeit with different abundance depending on the patient
material. LN-derived PDLS were significantly enriched in Tpy,
while PB-derived PDLS were, in most cases, enriched with Tgeg.

In this regard we characterized the evolution of these
subpopulations within FL-PDLS (day 3), compared with the
unstimulated sample (day 0), together with their ICs. We
performed this analysis separately in FL-PDLS generated from PB
and LN samples (Fig. S6C). Compared with the corresponding
unstimulated samples, Tgeg increased, and Tgy decreased in PB-
PDLS, while Tgy and Tgg increased in LN-PDLS. Tgy clearly gains
prominence in LN-PDLS, maintaining the expression of PD1 and
increasing LAG3 and TIM3, while this observation does not apply
to PB-PDLS. Tgg constitutes the population with a more immune
suppressive profile in both PB and LN-derived PDLS, suggesting a
common evolution with the culture conditions, albeit of the origin
of the sample.

Altogether we have demonstrated that the T cell compartment
in FL-PDLS recapitulates features of the FL-LN microenvironment
with different T cell subsets encompassing a spectrum of
activation/exhaustion phenotypes and preserving the main T cell
subpopulations found in FL-LN.

PDLS represents a suitable system for immunotherapy
screening

We next sought to demonstrate that FL-PDLS may be a valuable
tool for personalized medicine. In the established workflow
(Fig. 4A), treatments were applied to day 3-PDLS, when the
spheroid has compacted, and proli ion has been d.
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Table 2. Gene sets overrepresented in LN vs PB and PDLS vs PB comparatives.

Biological process

Cellular processes
Apoptosis

Cell Signaling

Cellular response
Enzymatic activity
Proteasome

Protein transport
Senescence
Transcriptional regulation
Epigenetic regulation
DNA methylation
EZH2

DNA damage

DNA damage/repair
p53

Immune pathways
Antigen presentation
Cytokines

Immune response
Complement
Metabolic pathways
Fatty Acid metabolism
Glucose metabolism
Oxidative phosphorylation (OXPHOS)
Protein metabolism
RNA metabolism
Proliferation

Cell cycle regulation
Cyclins

DNA replication
Kinase regulation
MYC regulated genes
RAS pathway

Survival pathways
mTOR

Others

Angiogenesis
Cytoskeleton

Drug response
Extracellular matrix
Hypoxia

Metastasis
Mitochondrial protein import
Protein folding

Redox balance
Stemness

Telomeres

Unfolded protein response

# of enriched gene sets

INWGL =2 osaa

<

35

- = u N s

9

20

15

W= A=A WA N

1

LN vs PB

NES (max)

2324
1.860
2407
1.819
2221
2231
2.202
2374

2339
1.896

2.245
1.995

2.168
2345
2.402
1.640

2346
1.873
1.772
1.799
1.945

2484
2079
2499
1.838
2.265
2107

2341

2,093
1.846
2.241
2126
2.106
2230
1.965
2439
1.681
1.927
2325
2022

FDR, q value (min)

0.004
0.029
0.004
0.008
0.004
0.004
0.004
0.004

0.004
0.035

0.004
0.004

0.004
0.004
0.004
0.034

0.004
0.035
0.015
0.021

0.013

0.004
0.007
0.004
0.021
0.004
0.004

0.004

0.004
0.006
0.004
0.004
0.004
0.004
0.014
0.004
0.046
0.004
0.004
0.004

PDLS vs PB

NES (max) FDR, q value (min)
1.996 0.002
1.864 0.002
2,049 0.002
1610 0.002
1.657 0.003
2,080 0.002
1.964 0.002
1.973 0.002
1.992 0.002
1.864 0.002
1.882 0.002
1.654 0.003
1.688 0.002
2.056 0.002
2,047 0.002
1.554 0.002
2038 0.002
1.687 0.002
1.724 0.002
1.675 0.002
1.679 0.002
2,051 0.002
1.903 0.002
2.085 0.002
1.702 0.002
1971 0.002
2022 0.002
1.857 0.002
1753 0.002
1.878 0.002
2,034 0.002
1.954 0.002
1.699 0.002
1.861 0.002
1617 0.007
1.563 0.002
1.599 0.003
1.880 0.002
1.709 0.002
1.584 0.003

GSEA was used to test for significant enrichment of defined gene signatures. NES normalized enriched score, FOR false discovery rate. Threshold FDR < 0.05
and NES > 1.5. Gene sets were obtained from the MSigDB v2023.1.Hs (Mar 2023).
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Treatment efficacy was assessed after 3 days (day 6) by measuring
B cell depletion. We first tested the FL first-line treatment R-CHOP,
and we observed an induction of tumor cell depletion above 80%
in 9 out of 11 FL-PDLS (81%) (Fig. 4B, Figure S7A) that is consistent
with the observed response rate in the clinical practice [42].

We next challenged FL-PDLS to several immunotherapeutic
agents targeting ICs described before, together with the standard
therapy rituximab. Antibodies targeting ICOS, TIM-3, LAG-3, or

addition, the percentage of Tgeg in the PDLS correlated with the
expression of TIM-3 in CD4 T cells (Fig. S7B), suggesting a possible
relation between TIM-3" Tgeq and therapy resistance.

In summary, FL-PDLS represents a valuable multiplexed patient-
derived system with great potential for personalized immunother-
apeutic approaches and for the identification of biomarkers of
response and resistance.

of galectin-9 but not TIM-3 improves rituximab FL

TIGIT engaged mostly limited and highly h u:
responses (Fig. 4C). Anti-PD-1 (nivolumab/Nivo) was the most
effective IC inhibitor that also increased rituximab activity in half
of the FL-PDLS (6/12) (Fig. 4D). This combination increased the
levels of IFNy in the PDLS supernatants compared to single agents
in five out of the nine cases analyzed, albeit without reaching
statistical significance (Fig. 4E).

These heterogeneous responses to IC inhibitors are consistent
with observations in the clinic and may be explained by the
patient-specific composition and activation/exhaustion status of
the T cell compartment [43, 44]. In this regard, correlation analyses
indicated that depletion induced by rituximab or rituximab
combined with nivolumab inversely correlated with the expres-
sion of TIM-3 on CD8 T cells and the expression of TIM-3 ligand,
(D663, on B cells (Fig. 4F). It has also been demonstrated that TIM-
3 is highly expressed by Treg and promotes T cell dysfunction in
several cancers [45]. In our system, we observed that those PDLS
with a higher percentage of Tgeg prior in vitro rituximab treatment
responded worse than those with lower proportions (Fig. S7A). In

Blood Cancer Journal (2024)14:75

depletion

Based on the possible role of TIM-3 on rituximab activity, it was
conceivable that TIM-3 blockade may improve those limited
responses. However, combination therapy did not offer any
benefit in terms of FL depletion (Fig. 5A). On the contrary, a
reduction of rituximab activity was observed in most of the cases
analyzed (Fig. 5B). This may be explained by the fact that TIM-3
has multiple ligands: CEACAM1 (CD66a), Phosphatidylserine
(PtdSer), High Mobility Group Protein B1 (HMGB1) and galectin-
9, which bind to different regions of the receptor [46). More
importantly, it was discovered that antibodies targeting TIM-3
bind to the FG-CC' loops of its extracellular domain but are
incapable of blocking the glycan binding site where galectin-9
binds [47] (Fig. S8A). Thus, considering the correlation between
therapy resistance and Tgres percentages in our cultures, the
inactivity of anti-TIM-3 antibodies against galectin-9 interactions,
and the growing evidence of galectin-9 role in tumor immune
escape [48, 49], we moved to explore galectin-9 as an interesting
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target to improve rituximab-induced depletion. We first analyzed
soluble galectin-9 (sGalectin-9) in FL-PDLS supernatants, and we
observed a negative correlation with rituximab + anti-TIM-3 FL
depletion (Fig. 5C). Moreover, high levels of sGalectin-9 also have a
negative impact on rituximab and rituximab + nivolumab induced
depletion (Fig. S8B). We next demonstrated that anti-galectin-9
mAb was able to induce FL depletion as a single agent and
significantly improved rituximab activity (Fig. 5D), frequently
decreasing TIM-3 expression in CD4" and CD8' populations
(Fig. S8C). Nevertheless, FL depletion negatively correlates with
the presence of Tgy (Fig. S8D).

Altogether, using our novel FL-PDLS tool, we have uncovered
galectin-9 as a new IC with potential interest for FL immunother-
apy that may deserve attention to improve standard anti-CD20
immunotherapy or in combination with other IC modulators.

DISCUSSION

Robust patient-derived models constitute one of the fundamental
pieces for the successful implementation of personalized medi-
cine. We have previously established 2D cocultures with FDC [50,
51] and M¢ [23] and demonstrated their utility in studying FL-
microenvironment crosstalk, therapy testing, and biomarker
identification. Yet, 3D models better represent cancer biology,
signaling pathways [52], and especially B and T cell activation, as
they are influenced by physical forces that are not recapitulated in
2D cultures [53]. We have developed FL 3D models using cell lines
alone or in co-culture with immune cells [54-58]. In addition, we
have recently made progress in patient-derived FL 3D models,
including both tumor cells and the T cell compartment [27].
However, this model does not include myeloid cells also
fundamental for lymphoma maintenance and immune suppres-
sive signaling. For these reasons, we endeavored to generate the
first immunocompetent patient-derived FL 3D model, including B,
T, and myeloid compartments. Future perspectives we are
approaching to improve and complexify this system include the
integration of FDC cells and ECM, together with the inclusion of
these tumoroids in a microvascularized system.

The FL-PDLS model we present here is an affordable and robust
system for the following reasons:

First, using PBMCs from PB or LN samples of FL patients, we
optimized a cytokine cocktail to mimic the underlying interactions
between FL-Tgy (CD40/CD40L, IL-4, and IL-21) [17-19]. The
addition of IL-15 together with the monocytes completes the
main immunological actors. IL-15 activates both NK and T cells,
while the presence of monocytes/macrophages, together with
CD40/CD40L engagement, can activate B cells [31]. Due to the low
number of monocytes in the original FL-PB sample and as
macrophages are not recovered with the LN mechanical dissocia-
tion performed in the clinical routine, we decided to introduce
monocytes from healthy donors in a conservative ratio since they
represent an elemental compartment that constitutes a source of
immunosuppressive signal [23]. Because of the proliferation
engaged by B and T cells in the FL-PDLS, the monocyte ratio
decreases after several days (mean population distribution in day
7-FL-PDLS: 60.11% CD20", 35.27% CD3", and 4.62% CD11b™). Itis
noteworthy that in the FL-PDLS system, monocytes started a
process of differentiation and polarization in the absence of
specific differentiation factors, with some limitations due to the
absence of ECM that enables their adhesion. We have previously
reported that FL cells secrete M-CSF that facilitates Mn differentia-
tion. In the FL-PDLS, the presence of IL-4 (in the PDLS medium)
and IL-10 generated by FL-M¢ crosstalk [23] may contribute to the
acquisition of a phenotype with some markers of immunosup-
pressive M2-M{, as seen in FL-LN biopsies [22], while CD40L
signaling would enhance the expression of M1 markers.

Second, we have demonstrated that B cells in the FL-PDLS
recapitulate fundamental transcriptional pathways in FL-LN. To do
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50, we have performed a 3-way transcriptomic comparison of B
cells isolated from paired LN, PB, and PB-derived FL-PDLS. With
this approach we have demonstrated that B cells in FL-PDLS are
committed to a LN transcriptomic program through the enrich-
ment of LN signatures and the activation of pathways over-
represented in LN compared to paired PB. These pathways include
proliferation, mTOR pathway, epigenetic regulation, diverse
metabolic pathways and housekeeping processes, overall reflect-
ing that FL-PDLS is a living and dynamic system. Moreover, RNA-
seq analysis highlighted the activation of immune pathways in the
FL-PDLS as seen in the LN (antigen presentation, IFNy, TGF, IL-2,
and IL-10 signaling). Altogether, our results are in agreement with
previous scRNA-seq studies showing common gene set enrich-
ments in B cells from FL-LN compared to normal B cells [59].

Third, FL-PDLS recapitulates the immune exhaustion profile of
FL-LN. We have demonstrated the previously acknowledged high
expression of immune regulators such as TIM-3, LAG-3, TIGIT, ICOS,
or CD200. More importantly, the analysis of the IC co-expression,
together with the activation phenotype (Tn, Tem, Tcm, Temra),
allowed us to confirm that FL-PDLS fairly recapitulates the
spectrum of CD8 clusters recently acknowledged in FL studies
and the interpatient variability [35). This feature is mandatory to
use FL-PDLS as a system for immunotherapies testing.

Thus, we decided to challenge FL-PDLS with rituximab + anti-
PD-1 combination as this regimen has demonstrated favorable
efficacy (ORR; 67%; CR:50%) and safety profile in relapsed/
refractory FL [60]. In the FL-PDLS system, 50% of the cases benefit
from the combination, and resistance was related to CD8
exhaustion, a feature also acknowledged in the correlative analysis
of the above-mentioned clinical trial. In our FL-PDLS system, we
observed that the TIM-3 axis may have a role in this CD8
exhaustion since its expression in CD8 and the expression of its
ligand CD66a in B cells correlated with reduced responses to
rituximab or rituximab + nivolumab combination. However, when
we challenged FL-PDLS with rituximab + mAb anti-TIM-3 combi-
nation, we obtained unforeseen results with a general decrease in
antitumoral activity. TIM-3 has multiple ligands, among them,
galectin-9 is gaining relevance in cancer [61]. Galectins are a family
of endogenous glycan-binding proteins that reprogram tumor,
vascular, and immune landscapes in the tumor microenvironment
[62, 63]. Moreover, galectins dampen antitumor immune
responses by targeting both lymphoid and myeloid cells. In the
precise case of galectin-9, expression can be up or downregulated
in association with neoplastic transformation depending on the
specific tumor type [61]. Galectin-9 is increased in several
hematologic neoplasia, including chronic lymphocytic leukemia
[64], cutaneous T cell lymphoma, and acute myeloid leukemia
(AML) [65]. In this latter, TIM-3/Gal-9 constitutes an autocrine
stimulatory loop that regulates the self-renewal of leukemic cells
[66]. Importantly, anti-TIM-3 mAbs are incapable of blocking the
binding site where galectin-9 binds, and a specific mAb is
required. In this regard, two clinical trials with the mAb anti-Gal9
(LYT-200) are currently ongoing for AML (NCT05829226) and
advanced solid tumors (NCT04666688). In FL-PDLS, we have
demonstrated that sGalectin-9 is related to reduced responses to
rituximab or rituximab + nivolumab, and to the lack of activity
observed in rituximab +~ mAb anti-TIM-3 combination. Finally,
mAb blocking galectin-9 offered a therapeutic benefit in
combination with rituximab in all cases analyzed. Additionally,
those patients with limited responses to rituximab + anti-galectin-
9 combination showed a higher proportion of Tgy, known to
overexpress PD-1. These observations suggest that co-blockade of
galectin-9 and PD-1 could benefit rituximab combinations in those
patients with high numbers of Tgy.

In summary, we have set up a robust patient-derived system,
recapitulating LN signaling in FL cells, the spectrum of T cell
phenotypes, and the presence of main T cell subpopulations. We
have demonstrated that FL-PDLS represents a novel tool for the
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discovery of immunotherapeutic targets, such as galectin-9. FL-
PDLS may serve as a platform to perform preclinical screening in a
robust, 96-well format system and may also constitute a
complementary in vitro tool for phase 1/2 trials to help identify
biomarkers of response and mechanisms of resistance.
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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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ABSTRACT

Despite most follicular lymphoma (FL) patients achieve a complete response to first-line treatment,
an important fraction of them relapse, which may worsen the prognosis. Here, we have assessed the
immune profile in FFPE-derived biopsies in a series of FL patients at diagnosis, homogenously treated
with immunochemotherapy regimen, and followed-up for more than 11 years. By comparing patients
who experienced relapse (Rel, n=20) with those who did not (NR, n=12), we have found 25 up-
regulated genes in the relapse group. Among them, we validated the over-expression in relapse group
of CD70 at protein level by multiplex immunofluorescence, which highly correlates with inferior PFS.
Intriguingly, a fraction of T cells from the tumor microenvironment also expresses CD70, and higher
levels were detected in both CD4+ and CD8+ T cells in the relapse group. CD27, the ligand of CD70,
was also increased in the B cell population in patients who eventually relapse and in TFH cells, while
it was down-regulated in CD8+ and CD4+ T helper non-follicular cells. To investigate the role of CD70
in FL pathogenesis we generated two CD70 KO cell lines and FL patient derived cells (n=4) using
CRISPR/Cas9 technique. By co-culturing healthy donors’ T cells with CD70+ or CD70- FL cells, we
observed CD70+ tumor cells promote CD70 expression in T cells. In primary samples, we have
demonstrated that CD70-KO B cells exhibit reduced response to proliferative stimuli. Finally, to
advance towards personalized therapies for this high-risk patient, we have generated a dual CD19-

CD70 CAR-T combining an approved academic product, ARI-0001, and a truncated CD27 protein.
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MATERIAL, METHODS AND RESULTS

INTRODUCTION

Follicular lymphoma (FL) represents the second most common B-cell non-Hodgkin lymphoma (B-NHL),
accounting for 20% of cases, with an incidence of 4-5 cases / 100,000 people / year.(1) FLis considered
an indolent lymphoma and, after the introduction of anti-CD20 rituximab treatment, median survival
time has significantly increased, with a 10-year OS of approximately 80%.(2) Nevertheless, even
though most patients achieve a complete response to immunochemotherapy treatment, a high
proportion of them eventually relapse to first-line therapy, which worsens the prognosis, especially if
the relapse occurs within the first 2 years after treatment initiation (POD24).(3) Moreover, around 2%
of individuals per year suffer a histological transformation to an aggressive lymphoma, mainly, diffuse-
large B-cell lymphoma (DLBCL), which represents a high-risk subset of FL patients.(4) (5) (6)
Importantly, there is a lack of prognostic factors that predict whether a patient will relapse or not to
standard treatment. Follicular Lymphoma International Prognosis Index (FLIPI) was developed in the
pre-rituximab era but is still widely used in clinical routine.(7) Although several attempts have been
made to developed new predictive models, their impact on treatment has been very limited.(8)
Intriguingly, a gene expression-based predictor that stratified FL patients according to the high or low
risk of survival ascertained that the genes which determined a favorable or unfavorable prognosis
were expressed in the tumor microenvironment (TME).(9)

In fact, follicular lymphoma is considered a paradigm of the support given by the TME in the germinal
center of the lymph nodes, in which participate different subsets of T cells (including CD8+ cells, T
follicular helper (TFH) cells, T regulatory cells (Treg) and T follicular regulatory (TFR) cells), tumor-
associated macrophages (TAMs), follicular dendritic cells (FDCs) and other stromal cells with
mesenchymal origin.(10) (11)

CD70 is a protein belonging to the tumor necrosis factor (TNF) superfamily.(12) (13) Even though it
was initially described as the ligand of CD27, it was later demonstrated that a reverse signaling also
occurred.(14) (15) (16) (17) Furthermore, CD70 can induce CD27 cleavage from the membrane which,

in soluble state (sCD27), maintains capacity to bind CD70 protein.(18) (19) Despite CD70 expression is
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limited to activated lymphocytes (B, T or NK cells) in physiological conditions, it is frequently
deregulated in many cancers, acting as a pro-oncogenic gene in both solid and hematologic
tumors.(20) Furthermore, there are evidences that CD70 is over-expressed in many B-cell neoplasms,
in which it contributes to the tumor — TME crosstalk.(21) (22) (23)

In this work, we aimed to better characterize the immune genes profile in FL-LN biopsies from follicular
patients at diagnose using a homogeneously treated cohort with an extensive follow-up. Our results
demonstrated a differential immune pattern in pre-treated patients with different clinical responses
and uncovered CD70 is up-regulated in patients that eventually relapse. This observation may not only
be useful in predicting response to standard treatment, but also supports the development CD70-
targeting therapies, including the development of dual CD19-CD70 CAR-Ts for relapsed follicular

lymphoma.
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MATERIAL, METHODS AND RESULTS

METHODS

FL patients cohort

Thirty-eight FL patients grade 1-3A diagnosed at Hospital Clinic de Barcelona between 1997 and 2015
who met prespecified criteria were selected. All patients were treated with immunochemotherapy
(ICT), either with R-CHOP or GA-CHOP and with or without autologous stem cell transplant (ASCT),
and achieved at least a partial response (PR). Exclusion criteria included grade 3B FL, primary
gastrointestinal or cutaneous FL, composite (FL/DLBCL) histology, histological transformation (HT)
during follow-up and primary refractoriness to first-line treatment. Nineteen patients did not relapse
(NR) for at least 10 years of follow-up (range, 11.5-17.8 years). Nineteen patients relapsed after
responding to ICT, with a median of time of 4.1 years (range, 0.7 — 7.0 years). All patients had an
available lymphoid tissue biopsy from the time of diagnosis. The diagnosis of grade 1-3A FL, underwent
histological review and assessment of BCL2 rearrangement have been previously published in (24).
The study was designed in line with the Declaration of Helsinki and informed consent was obtained
according to the Institutional Review Board of Hospital Clinic de Barcelona.

DNA and RNA extraction

DNA and RNA from 38 formalin-fixed, paraffin-embedded (FFPE) samples were extracted using the
AllPrep DNA/RNA FFPE Kit (Qiagen, Germany). The mutational status of recurrently mutated genes
was examined using a custom targeted NGS panel and sequenced in a MiSeq instrument (lllumina).
Complete mutational profile is published in Mozas et al.(24) The bioinformatic analysis was performed
using an updated version of our in-house pipeline.(25) (26)

Nanostring® nCounter PanCancer Immune Profile

Targeted transcriptomic analysis of 730 immune-related genes was performed using Nanostring®
PanCancer Immune Profile(27) (NanoString Technologies, Inc, Seattle, WA, USA) with 150 ng of RNA
extracted from FFPE samples. Samples with lower amount of RNA were not included. Quality and
quantity of RNA was analyzed using NanoDrop 1000 spectophotometer. Quality control and

normalization were performed following manufacturer’s recommendations and samples with a high
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normalization factor were removed for further analysis. Out of 30 genes defined as housekeeping (HK)
in the panel, we selected the following 6 based on their expression and the coefficient of variance:
CNOT4, DHX16, ERCC3, GUSB, HDAC3, SAP130 and ZNF143.

Differential expression analysis between relapse and non-relapse groups was performed with 32
samples that passed quality and normalization controls using a negative binomial model within the
advanced analysis options from nSolver™ analysis software (NanoString Technologies). Gene filtering
was applied to genes <20 normalized counts. False discovery rate (FDR) was calculated from obtained
p-values using Benjamini-Hochberg method using R software. Cut-off for genes differentially
expressed were FDR < 0.05 and absolute fold change (FC) > 1.5 (log2FC > 0.58).

Pathway analysis

Gene-set enrichment analyses (GSEAs) were conducted with GSEA software (version 4.3.2)(28) using
the pre-ranked mode based on log2FC results obtained from nSolver analysis. Hallmark gene sets, the
C2 curated gene sets and the C5 gene ontology gene sets (Molecular Signature Database v7.5) were
used. Pathways with an absolute normalized enrichment score (NES) > 1.5, p-value < 0.05 and FDR <
0.25 were selected.

Additionally, genes that were significantly more expressed in each group and genes that significantly
correlated with CD70, were interrogated for a significantly increased overlap using the “Investigate
Human Gene Sets” tool available at https://www.gsea-msigdb.org. Again, Hallmarks, C2 and C5 gene
sets were used. A threshold of FDR q value < 0.05 was used for filtering.

FL mutational status

Mutational status of recurrently altered genes in FL was examined in 37 out of 38 patients by next-
generation sequencing (NGS) using a custom targeted NGS panel. Libraries were generated from 150
ng of DNA, using molecular-barcoded library adapters (ThruPLEX Tagseq kit; Takara) coupled with a
custom hybridization capture-based method (SureSelectXT Target Enrichment System Capture
strategy, Agilent Technologies). The quality of the libraries was determined using the Bioanalyzer high

sensitivity DNA kit (Agilent) and quantified by PCR using the KAPA library quantification kit (KAPA
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Biosystems). Finally, the libraries were pooled and sequenced 2x130 bp in the MiSeq instrument
(Hllumina). The bioinformatic analysis was performed using an updated version of our in-house
pipeline, described in previous publications. (25) (26)

Multiplex immunofluorescence

Multiplex immunofluorescence staining and analysis was performed as previously described on a
Bond RX autostainer (PMID: 36169332, PMID: 32591586). Four-microns-thick FFPE tissue sections
were deparaffinized (Bond DeWax, Leica Biosystems) and rehydrated per standard protocols. Antigen
retrieval was performed with Bond Epitope Retrieval Solution 1 (ER1, Leica Biosystems) or 2 (ER2,
Leica Biosystems, product number AR9640), followed by sequential cycles of staining with each cycle
including a 30-minute combined block and primary antibody incubation (Akoya antibody
diluent/block), followed by a secondary HRP-conjugated polymer. Signal amplification was achieved
with TSA-Opal fluorophores. Between cycles of staining, tissue sections underwent heat-induced
epitope retrieval to remove the primary/secondary-HRP antibody complexes before staining with the
next antibody.

Three complementary multiplex immunolabelling panels to simultaneously evaluate the lymphocytic
contexture were established.

The primary antibodies and corresponding fluorophores included:

Panel 1: anti-CD20 (IgG2a, mouse monoclonal, clone: L26, ready-to-use; Agilent) in Opal 520, and anti-
CD27 (IgG, rabbit monoclonal, clone: EPR8569, 1:500; Abcam) in Opal 570.

Panel 2: anti-CD20 (IgG2a, mouse monoclonal, clone: L26, ready-to-use; Agilent) in Opal 520, and anti-
CD70 (IgG, rabbit monoclonal, clone: E3Q1A, 1:100; Cell Signaling) in Opal 690.

Panel 3: anti-CD8 (mouse monoclonal, clone C8/144B, ready-to-use, Agilent, product number
GA62361-2) in Opal 480, anti-CD4 (mouse monoclonal, clone 4B12, ready-to-use; Agilent) in Opal 620,
anti-FOXP3 (mouse monoclonal, clone 236A/E7, 1:300; Abcam), anti-CD27 (IgG, rabbit monoclonal,

clone: EPR8569, 1:100; Abcam) in Opal 570, anti-CD70 (IgG, rabbit monoclonal, clone: E3Q1A, 1:100;
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Cell Signaling) in Opal 690, and anti-CXCRS (lgG2b, rabbit monoclonal, clone: 51505, 1:100; Bio-
Techne) in Opal 520.

We counterstained nuclei with Spectral DAPI (Akoya Biosciences, FP1490) and mounted the stained
tissues with ProLong Diamond Antifade mounting medium (Thermo Fisher Scientific). The stained
slides were scanned using the Phenolmager™ HT Automated Quantitative Pathology Imaging System
(Akoya Biosciences). After image aquisition, unmixing of the spectral libraries was performed with
inForm software (Akoya Biosciences). Unmixed images were then imported into the open source
digital pathology software QuPath version 0.4.4 for stitching, cell segmentation and cell phenotyping.
Whole tumor regions from each slide were analyzed. Marker expression was used to identify immune
cell subpopulations by fluorescent colocalization within CD4+ cells: T helper non-follicular
(CD4+CXCR5-FOXP3-), T follicular helper (CD4+CXCR5+FOXP3-), T regulatory (CD4+FOXP3+) and T
follicular regulatory (CD4+CXCR5+FOXP3+). Densities of each cell population were quantified and
expressed as number of cells per mm?.

Survival and correlations analysis

Survival analysis were performed using progression-free survival data from time of first treatment to
first relapse. Patients that did not relapse were censored according to the time of follow-up after the
first treatment. Expression data from Nanostring® nCounter and multiplex immunofluorescence were
classified into high or low expression for CD70 or CD27 using maxstat library in R software. This
classification was used to perform Kaplan-Meier analysis with GraphPad Prism v.9.5.

Expression data from Nanostring® nCounter and multiplex immunofluorescence were used to perform
correlation analysis tests. Shapiro-wilk test was used to check whether the populations followed a
Gaussian distribution. Correlation coefficient and p-values were calculated with Spearman correlation
test in R software.

CAR construction and lentivirus production

Single-targeting 41BBz-based CAR targeting CD19 (ARI-0001)(29) has been previously described.

CD27-ECD CAR-T was designed using the full sequence of nucleotides of the extracellular domain of



186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

MATERIAL, METHODS AND RESULTS

CD27 together with CD8 hinge and transmembrane domain, as in ARI-0001. Truncated CD27 — ECD
(trCD27-ECD) had the same structure of CD27-ECD but was shortened, as described in Leick et al.(30)
For the scFv-based anti-CD70 CAR-T, the construct was adapted from Sauer et al.(31)

All CAR sequences were cloned into the pCCL third-generation lentiviral vector with EFla promoter.
The plasmid coding for GFP-ffLuc was kindly provided by Dr. Amer Najjar. Lentiviral vectors were
produced by 293FT transfection and tittered in CD27 T-cell line Jurkat following previously described
methods.(32) Briefly, 293FT were transfected with pCCL transfer plasmid, and a packaging mix (pREV,
pRRE and pVSV) using PEI (Polysciences). The supernatant was harvested at 48 and 72h and
concentrated with LentiX following manufacturer’s protocol (Clontech).

Isolation, transduction and primary T-cell Expansion

Human T cells were isolated from healthy donor buffy-coats obtained from Banc de Sang i Teixits,
Barcelona, following approved Institutional Review Board protocols. CAR-T cells were generated and
expanded as previously described.(33) Briefly, CD4+ and CD8+ T cells were isolated from peripheral
blood using RosetteSep Kits (Stem Cell Technologies). T cells were stimulated for 72h with anti-
CD3/CD28 magnetic beads (Invitrogen) and transduced by LVs at indicated MOls. T cells were cultured
in RPMI-1640 supplemented with 10% of FBS, 100 mg/mL of Penicillin/streptomycin (P/S) 10 mM
Glutamax and 10 mM Hepes.

I1L-7 and IL-15 (Miltenyi) were added to a final concentration of 10 ng/mL. CAR-T cell products were
mixed to a final 1:1 (CD4+:CD8+) ratio and normalized for CAR expression at day 10 before
cryopreservation.

In vitro killing and proliferation assays with cell lines

WSU-FSCCL and WSU-NHL tumor cell lines were acquired from the Leibniz Institute DSMZ, while RL
cell line was obtained from the American Tissue Culture Collection (ATCC). CD19 and/or CD70-
expressing K562 were generated through lentiviral transduction of parenteral K562 cells. Cell lines

were cultured in RPMI-1640 supplemented with 10% FBS (except for RL, supplemented with 20% FBS)
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and 100mg/ml P/S. Cell lines were maintained at 372C with 5% CO2 and were regularly validated to
be Mycoplasma free.

For bioluminescence-based killing assays, CAR-T cells were co-cultured with luciferase-expressing
target cells (K562) at indicated ratios and run in triplicates. Luciferase signal, indicative of surviving
cells, was determined between 24 to 48h of co-culture using a Tecan multireader (Tecan Life Sciences)
within 20 min after the addition of D-luciferin (20mg/mL; Perkin Elmer). Percent specific lysis was
calculated as follows: % Specific lysis = [1 - (BLI signal in treated wells/BLI signal in untreated wells)] x
100%.

For long-term assays, effector and target cells (lymphoma tumor cells) were co-cultured at indicated
ratios for 7 days. We harvested the culture and calculated the total number of T cells and tumor cells
by flow cytometry (BD LSRFortessa 5L) using CountBright beads (Thermo Fisher). T-cell and tumor cell
proliferation were calculated as the fold change compared to initial co-culture. Singlets were selected
and dead cells were excluded by Fixable Viability Dye eFluor 450 staining (ThermoFisher). Tumor cells
were identified by CD10 expression and T cells were stained with a CD3 antibody.

CRISPR/Cas9 genetic editing

WSU-FSCCL and SC-1 cell lines or FL primary samples in growing conditions were electroporated with
the conditions described in (34). Briefly, a complex formed by gRNA:tracrRNA was mixed with Cas9
enzyme (IDT technologies) and electroporation enhancer (IDT technologies) for 20’ RT. In parallel, 1
M cells / condition were centrifuged and resuspended in a specific buffer for electroporation (Thermo
Fisher). Electroporation was performed using Neon Transfection System (Thermo Fisher) in sterile
conditions.

After 7 days, cell lines were stained with CD70-APC antibody (Miltenyi) and sorted out (BD Aria Il, BD
Biosciences) selecting viable cells (Live/Dead Fixable Aqua, ThermoFisher) and +/- CD70. Cells were
incubated, expanded and cryopreserved.

For primary samples, cells were thawed in Mongini media and co-cultured with irradiated YK6-CD40L-

1L21(35) in a ratio FL:YK6 of 2:1 and supplemented with IL-4 and IL-15, reproducing the stimuli
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published in (36). After 4 days, cells were electroporated and seeded in a new YK6 layer. CD70 down-
regulation was confirmed 4 days post-electroporation by CD70 staining and flow cytometry analysis,
calculating the median fluorescence intensity (MFI).

FL—T cell co-culture

Isolated human T cells were obtained from buffy coats (Banc de Sang i Teixits) using RosetteSep™
Human T Cell Enrichment Cockatil (Stemcell technologies) and sequential Ficoll gradient separation. T
cells were cryopreserved (FBS + 10% DMSO) and thawed for the experiment.

After thawing, T cells were activated with CD3/CD28 Dynabeads (Thermo Fisher) at a ratio of 1 bead
per T cell and cultured +/- FL cells expressing or not CD70 (ratio 1 : 1), in previously described culture
media supplemented with 1% Hepes buffer. Cells were seeded in 96-wells plates in triplicate. After
72h, cells were harvested and analyzed by flow cytometry (BD LSRFortessa 4L).

Proliferation assay

EdU reagent (Thermo Fisher) was added in FL primary samples co-cultured with YK6-CD40L-IL21 cells,
at a final concentration of 10 uM. Cells were incubated for 2h at 372C and then harvested for flow
cytometry analysis (BD LSRFortessa 4L). Briefly, cells were stained for extracellular antibodies and
viability dye (Live/Dead Fixable Aqua), fixed, permeabilized and stained with Click-iT™ EdU, using an
AF488 conjugated dye. Tumor cells were identified by CD20 and CD19 expression, as well as CD3
exclusion.

ELISA

IL-2 was used as a readout of CAR-T cell proliferation and was analyzed in supernatants from K562
cells (WT or overexpressing CD19 and/or CD70) co-cultured with CAR-T cells in a E:T ratio of 3:1 for
24h, Determination of IL-2 concentration was performed using ELISA MAX™ Deluxe Set Human IL-2
(BioLegend).

Soluble CD27 (sCD27) was analyzed in CAR-T cells after 10 days of expansion, in FL primary samples

after 4 days of electroporation, and in FL cell lines, in standard culture conditions or co-cultured with
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T cells from healthy donors. Determination of sCD27 was performed using Human CD27/TNFRSF7
DuoSet ELISA kit (R&D systems).

Statistical analysis

Apart from Nanostring analysis, data comparing two groups were analyzed using Prism Software v9.5
(GraphPad Software, San Diego, CA, USA). Depending on the assay and based on Shapiro-Wilk
normality test, t test or Mann-Whitney U test were used. Analysis in which was compared two
conditions on the same donors/patients a paired t-test was applied. In analysis comparing multiple
groups, an ANOVA test and a Holm-Sidak post hoc test for multiple comparisons were applied. Data
were represented as the mean +/- sd values of the patients. Differences between the results of
comparative tests were considered significant if the two-sided P value was less than 0.05. The
statistical significance convention used along the manuscript was as follows: * p<0.05, **p<0.01,

##%0<0.001 and ****p<0.0001.
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RESULTS

FL-LN transcriptomic profile unravels differences at diagnosis in patients that relapse

Follicular lymphoma lymph nodes are characterized by a high percentage of non-malignant cells that
cooperate with tumor B cells in the development of the disease. As genetic mutations hardly
discriminate between patients with different clinical responses to first-line treatment, we
hypothesized differences could be in the immune profile of the patients. Therefore, we analyzed the
transcriptome of 730 immune-related genes within the Nanostring® nCounter PanCancer Immune
Profile panel in a patients cohort described in Table 1 and Table S1. This FL series represents a single-
center, homogenic cohort, as all the patients have been treated with immunochemotherapy (mostly,
R-CHOP). In our analysis, we compared patients that did not relapse (n=20) with an extensive follow-
up of more than ten years or patients that eventually relapsed during the follow-up (n=12).

By applying a negative binomial model, we found 31 genes differentially expressed (FDR < 0.05 and
an absolute fold change > 1.5 (log2FC > 0.58), and 25 of them were up-regulated in the Relapse group
(Rel), while only 6 were increased in the Non-relapse (NR) group. (Figure 1A) Thus, we could
demonstrate patients with different clinical responses to immunochemotherapy exhibit a different
transcriptomic profile, although intra-group differences regarding gene expression are still very high.
(Figure 1B)

A gene-set enrichment analysis (GSEA) using genes up-regulated in each condition showed the relapse
group had an over-representation of genes related to B-cell proliferation, B and T-cell activation,
cytokine regulation, extracellular matrix and cell adhesion, as well as different pro-oncogenic
pathways (PI3K/Akt, IL6/JAK-STAT, IL4), among others. (Figure 1C) On the other hand, negative
regulation of cell-cell adhesion, immunoglobulin production and BCR signaling pathways were
significantly over-represented in genes enriched in NR patients. (Figure 1D).

Furthermore, we performed a pre-ranked GSEA using all the genes included in the Immune Profile
panel, which confirmed a decrease in BCR pathway in non-relapse patients, accompanied by

interferon | signaling, T cytotoxicity pathway and Fcy mediated phagocytosis, which could indicate a
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higher rituximab benefit that prolongs response to anti-CD20 treatment. On relapse group, we also
confirmed a higher cytokine activity (Figure S1A). Some of the most representatives GSEA plots are
represented in Figure S1B, including the down-regulation of BCR and phagocytosis (NES -1.77 and -
1.61 respectively) and the increase in cytokines (NES = 1.60) and a possible role of dendritic cells (NES
= 1.51). Overall, we assessed patients that relapse or do not relapse have a previous differential

immune profile at diagnosis.

CD70 is up-regulated in relapse group and is associated to a lower mutational burden

Deciphering a differential immune profile between patients that relapse or not may be useful, not
only to improve the FL prognosis, but also to better understand the biology of the disease and design
new therapies for patients who repeatedly relapse, worsening their prognosis. Among the genes up-
regulated in patients who relapse, we further focus on CD70, as it has been defined as an oncogenic
factor in many cancers, including B-cell lymphoma(20)(21)(37) and it is expressed in the cell
membrane, making it easily targetable.

Interestingly, CD70 is not only increased in the Relapse group (FC = 1.88, p-value = 3.393,
FDR = 4.0872) (Figure 1E), but it is also associated with shorter progression-free survival (PFS) time,
closely to significance (p = 0.067) (Figure 1F). CD70 is the only known ligand of CD27, and can be
mutually activated;(17) thus, we also analyzed CD27 RNA levels. Interestingly, CD27 is widely
expressed in FL-LN but we did not find differences between patients (FC = 0.96, p = 0.83). (Figure S1C).
Moreover, we investigated whether CD70 expression was correlated with other genes. Among the
730 genes included in the Nanostring® Immune Profile panel, CD70 significantly correlates with 30
genes, and inversely with only 5 genes. (Figure S1D). Notably, some of the most represented genes
that directly correlate with CD70 are cytokines and chemokines, as it is corroborated by GSEA
enrichment analysis (Figures S1D, S1F). Among them, we highlight the Th17/Treg chemoattractant
CCL20(38) (R = 0.64), CCL22 (R = 0.49), a relevant cytokine in FL-TME(39), and /RF4 (R = 0.48), related

to FL transformation into DLBCL.(4) (Figure S1D)
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Finally, other enriched pathways include cell to cell adhesion, monocyte chemotaxis, oncogenic
pathways (MAPK, JAK-STAT and NFkB) and positive regulation of cellular processes (gene expression,
metabolism and protein modification and phosphorylation). (Figure S1F)

The mutational profile from the patients used in our series has also been published by Mozas et al.(24)
Intriguingly, we found a tendency of a lower mutational burden in patients with higher CD70 RNA
levels. (Figure S2A) In patients harboring less than 8 mutations (median value of the total patients,
among the 28 most frequently genes that have been examined), CD70 counts were significantly higher
than in patients with at least 8 mutations. (Figure $2B) These differences can be also visualized in
Figure S2C, in which the number of accumulated mutations in CD70'°" (n=15) or CD70"¢" (n=15)
patients is represented. CD70"¢" curve rises more rapidly compared to CD70 low curve, as patients
belonging to this group usually harbor less mutations. This observation is also reflected in a superior
area under curve (AUC) in CD70"&" group, 38% higher than in CD70°* group. (Figure $2D).

When analyzing individual mutations, we found significant differences in CD70 expression in CARD11,
ClITA and TNFSRSF14, also known as HVEM. In all of them, patients with alterations in these genes
have lower CD70 levels. (Figure S2E). In single-cell data, CD70 has been associated to wild-type state
of EZH2, one of the most frequently mutated genes in FL.(40) In our data, we found the same

tendency, although it did not reach significance (p = 0.21).

CD70 and CD27 protein expression is increased in FL cells from Relapse patients

In order to validate our results at protein level, we performed multiplex immunofluorescence (mIF)
staining the FFPE samples from FL-LN patients of our cohort who had available material (n=21, of
which 13 relapsed and 8 did not relapse). In physiological conditions, CD70 is found in activated
lymphocytes, meaning it is transitory expressed. However, in other B-cell lymphoid neoplasias, its
aberrant expression in tumor cells has been described. For this reason, we stained samples with both
CD20 (yellow) and CD70 (red) and confirmed CD70 is up-regulated in tumor cells from patients who

eventually relapse. (Figure 2A) Remarkably, the relapse patients have a superior, non-overlapping
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range compared to NR patients (38-95% in relapse group vs 3-32% in NR group) (Figure 2B), which is
reflected in a high difference in the survival analysis based on PFS (p<0.0001). (Figure 2C).

These data leaded us to anticipate an over-activation of the CD27/CD70 axis. Even though we did not
find differences in CD27 RNA levels, FL-LN is very heterogeneous and there are evidences that, in FL,
it is also related to increased risk of transformation.(41)(42) When looking at protein expression in
CD20+ population, we found an increase in terms of positivity in the Relapse group. (mean=44.2% in

Rel and 24.3% in NR) (Figure 2D, 2E), and CD27"" patients have a shorter PFS (Figure 2F).

CD70 is also expressed in T cells from FL-TME, and display higher levels in Relapse patients
Furthermore, given the fact CD70 role has also been highlighted in FL-TME, we used mIF technique to
decipher CD70 expression among T cells. To obtain a full and accurate picture of CD70 and CD27
expression across the different subtypes of T cells, we built a six-color panel including CD4, CD8,
FOXP3, CXCR5, CD27 and CD70. (Figure 3A, S3A) As expected, CD4+ cells are more abundant in FL-LN
than CD8+ cells. Moreover, we found a tendency of lower numbers of CD8+ cells in Relapse patients,
indicating a lower cytotoxic response, while not differences were observed in CD4+ cells (data not
shown). Remarkably, a higher protein expression of CD70 in both populations has been observed in
the relapse group. (Figure 3B) In any case, CD70 expression in T cells is manifestly lower compared to
B cells, as may be observed in Figure S3B.

Within CD4+ cells, we are able to distinguish T follicular helper (TFH) cells, characterized by
CXCR5+FOXP3- cells, as well as T regulatory (Treg) cells, defined by expression of the transcription
factor FOXP3, including the subset of T follicular regulatory (TFR) cells (double positive for CXCRS and
FOXP3). Notably, TFH, Treg and T helper non-follicular (Th non-follicular, CXCR5-FOXP3-) cells in
relapse patients have higher expression of CD70, being TFH the population with a more pronounced
rise. (Figures 3B, $3B, S3C) As for TFR, it was the only population analyzed which maintained low levels
in both groups of patients. (Figure S3C) In the same line, CD70"¢" expression in all T-cell populations

were related to a lower PFS except for TFR. (Figures 3C, S3C)
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To complete our analysis, we described CD27 expression in the different T-cell populations across FL-
LN. CD27 is known to be a costimulatory molecule and a naive T-cell marker, which is lost after antigen
contact.(43) As expected, and according to RNA data, CD27 is expressed at high levels in T cells, but
its expression is very variable among subpopulations. (Figure S3B) In CD8+ cells, Relapse patients had
a lower percentage of CD27+ cells and high levels significantly correlate with good prognosis, thus
indicating cytotoxic T cells (CTL) with lower CD27 could have less proliferative capacity. On the other
hand, we did not appreciate differences within CD4+ cells. (Figure 3B, 3C)

As done for CD70, we analyzed CD27 expression in the different CD4+ subpopulations. While TFH cells
in relapse group have higher CD27 protein levels and CD27"&" patients have a remarkably shorter PFS,
its expression is diminished in Th non-follicular cells and patients with CD27°* have a worse survival.
(Figures 3B, 3C and $3D) The different pattern of expression could be explained by the different role
of each population. Differences in CD27 expression were not detected in Treg neither TFR cells, but
we could confirm Treg cells in FL-LN express high levels of CD27. (Figures 3B, 3C and S3D)

Overall, we could assess an up-regulation of CD70 in both B and T cells, while CD27 is also increased
in B cells but has a heterogeneous pattern in T cells. (Figure $3B) Although in this analysis we have
represented the percentage of positive cells for each marker, we also examined the density of positive
cells and similar results were found in both CD70 and CD27. (Figure S3E, S3F) Finally, as in RNA analysis
we described a correlation of CD70 with cytokines described as Treg chemoattractant (CCL20, CCL22)
(Figure S1D, S1E), we investigated a link between CD70 and Treg in FFPE samples. Intriguingly,
CD4+FOXP3+ cells are more abundant in patients who relapse (p = 0.12, data not shown). Besides, the
density of CD20+CD70+ cells correlates with Treg density, with a promising coefficient of correlation

(R =0.44) and close to statistical significance (p = 0.059). (Figure S3G)

CD70 expression in B cells induce higher levels of CD70in T cells
Using multiplex immunofluorescence we could determine CD70 expression occurs mainly in B cells.

(Figure S3B) Therefore, we further focused on the effect of this aberrant expression in the malignant
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cells. First, we analyzed the correlation scores between CD70+ in B cells with CD70 or CD27 in the
different populations analyzed. (Figure S4A) The percentage of CD70+ cells within tumor population
significantly correlates with CD70+ in CD8+ cells (R = 0.51) and CD4+ cells (R =0.51), including TFH cells
(R =0.58) (Figure S4B), but the higher scores were found in the correlation with CD27+ in CD20+ cells
(R=0.68) and in TFH cells (R = 0.68). (Figure S4C) Strikingly, a negative correlation between CD70+ in
CD20+ cells and CD27+ in CD4+ Th non-follicular was found (R = -0.46) (Figure S4C) and, in lower levels,
to CD8+ cells (R = -0.32).

Willing to confirm the results observed in FFPE samples, we generated by CRISPR/Cas9 technology
two FL-derived cell lines CD70-KO, WSU-FSCCL and SC-1, which are highly positive for CD70. (Figure
S5A) WSU-FSCCL and SC-1 were transfected by electroporation with either a non-targeting control
guide (gCtrl) or a guide targeting CD70 (gCD70). A complex between each guide with a tracrRNA
conjugated with ATTO-550 fluorochrome was used as a positive control of electroporation. (Figure
S5B) 7 days after electroporation, almost all gCD70 cells had lose CD70 expression, while gCtrl did not
altered the protein compared to untransfected (UNT) condition. (Figure 4A) Then, cells were sorted
out to get a CD70+ cell line (from gCtrl) and a CD70-KO cell line (from gCD70). After cryopreservation
and posterior thawing, we demonstrated we have achieved CD70- stable cell lines at both cell
membrane (Figure 4B) and intracellular compartments. (Figure S5C)

Despite both cell lines are mainly negative for CD27 expression, after CD70 knocking-out in SC-1 cells,
CD27 could be detected and increased over time. (Figure S5D, S5F) Thus, the CD70-KO cell line we
generated has a notable expression of CD27, with around half of the cells expressing CD27. On the
contrary, this phenomenon was not observed in WSU-FSCCL, which remained CD27 negative. (Figure
4B) As CD27 is easily cleaved from the cell membrane, we checked supernatant concentrations in wild-
type cells and detected a remarkably higher soluble CD27 (sCD27) in SC-1 than in WSU-FSCCL,
indicating SC-1 cell line express CD27 but is not maintained in the cell membrane. (Figure S5E)

After co-culturing T cells from healthy donors’ PBMCs with CD70+ or CD70- FL cell lines, we analyzed

CD27 and CD70 levels in T cells. Importantly, T cells were activated with anti-CD3/CD28 stimuli, so a
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432 fraction of them express CD70 without the addition of tumor cells (Figure 4C, condition “none”).
433 Remarkably, when they are co-cultured with a CD70+ cell line, the expression of CD70 in both CD4+
434 and CD8+ T cells is highly up-regulated, as it has been observed in patient samples. On the opposite,
435  when the FL cell do not express CD70, these increased does not occur, indicating a CD70-specific
436  effect. (Figure 4C) Regarding CD27, after the activation, T cells maintained a high percentage of
437 positivity. This expression was dampened when T cells are cultured with CD70+ FL cells but not with
438  CD70- FL cells. (Figure 4D) A plausible explanation is that CD70, when binds CD27, can cause its
439  cleavage from the membrane. To check this hypothesis, we analyzed sCD27 protein in the supernatant
440  and found they are diminished when the co-culture is done with the CD70- FL cell line. (Figure S5G)
441 Overall, we could recapitulate the increase of CD70 and decrease of CD27 expression observed by
442  multiplex immunofluorescence in CD8+ and CD4+ Th non-follicular cells.

443 Finally, we assessed CD70 and CD27 expression in B cells to check CD70-KO cells maintained the null
444 expression of CD70 along the culture, while CD27 was found in SC-1 CD70-KO cells but also decreased
445  after co-culture with T cells. (Figure S5H)

446

447  CD70 expression is related to B cell proliferation in primary FL samples

448  CRISPR/Cas9 electroporation-based assay was also applied to primary FL samples, as previously it has
449 been demonstrated to be useful in other B-cell malignancies, including chronic lymphocytic leukemia
450  (CLL) and mantle cell lymphoma (MCL).(34)

451 After stimulating during 4 days primary FL samples using the follicular dendritic cell line YK6 expressing
452 CD40L and IL21 (YK6-CD4OL-IL21) and supplemented with IL-4 and IL-15 cytokines, reproducing
453  proliferation conditions previously described,(36) we analyzed CD70 expression and proliferation.
454 Interestingly, CD70+ cells had a higher percentage of cells in S phase (EdU+) than CD70- population.
455  (Figure 5E)

456  Then, four days after electroporation, CD70 expression in B cells was effectively knocked-down, even

457  though, as expected, this decrease was patient-dependent. (Figure 4E, S5I) CD70 also diminished in T
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cells, while CD27 expression was slightly increased. (Figure S51) Intriguingly, genetically-edited FL
samples showed a lower percentage of proliferation in B-cell population and a lower B-cell count.
Furthermore, soluble CD27 levels were also reduced. (Figures 4G and S5J) In conclusion, this
experimental validation supports an oncogenic role of CD70 in FL biology and reinforces its therapeutic

intervention.

A truncated ligand-based CAR-T targeting CD70 has a high anti-lymphoma efficacy and may be
combined with CD19 CAR-T to obtain a novel dual CAR-T

Anti-CD19 chimeric antigen receptor (CAR) T cells have revolutionized the treatment of B-cell
lymphoma. Nevertheless, a fraction of patients does not have durable responses and a fraction of
them experience CD19 loss-of-antigen relapse.(44) As we demonstrated that CD70 is highly expressed
in tumor cells in patients that relapse, we hypothesized CD70 could represent a promising target for
CAR-T therapy in follicular lymphoma, especially in the context of a dual CD19-CD70 CAR-T.

First, we investigated which construct, as a single anti-CD70 CAR-T, performed better against follicular
lymphoma cells. In our approach, we have designed two ligand-based CAR-T using its natural ligand,
CD27, and a single-chain variable fragment (scFv) based construct. About the ligand-based CAR-Ts,
one of them had the sequence to encode the complete extracellular domain (ECD) of CD27 (CD27-
ECD), while the other represented a truncated version (trCD27-ECD). Finally, an approved, academic
anti-CD19 CAR-T product (ARI-0001) was included in the comparison. (Figure 5A)

T cells from healthy donors’ PBMCs were activated and transduced with the corresponding lentiviral
vectors and expanded for ten days. After that period, population doublings were calculated, and only
scFv-based CAR-Ts but not ligand-based CAR-Ts had a lower T-cell expansion compared to
untransduced (UTD) cells. In addition, CD70-scFv had a poorer expansion compared to ARI-0001.
(Figure 5B)

ARI-0001 and CD70-scFv were successfully detected by flow cytometry using recombinant human

proteins; however, ligand-based CAR-Ts represents a limitation as T cells also express CD27 protein in
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484  abundance. An arbitrary gate of “CD27"&"” was determined by using CD27 expression in UTD cells, and
485 results indicate trCD27 had a superior expression of CD27 in membrane compared to CD27-ECD.
486  (Figure S6A) As CD27 is easily cleaved from the membrane, we checked sCD27 levels in supernatants
487  of CAR-Ts at the end of the expansion, and assessed CD27-ECD, but not trCD27-ECD was released at
488  high quantity. (Figure S6B)

489  Then, cytotoxicity experiments were performed using the single CAR-Ts. First, short-term, luciferine-
490 based assays at 24h using K562 cell line, which in wild-type condition is negative for CD19 and CD70,
491  was used. In addition, K562 was transduced with luciferase and was modified to over-express CD19
492  and/or CD70, to be used as an artificial antigen presenting cell. CAR-Ts were co-cultured with the four
493  different versions of K562 (WT, CD19, CD70, CD19-CD70) at different effector to target (E:T) ratios
494 (3:1, 1:1, 1:3). (Figures 5C and S6C) While in K562-WT cells we did not detect a significant killing by
495  any CAR-T, ARI-0001 could efficiently deplete K562-CD19 cells, and the different anti-CD70 CAR-Ts had
496  acytotoxic effect on K562-CD70 cells. (Figure S6C) Importantly, trCD27-ECD had a superior activity on
497 both K562-CD70 and K562-CD19-CD70 cells than the other anti-CD70 CAR-Ts, showing a similar
498  efficacy than ARI-0001 when co-cultured with K562 expressing both antigens. (Figures 5C and S6C)
499 Moreover, IL-2 concentration was analyzed in supernatants after 24h of culture at 3:1 ratio, and
500  trCD27-ECD released higher cytokine levels than CD70-scFv and CD27-ECD; however, in a lower
501 amount than ARI-001. (Figure 5D)

502  Then, long-term assays were performed by co-culturing CD19+CD70+ FL cell lines with low E:T ratios
503 of CAR-T cells. WSU-FSCCL was found to be the most sensitive one to CAR-T therapy; thus, a 1:8 ratio
504  was performed. A high specific killing was found with ARI-0001, but also with trCD27-ECD and CD70-
505  scFv constructs, while it was lower in CD27-ECD. However, T-cell proliferation was higher in trCD27
506  than other CD70-targeting CAR-Ts, which was also reflected in a cell proportion (tumor B cells vs CAR-
507 T cells) completely polarized to CD3+ cells. (Figure 5E) Similar results were found in other two cell
508 lines: SC-1 and WSU-NHL, in 1:4 ratios. In SC-1 cells, ARI-0001 completely depleted B cells, while

509  trCD27-ECD was quite close, while the other anti-CD70 CAR-T failed to control tumor cells. (Figure S6E,

21

133



MATERIAL, METHODS AND RESULTS

134

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

upper and middle panels) Finally, WSU-NHL cells were more resistant to CAR-T cells, including to ARI-
0001. As shown in other cell lines, trCD27-ECD had inferior results than ARI-0001 but were superior
than CD27-ECD and CD70-scFv. (Figure S6E, lower panel) Overall, we considered that trCD27-ECD was
the construct that performed better, so it has been further utilized to achieve a dual CD19-CD70
CAR-T.

To optimize a cotransduction (cotrans)-based dual CAR-T product, different ARI-0001 : trCD27 ratios
have been used. As also observed in ARI-0003, a cotrans-based dual CAR-T containing ARI-0001(45)
ARI-0001 expression was dampened when it was cotransduced with trCD27-ECD. On the opposite,
CD27 expression was quite maintained in cotrans compared to single CAR-T. By maintaining a fixed
MOI 2 at ARI-0001, in which we achieve a 50% of CAR-T expression, we added trCD27-ECD at different
1:2 dilutions, from MOI 0.125 to MOI 4. Importantly, presence of trCD27 lentivirus, including the lower
ratios, leaded to a lower ARI-0001 expression. Altogether, we determined MOI of trCD27-ECD at 0.5
maintains ARI-0001 positivity at reasonable levels and could be used to developed a dual CAR-T

product. (Figure 5F)
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DISCUSSION

B-cell non-Hodgkin lymphoma are a group of lymphoid malignancies that develop from mature B cells
within the secondary lymphoid organs, mainly the lymph nodes. The introduction of rituximab, the
first-in-class anti-CD20 antibody, revolutionized B-NHL treatment and, although there are some
differences in the treatment of the different entities, standard treatment is mostly based on
combination of rituximab and chemotherapy, known as immunochemotherapy.(2) 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 (e.g.: anti-EZH2
tazemetostat in follicular lymphoma).(46)(47) Finally, we have to highlight the introduction of CAR-T
cell therapies, which induce high rates of overall response.(44)

In our work, we focused on follicular lymphoma, which represents the most common indolent B-NHL
subtype. FL development is a long process in which B cells resistant to apoptosis (due to the
overexpression of BCL-2 protein caused by translocation t(14;18) in the bone marrow) acquire
additional genetic mutations in the germinal center of the lymph nodes.(48) Nevertheless, there is the
need of a permissive tumoral microenvironment that supports FL growth.(10) In this frame, FL-TME is
very heterogeneous and include immune and non-immune cells;(11) thus, the study of both tumor
cells and TME is necessary to compile FL complexity.

First, we analyzed RNA expression of >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 1%-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
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expressed genes (representing a 4.2% of studied genes) and a differential enrichment of biological
pathways (Figure 1A-D). One of the up-regulated genes in the relapse group is CD70, which was also
associated, close to statistical significance, to a shorter progression-free survival (Figure 1C, 1D).
Moreover, we have depicted that patients with high CD70 RNA levels use to have a lower number of
mutations (Figure S2). Therefore, CD70 could constitute a pro-oncogenic mechanism that bypasses
the need of B lymphocytes to acquire additional mutations in order to develop an overt disease.
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.(49) In hematologic
tumors, it has been deeply studied in acute myeloblastic leukemia (AML) as leukemia stem cells highly
express CD70. Besides, a pro-oncogenic role has been assessed in B-cell malignancies(50) including FL,
(51) (52) DLBCL (319), MCL (37) and CLL (18) (53). Moreover, CD27/CD70 axis has been linked to
diverse mechanisms of TME modulation in lymphoma. (21) (54) (23)

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 (Figures 2, $3B). CD70 from the tumor
could bind to CD27-expressing cells, including T regulatory cells, which are highly positive for
CD27.(55) (56) Furthermore, it was previously described that CD70+ B-NHL cells induce FOXP3
expression. (21) Gene expression analysis also correlated CD70 expression with cytokines responsible
for Treg chemoattraction (CCL20, CCL22)(38) (39) and IRF4, linked to a higher risk of transformation.(4)
(Figure S1D, F). Finally, a positive correlation was found between the density of CD20+CD70+ cells
with the abundance of Treg in FL-LN biopsies. (Figure S3G)

The diminished CD27 in CD8+ and CD4+ T helper non-follicular cells may be related to a lower T-cell
anti-tumoral response (317) and induced by a CD70-dependent cleavage. In vitro experiments using
FL CD70-KO cells point out to this phenomenon (Figure 4 C,D). Furthermore, the up-regulation of CD27

in B cells, usually linked to a memory-like phenotype suggest CD70+ and CD27+ tumor cells mutually
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interact. Historically, FL cells have been defined to be frozen in a GC state; however, single-cell analysis
revealed distinct cell states co-exist(57) and memory-like features have been linked to a higher risk of
transformation.(41)(42)

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 (Figure 4C), pointing out to a CD70-dependent regulation. CD27 down-stream signaling
activates NF-kB and JNK, and CD70 promoter is enriched in binding sites for NF-kB and c-Jun
transcription factors.(58) 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.(17) Overall, the pathogenic mechanisms in which CD70
participates are complex and diverse, and include tumor and non-tumor cells. In this work, we adapted
a CRISPR/Cas9 protocol developed to genetically modify B-cell lymphoid malignancies(34) by using
FDC-derived YK6 cells mimicking germinal center stimuli(35) (36) and achieve a significant reduction
of CD70 protein levels, which was related to lower B-cell proliferation. (Figure 4 F,G)

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.(44) Moreover, CD19-CAR-T
relapse has been described, indicating antigen loss as a mechanism of evasion.(44) (59) 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 or CAR-
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NK have been explored (NCT04429438) (NCT04502446), apart from the coadministration of a CD19
and a CD70 CAR-T.(60) (NCT04429438)

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.(61) 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.(30) (Figure 5 A,B) Although it has been
envisioned that ligand-based could have benefits compared to scFv-based CAR-Ts,(62) this cleavage
issue has also been described in (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.
(Figures 5C,E S6C,E) and released higher IL-2 cytokine. (Figures 5D, S6D) In conclusion, trCD27-ECD is
a promising anti-CD70 CAR-T with high anti-lymphoma effect.

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 (ARI-0002).(45) Importantly, the
combination of both viruses leaded to a lower ARI-0001 expression compared to the single
transduction, while CD27 remained stable. (Figure 5F) 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.
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 loss of CD70 expression (data not shown). Some recent works
knocked-out CD70 expression in T cells during CAR-T expansion, including clinical trials with a
genetically modified, allogenic anti-CD70 CAR-T, with published results in clear-cell renal
carcinoma.(63) Probably, by applying this strategy to our construct, a higher T-cell proliferation and
improved long-term cytotoxicity efficacy could be achieved.

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
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cells from the TME. These findings reinforce the development of CD70-targeting CAR-T cells and

anticipate a high anti-lymphoma activity of a dual CD19-CD70 CAR-T.
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TABLES

Total (n=32) NR (n=12) Rel (n=20)
Female sex, n (%) 20(62.5) 7 (58.3) 13 (65.0)
Median age (range) 52.5(26-78) 54 (26-74) 52(26-78)
B-cell symptoms, n (%) 5(15.6) 2 (16.7) 3(15.0)
ECOG PS2ormore, n (%) | 1(3.1) 0(0.0) 1(5.0)
Ann-Arbor  stage llI- | 23 (71.9) 6 (50.0) 17 (85.0)
IV, n (%)
High-risk FLIPI score  (3- | 9 (30.0) 1(9.1) 8(42.1)
5), n (%)
Frontline treatment with | 31 (96.9) 12 (100.0) 19 (95.0)
R-CHOP, n (%)
CRrate, n (%) 28(87.5) 12 (100.0) 16 (80.0)
Hb< 120 g/L 7 (21.9) 4(33.3) 3(15.0)
B2M high 14 (53.8) 2(18.2) 12 (80.0)
LDH high 23(82.1) 10 (90.9) 13(76.5)

Table 1. Summary of patients characteristics. Clinical parameters applied in our FL cohort globally
(total, n=32) or by group. NR = non-relapse; Rel = relapse; ECOG = Eastern Cooperative Oncology
Group; FLIPI = Follicular Lymphoma International Prognostic Index; CR = complete response; Hb =

hemoglobin; B2M = beta-2-microglobulin; LDH = lactate dehydrogenase
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FIGURE LEGENDS

Figure 1. Differential immune profile between patients that will or will not relapse (A) Volcano plot
representing differentially expressed genes between relapse (Rel) and non-relapse (NR) patients. (B)
Heatmap of differentially expressed genes between both groups, showing z-scores for each gene in
individual patients. (C and D) Biological pathways over-represented by GSEA in the relapse (C) and
non-relapse (D) group. (E) Box-plot representation of mRNA expression levels of CD70 in each group,
expressed in log2 from Nanostring counts, each patient is represented by a single dot. (F) Kaplan-
meier analysis and representation of the progression-free survival (PFS) in patients classified according

CD70 status. Low and high CD70 was determined using maxstat library in R software.

Figure 2. CD70 and CD27 expression in FL cells (A) multiplexed immunofluorescence (mIF)
representative image from a NR and a Rel patient stained with Panel 1: CD20 in yellow, CD70 in red
and DAPI (nuclei) in blue. (B) Percentage of CD70+ cells within CD20+ population in both groups (mean
+/- sd); each patient is represented with a single dot. (C) Kaplan-meier survival analysis representing
PFS in patients classified as CD70 low and CD70 high. (D) mIF representative image from a NR and a
Rel patient stained with Panel 2: CD20 in yellow, CD27 in red and DAPI in blue. (E) Percentage of CD27+
cells within CD20+ population in both groups (mean +/- sd). (F) Kaplan-meier survival analysis
representing PFS in patients classified as CD27 low and CD27 high. T-test or Mann-Whitney U test

were applied for Band E.

Figure 3. CD70 and CD27 expression in T cells from the FL-TME (A) multiplexed immunofluorescence
(mlF) representative image from a NR and a Rel patient stained with Panel 3: CD8 in red, CD4 in yellow,
FOXP3 in pink, CXCXR5 in grey, CD27 in sky blue, CD70 in green and DAPI (nuclei) in blue. (B)
Percentage of CD70+ cells (upper panels) and CD27+ cells (lower panels) within CD8+, CD4+, T follicular

helper (TFH) and T regulatory (Treg) populations. T-test or Mann-Whitney U test were applied.
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(C) Kaplan-meier survival analysis representing PFS in patients classified as CD70 low and CD70 high

(upper panels) or CD27 low and CD27 high (lower panels) in CD8+, CD4+, TFH and Treg populations.

Figure 4. Galectin-9 bl improves rituximab-induced depletion in FL-PDLS. (A) Generation of

CD70-KO FL cell lines WSU-FSCCL (left panel) and SC-1 (right panel). Histogram representation of CD70
protein after 7 days of electroporation. Cells were untransfected (UNT, grey) or transfected with a
non-targeting control (gCtrl, red) or with a CD70-targeting guide (gCD70, blue). (B) CD70 and CD27
protein expression in stable CD70+ (gCtrl, red) or CD70- (gCD70, blue) FL cell lines WSU-FSCCL (left
panel) and SC-1 (right panel). (C) Percentage of CD70+ cells in CD4+ (left panel) and CD8+ (right panel)
T cells activated with CD3/CD8 stimuli (none) and co-cultured with CD70+ or CD70- FL cell lines (D)
Percentage of CD27+ cells in CD4+ (left panel) and CD8+ (right panel) T cells activated with CD3/CD8
stimuli (none) and co-cultured with CD70+ or CD70- FL cell lines. (E) Percentage of CD20+ proliferating
cells (EdU+) within CD70+ or CD70- cells in FL primary samples co-cultured with 4 days with YK6-
CD40L-IL21 cells. Represented as mean +/- sd. (F) MFI ratio of CD70 expression in cells electroporated
with a gCtrl or a gCD70, after 4 days of electroporation. (G) Percentage of CD20+ proliferating cells
(EdU+) in FL electroporated with a gCtrl or a gCD70, after 4 days of electroporation (left panel) and

soluble CD27 (sCD27) levels after 4 days of electroporation. Paired t-test was applied in E, F and G.

Figure 5. Generation of a dual CD19-CD27 CAR-T for the treatment of FL (A) CAR-T constructs used:
ARI-0001 (anti-CD19, blue), CD27-ECD (light green), truncated CD27-ECD (trCD27-ECD, dark green)
and CD70-scFv (red). All of the constructs had the same hinge, transmembrane and costimulatory
domains. (B) T-cell expansion of the different constructs after 10 days of stimulation. Represented as
population doublings (mean +/- sd) from 3 different donors. (C) Percentage of specific lysis,
represented as mean +/- sd of bioluminescence lose in K562 cells transduced with CD19 and CD70
(K562-CD19-CD70), compared to cells without CAR-T, after 24h of co-culture (n=3). 3 different effector

to target (E:T) ratios (3:1, 1:1, 1:3) were used. (D) IL-2 levels in supernatants of K562-CD19-CD70 cells
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co-cultured for 24h with CAR-T, in a E:T ratio of 3:1 (E) Specific killing (left panel), T-cell proliferation
(middle panel) and B/T cell proportion (right panel) of WSU-FSCCL cells co-cultured for six days with
CAR-T in a E:T ratio of 1:8. Specific killing was calculated as the depletion compared to untransduced
(UTD) cells. T-cell proliferation was calculated as the fold change comparing the number of CD3+ cells
at endpoint. (n=3) (F) Percentage of ARI-0001 CAR-T expression in single CAR-T (blue) and in co-
transduction with CD27 (purple) (left panel). Expression of ARI-0001 is represented in lower panel.
Expression of CD27 protein (MFI) in single or in co-transduction is represented in the right panel.

Anova test and Holm-Sidak test for multiple group comparisons was applied in B and E.
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Figure 1
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Figure 3
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Figure 4
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Figure 5
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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 (lIbrutinib) 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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DISCUSSION

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 8, 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.?> 280 281 |n 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

284

mediaZ®*, MCL cells without stimuli were barely alive (Study 1), while FL cells

showed better viability and was not increased after addition of cytokines
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(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. CD4O0L ligand represents an important survival stimulus provided
by TFH cells in both FL and MCL.** 1® TFH are also responsible for the
secretion of IL-4, which enhances JAK-STAT pathway by binding to IL-4R in B
cells, 4 % but also is responsible for TME remodeling.*?° While in MCL we
added BAFF, secreted by stromal cells and described to activate NFkB,?” 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.2%> Finally, IL-21
induces proliferation in germinal center cells'®® and has been correlated with
aggressivity in FL.28¢ 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.?%¢ 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.1
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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 signature?® and a MCL-
LN signature, as well as identified an up-regulation of NFkB, NIK and BCR
pathways due to LN TME.?* All of these pathways were enriched in MCL-PDLS
compared to the original PB, while a MCL-PB signhature 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 OXPHOS??°, MYC and different cytokines such
as IL-10 or IFNy.

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.1%¢18 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.88

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,?*! 2°2 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.?°®> 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 1°t 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.%**

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 2"-line therapy, although recent data from clinical trials

suggest a beneficial effect if used in front-line therapy.’? >7 2%

Nevertheless, more than 30% of patients do not achieve an objective
response to ibrutinib,® 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,?*® melanoma®®’ or Hodgkin

lymphoma.>®®

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.?°®> 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.3% 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 (IFNy 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.3%1 302 |n our studly,
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),3%3 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.3%* Besides, it has been reported that anti-TIM3

antibodies are unable to block the galectin-9 binding site.3% As galectin-9 it is
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presented as a soluble TIM-3 ligand,3% 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,3%® 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 levels3'° 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.'>® 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 1 172 and anti-CD19 CAR-T.>>*

In our work (Study 3), we focused on the role of the tumor microenvironment
in follicular lymphoma, necessary to develop an overt disease.3!! FL-TME is
very heterogeneous and include immune and non-immune cells;?® 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-STAT3!2
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

genes3*in LN stromal cells,3*> which may be related to early relapse.3!®

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.?’”® 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 lymphoma?*!
including FL,3'7 318 DLBCL,3'® MCL* and CLL.3%° 227 Moreover, CD27/CD70 axis

has been linked to diverse mechanisms of TME modulation in

|ymph0ma 321322323

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 32> Furthermore, it was previously described that CD70+ B-NHL
cells induce FOXP3 expression.3?! 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.!”3 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 response3!’ and induced by a CD70-
dependent cleavage. Soluble CD27 (sCD27) has not been deeply studied in
lymphoma, but its levels are increased in CLL32? and it has been related to bad
prognosis in DLBCL.3?7 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-exist3?® 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.33!
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.?!” 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 malignancies3? by using FDC-derived YK6 cells
mimicking germinal center stimuli'®3 333 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 ymphoma

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.?>* Moreover, CD19-CAR-T relapse has been described, indicating
antigen loss as a mechanism of evasion?>* 24’ 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.256 (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.?* 2> 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.?”® Although it has been envisioned that ligand-based
could have benefits compared to scFv-based CAR-Ts,?*® this cleavage issue has

also been described in a CAR-T targeting thrombopoietin.33*

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).2%8 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.33> 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 CD70"g"

CD199™ phenotype (data not shown).

Some published studies knocked-out CD70 expression in T cells during CAR-T
expansion,?’® 2’7 including clinical trials with a genetically modified, allogenic
anti-CD70 CAR-T, which results in clear-cell renal carcinoma were recently
published.33* 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.?®® 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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CONCLUSIONS

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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10.

11.

12.

13.

14.

15.

Galectin-9 represents a novel immunosuppressor target in FL as it
dampens anti-CD20 activity. Its therapeutical intervention improves

rituximab efficacy.

CD70is increased at RNA level in the LN of FL patients at diagnose that

eventually relapse.

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.

CD70 is associated with a lower progression-free survival in both RNA

and protein levels; however, the prognostic value is higher in protein.

CD27 is over-expressed in FL patients that relapse in the tumor

fraction, but diminished in CD8+ and CD4+ T helper non-follicular cells.

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.

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.

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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ANNEXES
SUPPLEMENTAL MATERIAL STUDY 1

SUPPLEMENTAL METHODS

Patient samples and healthy donor peripheral blood mononuclear cells

MCL primary samples used in this study belong to Hematopathology collection, registered in the Biobank of
IDIBAPS-Hospital Clinic, Barcelona (R121004-094) and in the National Registry of Biobanks-ISCIll (C.0000397),
according to Real Decreto 1716/2011. This collection corresponds to biological material remaining from the
samples used for the diagnosis, according to the World Health Organization (WHO), in the Hematopathology
Unit of Hospital Clinic de Barcelona (HCB, Barcelona, Spain). Informed consent has been obtained from each
patient in accordance with the Institutional Ethics Committee of the HCB and the Declaration of Helsinki.
Peripheral blood mononuclear cells (PBMCs) were obtained from healthy donor buffy coats provided by Banc
de Sang i Teixits (Barcelona, Spain) after Ficoll-Paque gradient separation (GE Healthcare, Chicago, IL, USA).
Monocytes were purified using CD14" magnetic beads and LS columns (Miltenyi Biotec, Bergisch Gladbach,
Germany) and purity >98% was verified by flow cytometry (FACS Fortessa (BD Biosciences, Franklin Lanes, NJ,
USA)). Monocytes were cryopreserved with 10% DMSO (Sigma-Aldrich, St. Louis, MO, USA) and stored in
liquid nitrogen until use at IDIBAPS Biobank.

MCL-PDLS imaging

PDLS formation and growth were monitored by brightfield illumination on the automated digital microscope
Cytation 1 (Biotek, Agilent, Santa Clara, CA, USA) under temperature (372C) and CO,/O, gas control. Z-
stacking function (n=5) was always performed to account for the third dimension. Image analysis and z-
projection were done with manufacturer’s software Gen 5 (Biotek).

PDLS were also characterized by Selective Plane Illumination Microscopy (SPIM). Day 7 PDLS were fixed in 4%
paraformaldehyde (PFA) for 12h, then PFA was diluted to 0.5% with PBS after several rinse cycles, and finally
replaced by blocking/permeabilization buffer (PBS + 2% FBS + 2% BSA + 0.6% Triton + 0.01% Azide) and
incubated overnight (ON) with agitation at room temperature (RT). PDLS were then labeled with 10 pg/mL
propidium iodide (Thermo Fisher Scientific) and incubated for 4h at RT with agitation, washed and included
in agarose.

Then, PDLS included in agarose were cleared using methanol and Benzyl Alcohol/Benzyl Benzoate (BABB)
reagent. Finally, PDLS included were imaged by SPIM microscope (ZEISS Lightsheet Z.7, Imactiv 3D,
Toulouse) and image-processing algorithms were developed in MATLAB.

Monocyte-Macrophage differentiation and polarization analysis
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To assess MCL induced monocyte-macrophage differentiation /polarization, CD11b* Far Red” cells were
recovered by cells sorting (FACS Aria, BD) from PDLS (day 7), and RNA isolated with TRIZol following
manufacturer’s protocol (Thermo Fisher Scientific). cDNA was synthetized using Preamp RT Master Mix
(Fluidigm, San Francisco, CA, USA). Next, cDNA was pre-amplified for the following genes: CXCL11, CCL5,
MRC1, CCL22, PMAIP1, RSG2, GUSB, ACTB, B2M using pre-designed TagMan probes (Thermo Scientific) and
PreAmp Master Mix (Fluidigm).

Quantitative real-time PCR (qPCR) was then performed on a StepOne Real-Time PCR System (Thermo Fisher
Scientific) using the same probes as the preamplification. Samples were analyzed in duplicate and expression
was normalized using the mean of the three endogenous genes: GUSB, ACTB, B2M.

To evaluate the degree of M1/M2 polarization MCL-macrophages were compared with M1 or M2-polarized
macrophages generated as follows: monocytes obtained from PBMCs as previously described were seeded in
6-wells plates at 0.5x10° cells/mL in enriched medium supplemented with macrophage colony stimulating
factor (M-CSF) (ThermoFisher Scientific) at 100 ng/mL. After 6 days, additional stimuli were provided to
obtain M1-polarized macrophages ((20ng/mL IFNy (Gibco, Thermo Fisher Scientific) + 100ng/mL LPS (Sigma-
Aldrich)) or M2-polarized macrophages (20ng/mL IL-4 (PeproTech, Rocky Hill, NJ)) for 24h.

MCL-PDLS immune profile and activation

MCL-PDLS (day 3 and day 7) immune profile were both characterized with several panels for B (CD20+) cells,
T (CD4+ and CD8+) cells and monocytes/macrophages (CD11b+) using the following antibodies PD1, TIGIT,
TIM-3, CD27, CD70, CD66a, CD112, CD155, PD-L1, CD47, SIRPa followed by flow cytometry analysis. PBMCs
from healthy donors were used as controls. A complete list of antibodies is provided in supplemental table
S1.

Granzyme B and interferon (IFN)-y were used as read-out of T cell activation and were analyzed in cell culture
supernatants using Cytometric Bead Array (CBA) kits and FACS Fortessa (BD Biosciences) following
manufacturer’s instructions. Data was analyzed using FCAP Array™ v.3.0 Software (BD Biosciences).

RNA-seq and data analysis

Day 7 PDLS was disaggregated, labelled with LIVE/DEAD Aqua, CD20 - elF450 (Thermo Fisher Scientific) and
CD3-FITC (BD Biosciences). CD20%, CD3™ Aqua cells were recovered using a BD FACSARIA Il sorter (Cytometry
and cell sorting facility, IDIBAPS) and RNA extracted as before. Likewise, CD20+, CD3- Aqua- cells isolated

from the original MCL sample at thawing (day 0) were used as a comparator for RNA-seq studies.



RNA was assayed for quantity and quality using Qubit RNA HS Assay (Life Technologies) and RNA 6000 Nano
Assay on a Bioanalyzer 2100. Stranded RNA-seq libraries were performed for 150 ng of mRNA using the
TruSeq library kit (lllumina, San Diego, CA, USA). Libraries were sequenced on a NextSeq2000 (lllumina) in a
2x50bp length with a coverage of >40 million paired-reads per simple.

Sequencing reads were trimmed using trimmomatic (version 0.38)," and ribosomic RNA reads were filtered
out using SortMeRNA (version 2.1b).2 Gene-level counts (GRCh38.p13; Ensembl release 100) were calculated
using kallisto (version 0.46.1)* and tximport (version 1.6.0). Differential expression was conducted using
DESeq2 (version 1.18.1).° Shrinkage of effect size was performed using the apeglm method.® Adjusted P value
(Q) <0.10 and absolute log2-transformed fold change >0.5 were used to identify differentially expressed
genes (DEGs).

Gene-set enrichment analyses (GSEAs) were conducted with GSEA software (version 4.2.3), ” using the pre-
ranked modality and log2FC results obtained from DESeq2 as input data. Hallmark gene sets, the C2 curated
gene sets, the C3 motif gene sets, the C5 gene ontology gene sets (Molecular Signature Database v7.5), and
custom gene sets *° were used. Heatmaps of selected genes were generated using GraphPad software. RNA-
seq data have been deposited at the European Genome-phenome Archive (accession number
EGAS00001006964) and will be publicly accessible at the time of publication.

Metadata comparative analysis

mRNA relative expression levels of selected immune checkpoints in whole lysates of Mantle Cell Lymphoma
lymph nodes (MCL-LN, n=199) was compared with normal tonsils (TONSIL n=30) according to GEP public
databases (GSE21452, GSE93291, GSE70910, GSE70927, GSE132929, GSE3526, GSE7307, GSE39503,
GSE43346, GSE65135, GSE65136 and GSE71810). These selected data were all generated with Affymetrix
Human Genome U133 Plus 2.0. Briefly, CEL files were normalized using the Expression Console ™ Software
v1.4.1.46 (Affymetrix). To take in consideration the batch effect, join data were normalized using the Limma
package included in Transcriptome Analysis console (Applied Biosystems).

Statistical analysis

Data were analyzed using Prism Software 8.0 (GraphPad Software, San Diego, CA, USA). Depending on the
assay and based on Shapiro-Wilk normality test, paired t test or Wilcoxon test were used. Data were

represented as the mean values of the patients. Differences between the results of comparative tests were
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considered significant if the two-sided P value was less than 0.05. The statistical significance convention used

along the manuscript was as follows: * p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.
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ANNEXES

Figure S1. Effect of cytokines and/or monocytes on PDLS culture. (A) B/T cell viability and proliferation
(%CFSE low) of MCL-PDLS cultured during 7 days with cytokines (Cyt) or monocytes (Mn) compared to the
control (Ctrl) condition of non-stimulated PDLS. (B) Representative CFSE histogram (MCL10) plot showing B-
and T cell proliferation when adding cytokines and/or monocytes. Percentage of CFSE low cells is indicated. (C)
PDLS (MCL13) brightfield imaging (Cytation 1, x40 magnification) with cytokines (Cyt) and/or monocytes (Mn)
stimuli compared to control (Ctrl) condition. Size in um is indicated(D) Density plots illustrates the increase in
cell growth (FSC-A) and cell complexity (SSC-A) of PDLS cultured with only cytokines for 7 days. B cell activation
was assessed by the percentage of CD69 and CD86 positive cells. (E) B, T and monocyte distribution after 7
days with cytokines and monocytes. (F) Evolution in size (FSC-A) and complexity (SSC-A) of CD11b+ isolated
from the PDLS (MCL13) after 3 or 7 days in PDLS media, compared to monocytes or to macrophages
differentiated in 2D with M-CSF.
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Figure S2. MCL-PDLS GSEA analysis. (A) GSEA enrichment plots representing relevant pathways in MCL
pathogenesis, with significant increase or decrease in the signature score (Figure 2C). (B) BCR signature
score calculated as explained in Figure 2C, detailed by each individual patient. (C) GSEA enrichment plots
representing up-regulated pathways in the PDLS, related to cell cycle, adhesion and immune system.
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Figure S3. Up-regulation of immune modulators markers in MCL-PDLS. (A) Percentage of positive cells for
CD70 and CD27 in B cells and CD4/CD8 T cells from MCL-PDLS (n=6) . (B) Percentage of positive cells of PD-
L1, CD66a, CD112 and CD155 in tumor B cell population in the PB sample and from MCL-PDLS at day 3 or
day 7 of culture (n=4-8). (C) Percentage of positive cells of ICP ligands in monocytes and macrophages from
PDLS after 3 or 7 days of culture (n=4-8).
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Figure
S4. Ibrutinib is active in MCL-PDLS. MCL-PDLS were treated at day 3 with ibrutinib. B cell count (n=17) (A),
B cell proliferation quantified by the percentage of CFSE low (B) and B cell viability measured by percentage
of negative LIVE/DEAD (C) were assessed after 72h of ibrutinib treatment compared to untreated (UNT)

samples.
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Figure S5. Ibrutinib and nivolumab combination in MCL-PDLS. (A) Effect of adding nivolumab to ibrutinib
treatment in patients with TP53 gene mutated (mut) or non-mutated (wild-type (wt)), represented as the
fold change of B cell depletion. (B) Granzyme B concentration by CBA comparing ibrutinib monotherapy or
in combination with nivolumab. (C) Percentage of CD8+ T cells (CD3+gated) after ibrutinib or ibrutinib
+nivolumab in sensitive or resistant MCL-PDLS to the combination.
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Table S1. Antibodies used in flow cytometry

Target Conjugate Clone Dilution
CcD112 PE R2.525 1/40
CD155 BV605 SKIl.4 1/100
CD19 PE SJ25C1 1/200
CcD20 eFluor 450 2H7 1/50
CD27 PE-Cy7 LG.7F9 1/100
CD3 PE-Cy5 UCHT1 1.5/100
cD4 SB600 RPA-T4 1.5/100
CD47 PE-Cy7 B6H12 1/20
CD66a AF488 283340 1/50
CD70 APC REA292 1/20
cD8 APC-H7 SK1 1/100
PD-1 PE-Cy7 EH12.1 1/50
PD-L1 PE MIH1 1/200
SIRPa APC 15-414 1/200
TIGIT APC MBSA43 1/50
TIM-3 PE F38-2E2 1/50
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Table S2. Leading edge genes of specific signatures from Figure 2C

LN CENPA KIF20A PBK PB
CENPE KIF23 PLK4

ANLN CENPF KIF2C POLQ gfﬁ; *

ASPM CENPM KIFC1 PTPN7 s

AURKA CEP55 LTBP1 RRM2 ool

AURKB CLSPN MCM10 SIRPA g A

BID CTNNAL1 MELK SKA3 RIN3

BUB1 DLGAPS MKI67 SMC2 SEiiE

BUB1B DTL MND1 SPAGS DKLy

ccL22 E2F8 MRPS14 TOP2A

€DC20 ESCO2 NCAPG TOX

CDC25A ESPL1 NCAPG2 TPX2 NFKB

cDc45 EXO1 NCAPH TYMS

cDC6 FAM72A NEIL3 UBE2C BCIZAT

CDCA3 FEN1 NEK2 UBE2T coLs

CDCA5 FOXM1 NEURL1B UHRF1 coL4

CDCA8 HJURP NLRP3 Stisos

CDK1 IPCEF1 NME1 EBI3

CDKN3 KIF14 NUF2 D2

IL12B
LTA

MCL Proli H2AZ1 oDe1 SET NFKBIE
HDAC2 PCNA SF3B3 RGS1

AIMP2 HDGF POLD2 SLC25A3 TNF

AP3S1 HNRNPA1 POLE3

APEX1 HNRNPA2B1 PPIA SNRPA

c1QBP HNRNPA3 PPM1G SNRPA1

CBX3 HNRNPC PRDX4 SNRPB2 NIK

ccT2 HNRNPD PRPF31 SNRPD1 ANXAG

ccT3 HNRNPR PSMA1 SNRPD2 e B

ccTa HNRNPU PSMA2 SNRPG i

CCT5 HPRT1 PSMA4 SRM CCDC28B

CCT7 HSP90AB1 PSMA6 SRSF2 CFLAR

€DC20 HSPD1 PSMA7 SRSF3 s

CDC45 HSPE1 PSMB2 SRSF7 EPB41L4B

CDK4 IARS1 PSMB3 SSB HLA-DQA1

CLNS1A IFRD1 PSMC4 SSBP1 LA DRB1

CNBP ILF2 PSMC6 SYNCRIP ol

COPS5 KARS1 PSMD1 TARDBP Ao

COX5A KPNA2 PSMD14 TCP1 e

cTPS1 LDHA PSMD3 TOMM70 MoD1

DEK LsM7 PSMD7 TRA2B e

EEF1B2 MAD2L1 PTGES3 TRIM28 i,

EIF1AX MCM2 PWP1 TUFM i

EIF251 MCM4 RAN TXNL4A TRARSIDS

EIF282 MCM6 RANBP1 UBE2L3

EIF3B MCM7 RFC4 USP1

EIF4A1 MRPL23 RPL18 VBP1

EIF4E MRPLY RPL34 XRCC6

ERH MRPS18B RPL6 YWHAE

EXOSC7 NDUFAB1 RPS2

FBL NHP2 RPS5

GLO1 NME1 RRM1

GNL3 NOLC1 RRP9

GOT2 NOP16 RUVBL2

GSPT1 NPM1 SERBP1
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Table S3. Gene sets (by biological process) overrepresented in MCL-PDLS compared to

unstimulated (MCL-PB) controls

S # of enriched NES (max) FDR, q value
Biological process ¢
gene sets (min)
Proliferation
Cell cycle regulation 18 2,31 <0,001
DNA replication 31 2 <0,001
MYC regulated genes 1 1.64 0.008
KRAS pathway 1 1.51 0.024
Immune pathways
Chemokines 5 2,11 <0,001
Allograft reaction 8 2,02 <0,001
Immune checkpoint control 1 1,97 0.002
Antigen presentation El 1,91 0,013
Interleukins 3 1,84 0,007
Cytokines 2 1,75 0,035
Immune response 22 1725 0.020
CD40-CDA4O0L signalling 1 1,74 0,011
Survival pathways
NFkB 8 1,94 0,001
TNF 3 1,75 0,037
Cellular processes
Protein syntheis 10 3,01 0,001
RNA synthesis 4 1,87 0,006
Cell adhesion 2 1,82 0,002
Proteasome 2 1,71 0,011
Metabolic pathways
&;{;(ia;g:)phosphowlatlon 5 1,96 G660
Glucose metabolism 6 1,72 0,023
Fatty acid metabolism 4 1,72 0,023
Aminoacid metabolism 3 1,69 0,028
DNA damage
DNA damage/repair 7 1,94 0,002
p53 1 1,65 0,04
Others
Telomeres 2 1,77 0,016
Redox balance 4 1,73 0,017

GSEA was used to test for significant enrichment of defined gene signatures. NES indicates Normalized
Enriched Score; FDR, False Discovery Rate. Threshold FDR<0.05 and NES>1.5. Custom genes set were
experimentally derived and downloaded from http://lymphochip.nih.gov/signaturedb/index.html. C2CP,
C3, C5 and H gene sets were obtained from the Molecular Signature Database (v2.5).

ANNEXES

237



ANNEXES

238

Table S4. Complete GSEA results of MCL-PDLS compared to unstimulated (MCL-PB) controls

| GENE SET |size NES FDR g-val
Allograft reaction

KEGG_GRAFT_VERSUS_HOST_DISEASE 39 2.02 0.000
KEGG_ALLOGRAFT_REJECTION 37 1.94 0.000
HALLMARK_ALLOGRAFT_REJECTION 195 1.77 0.002
KEGG_VALINE_LEUCINE_AND_ISOLEUCINE_DEGRADATION 44 1.64 0.023
KEGG_TRYPTOPHAN_METABOLISM 40 163 0.025
REACTOME_SELENOAMINO_ACID_METABOLISM 118 1,69 0.028
HALLMARK_ANGIOGENESIS 33 1.61 0.010
Antigen

GOBP_ANTIGEN_PROCESSING_AND_PRESENTATION 107 1.91 0.013
REACTOME_ANTIGEN_PROCESSING_CROSS_PRESENTATION 106 1,86 0.006
GOBP_ANTIGEN_PROCESSING_AND_PRESENTATION_OF_ENDOGENOUS_ANTIGEN 26 1.84 0.032
GOBP_ANTIGEN_PROCESSING_AND_PRESENTATION_OF_EXOGENOUS_ANTIGEN 47 1.82 0.034
GOBP_PEPTIDE_ANTIGEN_ASSEMBLY_WITH_MHC_CLASS_Il_PROTEIN_COMPLEX 16 1.83 0.036
GOBP_PEPTIDE_ANTIGEN_ASSEMBLY_WITH_MHC_PROTEIN_COMPLEX 20 1.82 0.034
MHC CLASS | 7 1.50 0.096
KEGG_ANTIGEN_PROCESSING_AND_PRESENTATION 73 1.76 0.006
REACTOME_CROSS_PRESENTATION_OF SOLUBLE_EXOGENOUS_ANTIGENS ENDOSOMES 50 1.8 0.012
CD40-CD40L signalling

CD40 SIGNALLING DURING GC DEV 150 1.74 0.011
Cell Adhesion

HALLMARK_APICAL_JUNCTION 197 155 0.018
KEGG_CELL_ADHESION_MOLECULES_CAMS 131 1.82 0.002
Cell cycle

HALLMARK_E2F_TARGETS 200 231 0.000
HALLMARK_G2M_CHECKPOINT 199 1.99 0.000
HALLMARK_MITOTIC_SPINDLE 199 1.59 0.013
KEGG_CELL_CYCLE 124 1.65 0.023
REACTOME_POLO_LIKE_KINASE_MEDIATED_EVENTS 16 1,73 0.021
REACTOME_APC_C_MEDIATED_DEGRADATION_OF_CELL_CYCLE_PROTEINS 88 1,94 0.002
REACTOME_CELL_CYCLE_CHECKPOINTS 289 1,92 0.003
REACTOME_G2_M_CHECKPOINTS 165 1.87 0.006
REACTOME_S_PHASE 162 1,84 0.007
REACTOME_G1_S_SPECIFIC_TRANSCRIPTION 29 1,82 0.011
REACTOME_MITOTIC_G1_PHASE_AND_G1_S_TRANSITION 149 1,81 0.012
REACTOME_CYCLIN_A_B1_B2_ASSOCIATED_EVENTS_DURING_G2_M_TRANSITION 25 1,72 0.023
REACTOME_TP53_REGULATES_TRANSCRIPTION_OF_GENES_INVOLVED_IN_G2_CELL_ 18 171 0.023
CYCLE_ARREST o
REACTOME_MITOTIC_METAPHASE_AND_ANAPHASE 236 1,64 0.045
GOBP_REGULATION_OF_CHROMOSOME_SEPARATION 69 1.97 0.010
GOBP_MICROTUBULE_CYTOSKELETON_ORGANIZATION_INVOLVED_IN_MITOSIS 1583 1.83 0.036
GOBP_MITOTIC_NUCLEAR_DIVISION 291 1.82 0.035
GOBP_MITOTIC_SPINDLE_ORGANIZATION 126 179 0.044
Chemokines

REACTOME_CHEMOKINE_RECEPTORS_BIND_CHEMOKINES 53 1,86 0.006
GOMF_CCR_CHEMOKINE_RECEPTOR_BINDING 34 21 0.000
GOMF_CHEMOKINE_RECEPTOR_BINDING 54 2.08 0.000
GOMF_CHEMOKINE_ACTIVITY 40 207 0.000
GOMF_CHEMOATTRACTANT_ACTIVITY 29 1.73 0.047
Cytokines

KEGG_CYTOKINE_CYTOKINE_RECEPTOR_INTERACTION 240 1.57 0.041
GOMF_CYTOKINE_ACTIVITY 205 1.75 0.035
DNA damage/repair

KEGG_MISMATCH_REPAIR 23 1.77 0.005
KEGG_BASE_EXCISION_REPAIR 34 167 0.016
KEGG_NUCLEOTIDE_EXCISION_REPAIR 44 1.58 0.040
REACTOME_ACTIVATION_OF_ATR_IN_RESPONSE_TO_REPLICATION_STRESS 37 1,94 0.002
REACTOME_BASE_EXCISION_REPAIR 86 1.7 0.024
REACTOME_DNA_DOUBLE_STRAND_BREAK_REPAIR 164 1,63 0.046
REACTOME_MISMATCH_REPAIR 15 1,62 0.050
DNA

KEGG_DNA_REPLICATION 36 2.00 0.000
REACTOME_DNA_STRAND_ELONGATION 32 2,02 0.001




REACTOME_SYNTHESIS_OF_DNA 120 2,01 0.000
REACTOME_CHROMOSOME_MAINTENANCE 135 1,97 0.002
REACTOME_DNA_REPLICATION 186 1,96 0.002
REACTOME_DEPOSITION_OF _NEW_CENPA_CONTAINING_NUCLEOSOMES_AT_THE_CENTROMERE ~ 68 1,91 0.003
REACTOME_ACTIVATION_OF_THE_PRE_REPLICATIVE_COMPLEX 33 19 0.003
REACTOME_DNA_REPLICATION_PRE_INITIATION 143 1,88 0.005
REACTOME_MITOTIC_SPINDLE_CHECKPOINT m 1,84 0.007
REACTOME_SEPARATION_OF_SISTER_CHROMATIDS 191 1,72 0.023
REACTOME_RESOLUTION_OF_SISTER_CHROMATID_COHESION 126 1,72 0.023
REACTOME_CONDENSATION_OF_PROPHASE_CHROMOSOMES 69 1,67 0.034
REACTOME_MITOTIC_PROMETAPHASE 203 1,67 0.035
GOBP_MONOCYTE_CHEMOTAXIS 62 208 0.000
GOBP_MITOTIC_SISTER_CHROMATID_SEGREGATION 17 1.98 0.012
GOBP_METAPHASE_ANAPHASE_TRANSITION_OF_CELL_CYCLE 63 1.96 0.009
GOBP_REGULATION_OF_CHROMOSOME_SEGREGATION 86 1.96 0.008
GOBP_SISTER_CHROMATID_SEGREGATION 203 1.96 0.007
GOBP_CENTROMERE_COMPLEX_ASSEMBLY 31 1.94 0.008
GOBP_KINETOCHORE_ORGANIZATION 23 1.93 0.010
GOBP_REGULATION_OF_MITOTIC_SISTER_CHROMATID_SEGREGATION 45 1.92 0.011
GOBP_CHROMOSOME_SEPARATION 94 1.91 0.013
GOBP_CHROMOSOME_SEGREGATION 343 1.89 0.017
GOBP_NUCLEAR_CHROMOSOME_SEGREGATION 284 1.89 0.016
GOBP_NEGATIVE_REGULATION_OF_METAPHASE_ANAPHASE_TRANSITION_OF_CELL_CYCLE M 1.86 0.026
GOBP_DNA_REPLICATION_INITIATION 38 1.81 0.037
GOCC_NUCLEAR_REPLICATION_FORK 28 1.85 0.007
GOCC_REPLICATION_FORK 60 1.84 0.007
GOCC_CONDENSED_CHROMOSOME_CENTROMERIC_REGION 156 1.83 0.008
GOCC_CHROMOSOME_CENTROMERIC_REGION 226 1.76 0.014
GOCC_REPLISOME 15 1.69 0.023
Fatty Acid boll

KEGG_BIOSYNTHESIS_OF_UNSATURATED_FATTY_ACIDS 22 1.60 0.037
KEGG_FATTY_ACID_METABOLISM 42 1.59 0.042
REACTOME_FATTY_ACID_METABOLISM 177 1,72 0.023
REACTOME_MITOCHONDRIAL_FATTY_ACID_BETA_OXIDATION 37 1,64 0.044
Glucose bol

HALLMARK_GLYCOLYSIS 199 1.57 0.015
KEGG_GLYCOLYSIS_GLUCONEOGENESIS 61 1.56 0.046
KEGG_ONE_CARBON_POOL_BY_FOLATE 17 155 0.050
KEGG_PENTOSE_PHOSPHATE_PATHWAY 26 1.54 0.050
REACTOME_GLUCONEOGENESIS 33 1,72 0.023
KEGG_PYRUVATE_METABOLISM 40 1.58 0.041
Immune checkpoint control

REACTOME_PD_1_SIGNALING 23 1.97 0.002
|immune response

REACTOME_IMMUNOREGULATORY_INTERACTIONS_BETWEEN_A_LYMPHOID_AND_A_NON_LYMPH( 184 1.75 0.020
REACTOME_INTERFERON_GAMMA_SIGNALING 92 1,74 0.021
GOBP_ANTIGEN_PROCESSING_AND_PRESENTATION 107 191 0.013
GOBP_ANTIGEN_PROCESSING_AND_PRESENTATION_OF_ENDOGENOUS_ANTIGEN 26 1.84 0.032
GOBP_LYMPHOCYTE_MEDIATED_IMMUNITY 351 1.83 0.034
GOBP_PEPTIDE_ANTIGEN_ASSEMBLY_WITH_MHC_CLASS_II_PROTEIN_COMPLEX 16 1.83 0.036
GOBP_PEPTIDE_ANTIGEN_ASSEMBLY_WITH_MHC_PROTEIN_COMPLEX 20 1.82 0.034
EPTORS_BUILT_FROM_IMMUNOGLOBULIN_SUPERFAMILY_DOMAINS 357 1.82 0.034
GOBP_ANTIGEN_PROCESSING_AND_PRESENTATION_OF_EXOGENOUS_ANTIGEN 47 1.82 0.034
GOBP_MACROPHAGE_MIGRATION 53 1.80 0.042
GOBP_CELLULAR_RESPONSE_TO_INTERFERON_GAMMA 113 1.80 0.043
GOBP_T_CELL_MEDIATED_IMMUNITY 1M1 1.79 0.046
GOBP_B_CELL_MEDIATED_IMMUNITY 208 179 0.049
GOCC_MHC_PROTEIN_COMPLEX 26 1.91 0.003
GOCC_IMMUNOGLOBULIN_COMPLEX_CIRCULATING 67 1.85 0.007
GOCC_T_CELL_RECEPTOR_COMPLEX 39 1.84 0.006
GOCC_MHC_CLASS_Il_PROTEIN_COMPLEX 17 1.78 0.011
GOCC_IMMUNOGLOBULIN_COMPLEX 146 176 0.014
GOMF_ANTIGEN_BINDING 156 1.87 0.012
GOMF_MHC_PROTEIN_COMPLEX_BINDING 36 1.83 0.022
GOMF_MHC_CLASS_II_PROTEIN_COMPLEX_BINDING 27 1.80 0.027
GOMF_IMMUNOGLOBULIN_RECEPTOR_BINDING 70 1.78 0.031
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IL17PATHWAY 14 1.64 0.031
REACTOME_INTERLEUKIN_10_SIGNALING 46 1,84 0.007
REACTOME_INTERLEUKIN_4_AND_INTERLEUKIN_13_SIGNALING 110 1,63 0.048
KRAS pathway

HALLMARK_KRAS_SIGNALING_UP 195 1.51 0.024
MYC regulatesgenes

HALLMARK_MYC_TARGETS V1 200 1.64 0.008
NFkB

NFKB TARGET GENES 23 1.98 0.000
NFKB _DLBCL NATURE 2009_COMPAGNO 109 1.94 0.001
NFKB_ALL_OCILY3_LY10 57 187 0.003
NIK SIGNATURE 26 1.84 0.003
NFKB PATHWAY MODULATED BY IBRUTINIB 39 1.83 0.004
NFKB_BOTHOCILY3ANDLY 10 33 1.76 0.010
NFKB SIGNATURE 18 1.74 0.011
REACTOME_DECTIN_1_MEDIATED_NONCANONICAL_NF_KB_SIGNALING 62 1,81 0.011
Oxidative phosphorylation

HALLMARK_OXIDATIVE_PHOSPHORYLATION 200 1.86 0.001
KEGG_OXIDATIVE_PHOSPHORYLATION 129 1.71 0.011
REACTOME_MITOCHONDRIAL_TRANSLATION 94 1,96 0.002
REACTOME_RESPIRATORY_ELECTRON_TRANSPORT 103 1,73 0.022
GOBP_MITOCHONDRIAL_RESPIRATORY_CHAIN_COMPLEX_ASSEMBLY 94 1.86 0.025
GOBP_OXIDATIVE_PHOSPHORYLATION 136 1.84 0.034
GOBP_ELECTRON_TRANSPORT_CHAIN 165 1.78 0.048
GOCC_MITOCHONDRIAL_PROTEIN_CONTAINING_COMPLEX 279 1.93 0.002
GOCC_INNER_MITOCHONDRIAL_MEMBRANE_PROTEIN_COMPLEX 153 1.81 0.008
GOCC_PROTON_TRANSPORTING_ATP_SYNTHASE_COMPLEX 21 1.73 0.017
GOCC_RESPIRASOME 100 1.71 0.018
GOCC_NADH_DEHYDROGENASE_COMPLEX 49 1.62 0.044
GOMF_ELECTRON_TRANSFER_ACTIVITY 124 1.77 0.030
P53

REACTOME_STABILIZATION_OF P53 57 1,65 0.040
Proliferation

MCL_PROLIFERATION_SIGNATURE 14 1.90 0.002
KEGG_PROTEASOME 44 1.71 0.011
GOCC_PROTEASOME_CORE_COMPLEX 20 1.70 0.022
Protein syntheis

KEGG_RIBOSOME 88 1.82 0.002
GOCC_RIBOSOMAL_SUBUNIT 177 2.01 0.001
GOCC_ORGANELLAR_RIBOSOME 81 1.99 0.000
GOCC_LARGE_RIBOSOMAL_SUBUNIT 11 1.96 0.001
GOCC_MITOCHONDRIAL_LARGE_RIBOSOMAL_SUBUNIT 54 1.90 0.003
GOCC_RIBOSOME 208 1.83 0.007
GOCC_SMALL_RIBOSOMAL_SUBUNIT 69 1.74 0.015
GOCC_CYTOSOLIC_RIBOSOME 101 1.71 0.019
GOCC_CYTOSOLIC_LARGE_RIBOSOMAL_SUBUNIT 57 1.69 0.023
REACTOME_EUKARYOTIC_TRANSLATION_INITIATION 120 1,65 0.040
Redox balance

KEGG_PEROXISOME 78 1.59 0.040
REACTOME_DETOXIFICATION_OF_REACTIVE_OXYGEN_SPECIES 36 1,64 0.042
GOCC_OXIDOREDUCTASE_COMPLEX 120 1.73 0.017
AS_ACCEPTOR 57 1.73 0.046
RNA h

REACTOME_LAGGING_STRAND_SYNTHESIS 20 1,87 0.006
REACTOME_EUKARYOTIC_TRANSLATION_ELONGATION 94 1,86 0.006
REACTOME_TELOMERE_C_STRAND_LAGGING_STRAND_SYNTHESIS 34 1,82 0.010
REACTOME_TRANSLATION 293 1.8 0.013
Telomeres

REACTOME_EXTENSION_OF_TELOMERES 51 1,77 0.016
REACTOME_TELOMERE_MAINTENANCE 108 1,75 0.018
TNF

REACTOME_TNFS_BIND_THEIR_PHYSIOLOGICAL_RECEPTORS 29 1,69 0.027
REACTOME_TNFR2_NON_CANONICAL_NF_KB_PATHWAY 101 1,67 0.033
GOMF_TUMOR_NECROSIS_FACTOR_RECEPTOR_BINDING 31 1.75 0.037




Table S5. Complete GSEA results of MCL-PDLS compared to MCL-2D co-cultures

REACTOME_CROSS_PRESENTATION_OF_SOLUBLE_EXOGENOUS_ANTIGENS_E

ANNEXES

REACTOME_DEFECTIVE_C1GALT1C1_CAUSES_TNPS

NDOSOMES 50 1.88 0.048 Ag presentation
HALLMARK_ANGIOGENESIS 33 | 172 | 0.042 Angiogenesis
REACTOME_ADHERENS_JUNCTIONS_INTERACTIONS 33 | 191 | 0.028 Cell adhesion
REACTOME_SCF_SKP2_MEDIATED_DEGRADATION_OF_P27_P21 60 | 187 | 0.044 Cell cycle
REACTOME_CDT1_ASSOCIATION_WITH_THE_CDC6_ORC_ORIGIN_COMPLEX 59 | 190 | 0.032 DNA replication
REACTOME_EXTRACELLULAR_MATRIX_ORGANIZATION 295 | 1.98 | 0.003 Extracellular matrix
REACTOME_ACTIVATION_OF_MATRIX_METALLOPROTEINASES 31 | 189 | 0038 Extracellular matrix
GOCC_COLLAGEN_CONTAINING_EXTRACELLULAR_MATRIX 413 | 203 | <0.001 | Extracellular matrix
GOCC_COLLAGEN_TRIMER 84 | 194 | 0.009 Extracellular matrix
GOMF_EXTRACELLULAR_MATRIX_STRUCTURAL_CONSTITUENT 165 | 2.08 | <0.001 | Extracellular matrix
GOMF_COLLAGEN_BINDING 65 | 201 | 0.002 Extracellular matrix
REACTOME_DECTIN_2_FAMILY 26 1.89 0.039 Immune response
HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION 198 | 172 | 0.034 Metastasis
BIOCARTA_RACC_PATHWAY 15 | 190 | 0.048 lon channel activity
GOMF_EXTRACELLULAR_LIGAND_GATED_ION_CHANNEL_ACTIVITY 73 | 193 |0.023 lon channel activity
GOMF_LIGAND_GATED_ION_CHANNEL_ACTIVITY 144 | 190 | 0.044 lon channel activity
GOCC_ION_CHANNEL_COMPLEX 286 | 193 | 0.009 lon channel activity
HALLMARK_KRAS_SIGNALING_UP 195 | 184 | 0015 KRAS
HALLMARK_MYC_TARGETS_V1 200 | 183 | 0.010 MYC
REACTOME_NEGATIVE_REGULATION_OF_NOTCH4_SIGNALING 54 | 188 | 0042 Notch pathway
E47_02 249 | 1.72 0.014 Stemness
KEGG_PROTEASOME 44 | 197 | 0.004 Proteasome
SREACTOME_DISEASES_ASSOC!ATED_WITH_O_GLVCOSYLATION_OF_PROTEIN s |wes | o008 STl VES ISR
REACTOME_O_GLYCOSYLATION_OF_TSR_DOMAIN_CONTAINING_PROTEINS | 39 | 1.94 | 0.012 Protein glycosylation
REACTOME_DEFECTIVE_GALNT3_CAUSES_HFTC 16 | 192 |0.026 Protein glycosylation
REACTOME_TERMINATION_OF_O_GLYCAN_BIOSYNTHESIS 23 | 191 |o0028 Protein glycosylation
17 1.87 0.046 Protein glycosylation

GSEA was used to test for significant enrichment of defined gene signatures. NES indicates Normalized Enriched Score;
FDR, False Discovery Rate. Threshold FDR<0.05 and NES>1.5. Custom genes set were experimentally derived and

downloaded from http://lymp

/ >.nih.gov/sign
the Molecular Signature Database (v2.5).

2db/i

'ml. C2CP, C3, C5 and H gene sets were obtained from
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Table S6. Leading edge genes of specific signatures from Figure 3E

Myc

FBL
GLO1
GNL3
GOT2
GSPT1

Collagen

c1QB
ciQc
CCcDC8o
COL12A1
COLBA3

ECM org

COL12A1
COL22A1
COLBA3
COL7A1
CTSL
LRP4
MMP16
MMP19
MMP9
NRXN1
SPP1
THBS1
TNC
VWF
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H2AZ1
HDAC2
HDGF
HNRNPA1
HNRNPA2B1
HNRNPA3
HNRNPC
HNRNPD
HNRNPR
HNRNPU
HPRT1
HSP90AB1
HSPD1
HSPE1
IARS1
IFRD1

MRPS18B
NDUFAB1
NHP2
NME1
NOLC1

COL7A1
CRELD1
CTsL
EGFLAM
FRAS1
HSP90B1
ITIH4

E47_02

GABRE
COL22A1
MMP16
Doc2B
BTBD3
CASKIN2
FGF13
ELPS
ERBB3
SNAP25
TP

NOP16
NPM1
ODC1
PCNA
POLD2
POLE3
PPIA
PPM1G
PRDX4
PRPF31
PSMA1
PSMA2
PSMA4
PSMA6
PSMA7
PSMB2
PSMB3
PSMC4
PSMC6
PSMD1
PSMD14
PSMD3
PSMD7
PTGES3
PWP1
RAN
RANBP1
RFC4
RPL18
RPL34
RPL6
RPS2
RPS5

LGALS9
LTBP3
MMP9
PTPRZ1
S100A4
SEMA3B
THBS1

RRM1
RRP9
RUVBL2
SERBP1
SET
SF3B3
SLC25A3
SNRPA
SNRPA1
SNRPB2
SNRPD1
SNRPD2
SNRPG
SRM
SRSF2
SRSF3
SRSF7
SSB
SSBP1
SYNCRIP
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SUPPLEMENTAL MATERIAL STUDY 2

SUPPLEMENTAL METHODS

Patient samples and healthy donor peripheral blood monocytes isolation

FL primary samples, diagnosed according to the World Health Organization classification criteria in the Hematopathology
Unit of Hospital Clinic of Barcelona (HCB, Barcelona, Spain), were isolated from peripheral blood (PB) and tumor lymph
nodes (LN) biopsies. These samples belong to Hematopathology collection, registered in the Biobank of IDIBAPS-Hospital
Clinic, Barcelona (R121004-094) and in the National Registry of Biobanks-ISCIII (C.0000397). Patients had signed an
informed consent approved by the Ethics Committee of HCB and the Declaration of Helsinki. Patient clinical features are
summarized in Table 1. Monocytes from healthy donors were isolated from peripheral blood mononuclear cells (PBMCs)
of buffy coats provided by Banc de Sang i Teixits (Barcelona, Spain). After Ficoll-Paque gradient separation (GE Health
Care, Chicago, IL, USA), monocytes were purified using CD14* human magnetic beads and LS columns (Miltenyi Biotec,
Bergisch Gladbach, Germany). Purity >96% was verified by flow cytometry (FACS Fortessa (BD Biosciences)) before
cryopreservation with 10% DMSO (Sigma-Aldrich, St. Louis, MO, USA).

FL-PDLS immune profile

The immune profile of FL samples after thawing (day 0), at day 3 (day 3-PDLS) and day 7 (day 7-PDLS) was characterized
using flow cytometry panels for B (CD20%) cells, T (CD4" and CD8*) cells and monocytes/macrophages (CD11b*) including
the following antibodies against: TIM-3, PD-1, TIGIT, ICOS, LAG-3, CD28, 41BB, 0X40, CD200, ICOSL, CD66a, PD-L1, OX40L,
41BBL, CD200R. PBMCs (n=4) from healthy donors were used as controls. T cell phenotype was characterized by the
expression of CCR7 and CD45RA. FoxP3 intracellular staining together with CXCR5 were used to characterize Tey, Tres and
T follicular regulatory cells (Trg) subsets. The study of CD3* clusters (C0-C7) based on the expression of CD8, PD-1, TIM-
3, LAG-3 and ICOS was assessed using FlowJo (BD Biosciences, Franklin Lanes, NJ, USA) plugins using data from 6 patients.
Cluster Explorer after dimensionality reduction (UMAP) (1) and hierarchical clustering (FlowSOM) (2) creates an
interactive cluster profile graph and heatmaps.

Additionally, frozen supernatants from day 6-PDLS samples were used to quantify soluble galectin-9 concentration by
ELISA (Thermo Fisher) following the manufacturer’s instructions. Data was collected using the colorimetric microplate
reader Infinite® 200 PRO (Tecan, Mannedorf, Switzerland).

FL-PDLS imaging

PDLS formation has been tracked by brightfield illumination on the automated digital microscope Cytation 1 Cell Imaging
Multi-Mode Readers (BioTek, Agilent, Santa Clara, CA, USA) and analyzed with Gen5 software (Biotek). Captures were

performed under 372C temperature and 5% CO, using Z-stacking function (n=3).
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3D captures and analysis were performed with SPIM (ZEISS Lightsheet Z.7, Imactiv 3D) and image-processing algorithms
were developed in MATLAB. Day 7-PDLS were fixed in 4% paraformaldehyde (PFA (Electron Microscopy Sciences,
Hatfield, PA, USA)) overnight (ON) at 42C. Then, after three rinses, PFA was diluted to 0.5% with PBS and labeled with 10
pg/mL Propidium lodide (Thermo Fisher Scientific) for 4h at room temperature (RT) with agitation. After the incubation,
PDLS were washed three times with PBS, included in 1.5% agarose and cleared using methanol and Benzyl Alcohol/Benzyl
Benzoate (BABB) reagent.

Immunofluorescence

PDLS populations had been captured using confocal microscopy (LEICA TCS SPE, Wetzlar, Germany) and analyzed with
Imagel software (NIH, Bethesda, MD, USA). After fixation and several rinse cycles, PBS was finally replaced by
permeabilization/blocking (P/B) buffer (PBS + 2% FBS + 2% BSA + 0.6% Triton + 0.01% Azide) and incubated ON with
agitation at RT. PDLS were then labeled with 1:100 CD19 (Invitrogen), 1:100 CD3 (Bioss Antibodies, Wobrn, MA, USA)
and 1:100 Ki-67 (Dako Omnis, Santa Clara, CA, USA) anti-human antibodies under agitation at RT ON. Monocytes were
stained before being cultured, with Far Red CellTrace (Thermo Fisher Scientific) to be localized in the spheroid. After 3
washes with P/B buffer, PDLS were labeled with a mixture of 1:500 anti-Rat + 1:500 anti-Rabbit + 1:500 anti-Mouse
secondary antibodies (Thermo Fisher Scientific) ON at RT under agitation. After the incubation, PDLS were washed three
times with PBS, included in 1.5% agarose and cleared using methanol and Benzyl Alcohol/Benzyl Benzoate (BABB)
reagent.

BCL2 rearrangement was assessed by Fluorescence in situ hybridization (FISH) using BCL2 break-apart and/or IGH/BCL2
dual-color dual-fusion commercial probes (Metasystems, Altlussheim, Germany). The hybridization was performed
according to the manufacturer's protocols. At least 100 nuclei were examined for each probe whenever possible. Digital
image acquisition, processing, and evaluation were performed using ISIS digital image analysis version 5.0 (MetaSystems
Barcelona, Spain).

Monocyte-Macrophage differentiation and polarization analysis

To assess differentiation and polarization of the myeloid compartment included in the day 7-PDLS, CD11b* Far Red" cells
were purified (over 96.0%) and recovered by cell sorting (FACS Aria, BD Biosciences (Cytometry and cell sorting facility,
IDIBAPS, Barcelona, Spain)) and RNA was isolated with TRIZol following manufacturer’s protocol (Thermo Fisher
Scientific). cDNA was synthetized using Preamp RT Master Mix (Fluidigm, San Francisco, CA, USA). Next, cDNA was pre-
amplified for the following genes: CXCL11, CCL5, MRC1, CCL22, PMAIP1, RSG2, GUSB, using pre-designed TagMan probes

(Thermo Fisher Scientific) and PreAmp Master Mix (Fluidigm).
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Quantitative real-time PCR (qPCR) was then performed on a StepOne Real-Time PCR System (Thermo Fisher Scientific)
using the same probes as the preamplification. Samples were analyzed in duplicate, and expression was normalized using
the housekeeping gene GUSB. To evaluate the degree of M1/M2 polarization FL-macrophages were compared with M1
or M2-polarized macrophages generated as follows: monocytes obtained from PBMCs as previously described were
seeded in 6-wells plates at 0.5x10° cells/mL in enriched medium (EM) supplemented with macrophage colony stimulating
factor (M-CSF) (Thermo Fisher Scientific) at 100 ng/mL to differentiate them to macrophages (MO0). After 6 days,
additional stimuli were provided to obtain M1-polarized macrophages (20 ng/mL IFNy (Gibco, Thermo Fisher Scientific)

+ 100 ng/mL LPS (Sigma-Aldrich)) or M2-polarized macrophages (20 ng/mL IL-4 (PeproTech, Rocky Hill, NJ)) for 24h.

RNA-seq and data analysis

Day 7-PB-PDLS were disaggregated, labeled with LIVE/DEAD Aqua, CD20 (Thermo Fisher Scientific) and CD3 (BD
Biosciences). FL-B cells (CD20* CD3" FR" Aqua’) were recovered using a BD FACSARIA Il sorter (Cytometry and cell sorting
facility, IDIBAPS) and RNA extracted as previously mentioned. Likewise, FL-B cells (CD20* CD3" FR” Aqua’) isolated from
the original paired FL-PB and FL-LN sample from the same patient at thawing (day 0) were used as a comparator for RNA-
seq studies. Purity was over 95%.

RNA was assayed for quantity and quality using Qubit RNA HS Assay (Thermo Fisher Scientific) and RNA 6000 Nano Assay
on a Bioanalyzer 2100 (Agilent). Stranded RNA-seq libraries were performed for 150 ng of mRNA using the TruSeq library
kit (Illumina, San Diego, CA, USA). Libraries were sequenced on a NextSeq2000 (lllumina) in a 2x50bp length with a
coverage of >40 million paired-reads per sample.

Sequencing reads were trimmed using trimmomatic (version 0.38) (3) and ribosomic RNA reads were filtered out using
SortMeRNA (version 2.1b) (4). Gene-level counts (GRCh38.p13; Ensembl release 100) were calculated using kallisto
(version 0.46.1) (5) and tximport (version 1.6.0) (6). Paired differential expression analyses were conducted using DESeq2
(version 1.18.1) (7). All samples were used to estimate size factors and dispersions. Shrinkage of effect size was
performed using the ashr method (8). Adjusted P value (Q) <0.10 and absolute log2-transformed fold change >0.5 were
used to identify differentially expressed genes (DEGs).

Gene-set enrichment analyses (GSEAs) were conducted with GSEA software (version 4.3.2) (9) using the pre-ranked
modality and log2FC results obtained from DESeq?2 as input data. All Human collections of MSigDB gene sets were used
(Human MSigDB v2023.1.Hs updated March 2023). Heatmaps of selected genes were generated using R and Morpheus

software.
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Metadata comparative analysis

mRNA relative expression levels of selected immune checkpoints in whole lysates of follicular lymphoma lymph nodes
(FL-LN, n=427) was compared with normal tonsils (TONSIL, n=30) according to GEP public databases (GSE3526, GSE7307,
GSE31311, GSE39503, GSE43346, GSE65136, GSE71810, GSE53820, GSE55267, GSE86622, GSES3261, GSE12453,
GSE12195, GSE35426 and GSE132929). This selected data was all generated with Affymetrix Human Genome U133 Plus
2.0. Briefly, CEL files were normalized using the Expression Console TM Software v1.4.1.46 (Affymetrix, Santa Clara, CA,
USA). To take in consideration the batch effect, joint data was normalized using the Limma package included in

Transcriptome Analysis console (Applied Biosystems, Waltham, MA, USA).

Statistical analysis

Data were analyzed using Prism Software 9.0 (GraphPad Software, San Diego, CA, USA). We used non-parametric test t-
test, paired (Wilcoxon test) or unpaired (Mann-Whitney test) depending on the experiment. Likewise, ordinary one-way
ANOVA followed by Holm-Sidak post hoc test was used for multiple comparisons. Data were represented as the mean
values of the patients analyzed and standard deviation. Pearson correlation coefficient was used to measure linear
correlations. Differences between the results of comparative tests were considered significant if the two-sided P value
was less than 0.05. The statistical significance convention used along the manuscript was as follows: * p<0.05, **p<0.01,

**%p<0.001 and ****p<0.0001.
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SUPPLEMENTAL FIGURES
Figure S1
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Figure S1. Optimization of PDLS cocktail. PDLS (n=10) including normal donor monocytes were cultured with the indicated cytokine
cocktails. CD20" and CD3" population viability (upper panel) was determined by the percentage of Aqua™ flow cytometry staining,
and proliferation (lower panel) was analyzed by the percentage of CFSE low signal after 7 days of culture.
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Figure S2
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Figure S2. FL-PDLS additional features. (A) Brightfield images superimposed with CFSE (Cytation 1) in FL-PLDS after 7 days of culture
with the following conditions: non-stimulated (Control), cytokine cocktail (Cyt), with monocytes (Mn) and the complete condition
combining both cytokines and monocyte co-culture (Mn+Cyt). Magnification 4x and 1000 um scale. {(B) Immunofluorescent capture
of CD19" (green), CD3"* (blue) or Far Red (macrophages(red)) labeled cells, and merged image of all 3 channels (overlay). Captured
in confocal Leica TCS SPE microscope. Scale 100 um. (C) CD20%, CD3* and CD11b* cell proportions (left panel) and CD4*, CD8" out of
CD3"* {right panel) from day 7-FL-PDLS. (D) Light chain restriction analysis in four representative FL-PDLS. Kappa/lambda percentages
are shown in the control sample (DO) and in the corresponding FL-PDLS (day 6). Representative density plots indicating the
population (CD19+ CD20+), the light chain distribution and the expression of CD305 and CD43 in DO sample and in the corresponding
FL-PDLS. (E) Gene expression of M1 and M2 makers by RT-qPCR in CD11b" cells sorted from day 7-FL-PDLS, compared to Mn, MO,
M1 or M2 macrophages. Values are relative to MO macrophages (mean, n=4).
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Figure S3
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Figure S3. FL-PDLS and 2D comparison. (A) Purified B cells from FL-PDLS (n=3) or cultured in conventional 2D were analyzed by
RNAseq. Uniform approximation and projection (UMAP) plot is shown. (B) Volcano plot representing the differentially expressed
genes (DEG) comparing purified B cells from FL-PDLS or cultured in 2D (left panel). Heatmaps of DEG for the individual patients (n=3)
(right panel). NS: non-significant; Down: Downregulated; Up: upregulated. (C) Gene Set Enrichment Analysis: PDLS vs 2D samples.
The ridgeplot visualizes the expression distributions of core enriched genes for selected GSEA enriched gene sets. Gradient color
reflects the p-values (left panel). Corresponding enrichment plots are also shown (right panel).

250



Figure S4
A

@ o

Culture
O PDLS Allo
O PDLS Auto
Patient
O FL12
@ FL16

©
00, D
3 = :
UMAP 1
B
Allo vs Auto
100 2 4 o
L]
— L]
s, ° y ONs
L 38 39 @ Down
250 ° ° °
S| e,® . | OUP
o Y4 -
o s . o 8
5 . ooF
Q'QA‘ > oo°
0.0 | §
-25 0 25
Log, (FC)
C
Allo vs Auto
1
I
I
!/
KEGG GRAFT VERSUS HOST DISEASE - ]
| =y
KEGG ANTIGEN PROCESSING AND PRESENTATION { ::;;:
) 0.000225
0.000250
REACTOME FCGRACTIVATION '
|
REACTOME CD22 MEDIATED BCR REGULATION-
I
1

Figure S4. Comparison of FL-PDLS generated with

25 00 25 50
Enrichment distribution

[ . |
— |

Grart Versus Host Disease

.

Rern O O

Fegr Activation

ANNEXES

Patient
TRz
Wrue
Culture
W atlo
Waute

2Z-Score
¥

2
o

I4
i

Antigen Processing And Presentation
[

:'[/

Aok Ok Ot

CD22-mediated 8CR regulation

f

‘
i N}

]|

or

g y (A) Purified B cells from FL-PDLS (n=2)
generated with allogenic or autologous monocytes were analyzed by RNAseq. Uniform approximation and projection (UMAP) plot
is displayed. (B) Volcano plot representing the differentially expressed genes (DEG) comparing PDLS with allogenic monocytes (Allo)
or containing autologous monocytes (Auto) (left panel). Heatmaps of DEG for the individual patients (n=2) (right panel). NS: non-
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Figure S5
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Figure S5. 1 regul 'S exp ion in | T cells from FL-PDLS. (A) Graph bars showing mean percentages of IC
expression on CD4 and CD8 T cells, or their ligands in CD20 and CD11b cells (B) from (2) baseline (day 0), (3) day 3, and (4) day 7-FL-
PDLS. Control expression is measured in healthy donors PBMCs (1). Each colored dot represents a FL-PDLS patient.
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ANNEXES

Figure S6. T cell phenotypes present in FL-PDLS. (A) Mean percentage of each CD4' or CD8" phenotype for FL patient measured by
CDA45RA and CCR7 expression by flow cytometry at day 3-PDLS. Paired t test - Wilcoxon matched-pairs signed rank test was applied.
(B) Cell percentage of Te, Trec and Ter measured by FoxP3 and CXCRS expression by flow cytometry at day 3-PDLS within the CD4
population (as in figure 3F) including patient coding. (C) Cell percentage of Ty, Tew, Trea and Teg measured by FoxP3 and CXCRS
expression by flow cytometry at day 0 and day 3-PDLS generated from PB or LN samples. The relative expression of LAG-3, TIM-3

and PD-1 is displayed in these four conditions.
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Figure S7. TIM3 expression and rituximab activity. (A) Day 3 FL-PDLS were treated with R-CHOP or remained untreated for 3 days;
the percentage of alive B cells is represented. Paired t test - Wilcoxon matched-pairs signed rank test was applied. (B) Correlation
plot (simple linear regression) between percentage of total Treg in the autologous day 3-FL-PDLS T population and rituximab
depletion. (C) Correlation plot (simple linear regression) between TIM-3 expression at day 3 in CD4* cells and the percentage of Tgee

cells out of total alive cells from the FL-PDLS.
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ANNEXES

Figure $8. Galectin-9 is a novel target modulating TIM-3 expression. A) Schematic representation of receptor TIM-3 and CD66a and
galectin-9 ligands and how blocking antibodies interact. Created with BioRender.com. (B) Correlation plot (simple linear regression)
of tumor B cell depletion in FL-PDLS treated with rituximab (upper panel) or rituximab + nivolumab (lower panel) and the
concentration of soluble galectin-9 in the supernatants. (C) TIM-3 expression in CD4 and CD8 cells in FL-PDLS untreated (unt) or
treated with rituximab + mAb anti-galectin- 9 (Rtx+Gal9). Paired t test - Wilcoxon matched-pairs signed rank test was applied. (D)
Correlation plot (simple linear regression) of tumor B cell depletion in FL-PDLS treated with rituximab + anti-galectin-9 and the
percentage of Try out of total alive cells from the PDLS.
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FIGURE LEGENDS

Figure S1. Differential immune profile between patients that will or will not relapse. (A) Pre-
ranked GSEA analysis showing biological pathways up-regulated or down-regulated in relapse
compared to non-relapse patients. (B) GSEA plots showing some of the most representative
pathways over-represented in each group. (C) Box-plot representation of mRNA expression
levels of CD27 in each group, expressed in log2 from Nanostring counts, each patient is
represented by a single dot. (D) Correlation analysis showing genes that significantly correlate
(abs R > 0.4, p < 0.05) with CD70 expression. (E) Biological pathways over-represented by GSEA
in genes positively correlating with CD70. (F) Dot-plot representation of the correlation between
CD70 and some of the most important genes (CCL20, CCL22, IRF4).

Figure S2. Genetic profile of FL samples (A) Heatmap representing WT or altered status of the
most frequently mutated genes in FL, together with the number of mutations, the group (Rel /
NR), and CD70 levels (B) Box-plot representation of CD70 normalized counts according if the
patient has more or less than 8 mutations (median number of mutations). (C) Accumulative
number of mutations, expressed in percentage of patients from each group (CD70 low or high)
that reach each certain number of mutations (left panel). Area under curve (AUC) units from
each group (right panel). (D) Box-plot representation of mRNA expression levels of CD70 in each
group. Each patient is represented by a single dot. T-test or Mann-Whitney U test were applied
forD

Figure S3. CD70 and CD27 expression in FL-LN by multiplexed immunofluorescence (A) Merged
from a representative Rel and a NR patient stained with Panel 3 antibodies. (B) Summary of the
CD27 and CD70 expression, represented with box-plots in relapse (red) and non-relapse (blue)
patients. (C) Kaplan-meier survival analysis (lower panels) and percentage of CD70+ cells (upper
panels) in T helper non-follicular cells (left panel) and T follicular regulatory cells (right panel).
Each patient is represented by a single dot. (D) Kaplan-meier survival analysis (lower panels) and
percentage of CD27+ cells (upper panels) in T helper non-follicular cells (left panel) and T
follicular regulatory cells (right panel). (E and F) Box-plot representation of density of cells
expressing CD70 (E) or CD27 (F) in CD20+, CD4+ or CD8+ population. Each patient is represented
by a single dot. T-test or Mann-Whitney U test were applied for C-F. (G) Correlation analysis (R
spearman) between density of CD20+CD70+ cells and density of T regulatory cells.

Figure S4. CD70 expression in tumor cells correlates with CD70 in T cells. (A) Bubble-plot
showing the correlation between the percentage of CD70+ cells in the CD20+ population with
the expression of CD70+ and CD27+ in the populations analyzed by multiplexed
immunofluorescence. (B and C) Representation of the most relevant correlations between
CD70+ in B cells with CD70+ (B) or CD27+ (C) in T cells.



Figure S5. CD70 knock-out in FL cell lines and primary samples. (A) Histogram from flow
cytometry data representing expression of CD70 in WSU-FSCCL and SC-1 cell lines. (B) Histogram
from flow cytometry data representing transfection efficiency (ATTO-550+) of gCtrl and gCD70,
compared to untransfected (UNT) cells. (C) Intracellular expression of CD70 in stable FL cell lines
generated by transfection with a gCtrl (red) or a gCD70 (blue). (D) Expression of CD27 in SC-1
cells in different days (D) after electroporation with a gCtrl (red) or a gCD70 (blue). (E) Soluble
CD27 (sCD27) levels in supernatants from WT WSU-FSCCL and SC-1 cell lines. (F) Expression of
CD27 (in SC-1 cells, left panel) or CD70 (in both SC1, middle panel, and WSU-FSCCL, right panel)
at different times after electroporation. Represented as median fluorescence intensity (MFI).
(G) Soluble CD27 (sCD27) levels in supernatants from FL cell lines co-cultured with T cells.
Represented as the increase in sCD27 compared to the baseline (FL cell lines cultured alone). (H)
Percentage of CD70 (left panel) and CD27 (right panel) of FL cells co-cultured with T cells. (1)
Histogram representation of CD70 down-regulation in a FL patient 4 days after electroporation
with a gCtrl (red) or a gCD70 (blue) (left panel). Percentage of positive CD70 (middle panel) and
CD27 (right panel) in CD20+, CD4+ and CD8+ populations, after 4 days of electroporation. Each
patient is represented by a single dot. (J) Relative B-cell count after 4 days of electroporation,
calculated by flow cytometry techniques. Each patient is represented by a single dot. Paired t-
test was applied for G-J.

Figure S6. Determination of the lead anti-CD27 CAR-T construct in follicular lymphoma (A)
CAR-T membrane expression, in scFv-based CAR-Ts (left panel) and in ligand-based CAR-Ts (right
panel). CD27"8" population was determined with an arbitrary gate from UTD expression. (B)
sCD27 concentration in supernatants at the end of the expansion (day 10). (C) Percentage of
specific lysis, represented as mean +/- sd of bioluminescence lose in K562 cells WT cells or
transduced with CD19 (K562-CD19) or CD70 (K562-CD70), compared to cells without CAR-T,
after 24h of co-culture (n=3). 3 different effector to target (E:T) ratios (3:1, 1:1, 1:3) were used.
(D) IL-2 levels in supernatants of K562-WT, K562-CD19 and K562-CD70 cells co-cultured for 24h
with CAR-T, in a E:T ratio of 3:1 (E) Specific killing (left panel), T-cell proliferation (middle panel)
and B/T cell proportion (right panel) of SC-1 and WSU-NHL cells co-cultured for six days with
CAR-T in a E:T ratio of 1:4. Specific killing was calculated as the depletion compared to
untransduced (UTD) cells. T-cell proliferation was calculated as the fold change comparing the
number of CD3+ cells at endpoint. (n=3). A representative example with SC-1 cells comparing B
cells (CD10+) and T cells (CD3+) by flow cytometry is shown. Anova test and Holm-Sidak test for
multiple group comparisons was applied in A, B, D and E.
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Figure S5
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ADDITIONAL PUBLICATIONS

Apart from the studies mentioned above, which represent original research

papers, two review works have also been published during this thesis:

1. Dobaiio-Lépez C, Araujo-Ayala F, Serrat N, Valero JG, Pérez-Galan P.
Follicular Lymphoma Microenvironment: An Intricate Network Ready
for Therapeutic Intervention. Cancers (Basel). 2021 Feb 5;13(4):641.
doi:  10.3390/cancers13040641. PMID: 33562694; PMCID:
PMC7915642.

2. Araujo-Ayala F, Pérez-Galdn P, Campo E. Vulnerabilities in the tumor

and microenvironment in follicular lymphoma. Hematol Oncol. 2021

Jun;39 Suppl 1:83-87. doi: 10.1002/hon.2855. PMID: 34105816.
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Simple Summary: Follicular lymphoma is a paradigm of tumors that require the interaction between
tumor and microenvironment cells to foster their development from initial steps to progression.
Recent large-scale genome studies have uncovered multiple genetic alterations that cooperate with
the lymphoma microenvironment to promote cell survival, proliferation and to facilitate tumor
evasion from host immune system. Understanding the crosstalk between tumor B-cells and the
microenvironment is fundamental to identify vulnerabilities that may offer novel therapeutic targets.
This review highlights recent findings showing the effect of common genetic mutations modulating
the cell composition and phenotype of the tumor microenvironment and the novel therapeutic
perspectives to target these interactions.

Abstract: Follicular Lymphoma (FL), the most common indolent non-Hodgkin’s B cell lymphoma,
is a paradigm of the immune microenvironment’s contribution to disease onset, progression, and
heterogeneity. Over the last few years, state-of-the-art technologies, including whole-exome se-
quencing, single-cell RNA sequencing, and mass cytometry, have precisely dissected the specific
cellular phenotypes present in the FL. microenvironment network and their role in the disease. In this
already complex picture, the presence of recurring mutations, including KMT2D, CREBBP, EZH2,
and TNFRSF14, have a prominent contributory role, with some of them finely tuning this exquisite
dependence of FL on its microenvironment. This precise characterization of the enemy (FL) and
its allies (microenvironment) has paved the way for the development of novel therapies aimed at
dismantling this contact network, weakening tumor cell support, and reactivating the host’s immune
response against the tumor. In this review, we will describe the main microenvironment actors,
together with the current and future therapeutic approaches targeting them.

Keywords: follicular lymphoma; microenvironment; immunotherapy

1. FL Microenvironment: Friend or Foe?

Follicular lymphoma (FL), the most common indolent non-Hodgkin’s lymphoma
(NHL), is a biologically heterogeneous disease with clinical variations in patient out-
come [1].

The initial oncogenic hit happens in the Pre B/Pro B stage of B cells in the bone
marrow (BM) where they acquire the t (14;18) translocation due to an error in V(D)J
recombination. Subsequently, these cells home to B cell follicles inside lymph nodes
(LNs) where they encounter the antigen (Ag) and undergo, in the germinal center (GC),
somatic hypermutation (SHM) and class switch recombination (CSR) (IgM to 1gG) of
the immunoglobulin that constitutes the B cell receptor (BCR). FL-like cells interact with
follicular dendritic cells (FDCs) and are selected to undergo apoptosis or be rescued by
follicular helper T cells (Tgy), based on the Ag affinity of their BCRs. Overexpression of

Cancers 2021, 13, 641, https:/ /doi.org/10.3390/ cancers13040641

https:/ /www.mdpi.com /journal /cancers

267



ANNEXES

268

Cancers 2021, 13, 641

20f21

BCL2, along with additional anti-apoptotic proteins, allow apoptosis escape independently
of BCR affinity. These FL-like B cells then exit the GC and enter circulation where they
might be prone to traffic between secondary lymphoid organs and the BM, and they acquire
additional genetic changes necessary for transformation to FL, such as CREBBP, KMT2D,
EZH2, TNFRS14, among others [2,3].

There is now growing evidence that crosstalk between lymphoma cells and stromal
and immune cells in lymphoid compartments is fundamental for disease onset and pro-
gression. This crosstalk is dynamic and shapes the tumor microenvironment enhancing
the pro-tumoral features of the niche [4,5]. FL represents a paradigm of dependence on
the microenvironment. Seminal microarray studies in LN biopsies from the Leukemia
and Lymphoma Profiling Project (LLMPP) series established for the first time that FL
prognosis was not given by the tumor cell per se but by the composition of non-malignant
cells [6-8]. Subsequently, many studies have tried to identify phenotypic markers to stratify
patients, although this picture has been more complicated than anticipated, and influenced
by treatment.

The main players that support tumors, through a complex set of cytokines, receptors,
immune modulators, and pro-angiogenic factors, are follicular dendritic cells (FDCs),
fibroblastic reticular cells (FRCs), mesenchymal stromal cells (MSCs), and tumor-associated
macrophages (TMAs), together with a rich T cell infiltrate composed of CD4 T follicular
helpers (Tgy) cells, CD4 T follicular regulatory (Tgg) cells, CD4 T regulatory cells (Treg),
and CD8 cytotoxic T cells (CTL) [9,10] (Figure 1).

The FL-LN maintains a structure reminiscent of a normal LN, where B cells are
supported by Trry and the follicles are delimitated for a network of FDCs. These types of
dendritic cells are only present in the follicles of primary and secondary lymph organs.
FDCs are particular Ag-presenting cells (APCs) as they do not internalize, process, and
present Ag, but present intact Ag-Ab complexes on their cell surface that induce survival of
FL cells and their differentiation into memory B cells or plasma cells. In vitro studies using
anon-immortalized FDC cell line have demonstrated that FDCs preferentially bind to GC B
cells and deliver a positive signal for B cell survival, activation, and differentiation [11,12].
Interestingly, FL cells are then able to present this Ag derived from FDC presentation and
trigger Ty recruitment. Ty are specialized CD4* T cells located in the GC light zone and
are characterized by CD4*, CXCR5*, PD1*, ICOS*, and CD25" phenotype. Ty are essential
for the formation and maintenance of GC, contributing to B cell fitness by means of CD40L
signaling and TL-4 or IL-21 cytokines [13]. It is noteworthy that IL-4 proteins are five-fold
more abundant in FL. germinal centers than in normal tonsil [14]. Moreover, malignant B
cells are involved in the recruitment of Trge (CD4*, CD25*), present in a higher frequency
in FL compared with tonsils, and acting as inhibitors of CD8" T cell effector activity [15].

FRCs are stromal cells present in the T cell zone of the LN that are endowed with
functions that create a permissive niche by secreting components of the extracellular
matrix (ECM), including laminin, fibronectin, and collagen IV. They organize and regulate
immune cell trafficking, differentiation, and migration of T cells through an IL-4/CXCL12
communication axis with Ty, among other signals, and secretion of additional chemokines
such as CCL19 and CCL21. FRC also plays a direct role in B malignant cells’ activation and
survival through BAFF signaling [16-19].

MSCs are present both in the BM niche and LNs, supporting B cell survival through
the secretion of numerous factors, such as BAFE, TNFa, lymphotoxin o (LT) [20], while
chemokine CCL2 favors the recruitment of macrophages to the FL niche [21].

Tumor-associated macrophages (TAMs) are highly plastic cells from the myeloid lin-
eage. Depending on the stimuli, macrophages can be polarized into M1 (inflammatory
phenotype) or M2 (anti-inflammatory), resulting in distinct cytokine production or T cell
function (Th1 and Th2). We have recently demonstrated that FL-FDC niche promotes, via
the secretion of CCL2 and CSF-1, monocyte recruitment, differentiation, and polarization
towards an M2-like pro-tumoral phenotype, as seen in FL patient biopsies [5], favor-
ing angiogenesis, dissemination, and immunosuppression [22]. Moreover, macrophages
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express C-type lectin dendritic cell-specific intercellular adhesion molecule-3-grabbing
non-integrin (DC-SIGN) that binds to mannosylated BCR, activating B cell survival inde-
pendently of Ag [23-25]. In addition, monocyte/macrophages trans-present IL-15 to B
cells in the FL niche and cooperate with T-cell-derived CD40L to promote IL-15-dependent
B-cell proliferation [26].

Thus, FL is surrounded by a rich and well-interconnected network of supportive allies
that may account for the incurability of this indolent lymphoma. Moreover, this dynamic
microenvironment also takes part in the histological transformation (HT) of FL to an ag-
gressive lymphoma. These modifications comprise the disruption of the FDC network [27],
changes in the gene expression of CD4/8 T cells leading to decrease motility [28], a decrease
in the number and follicular distribution of FoxP3* Trrg [29] and PD-1 positive T cells [30].

™G ®
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Impact of genetic lesions on FL '3: e
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mit/del HVEM £ 15
HVEM & mut £212
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T MHCH
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Figure 1. An integrative view of follicular lymphoma (FL) microenvironment and its crosstalk with genetic drivers. (A) FL is
highly infiltrated with several T cell subpopulations, where Tgy; are fundamental players through MHC I and CD40L, while
immunosuppressive Tggg hamper cytotoxic T cells (CTLs) activation. Fibroblastic reticular cells (FRCs) also participate in
immunosuppression by secreting extracellular matrix (ECM) proteins that regulate T cell trafficking and cooperate with
Trg. (B) FL cells favor the recruitment of monocytes through CCL2 and CSF-1 that differentiate and polarize mostly into
M2-like macrophages expressing PD-L1 and PD-L2 and dampening CTLs cytotoxic activity. Both macrophages and FDCs
activate B cell receptors (BCRs) through lectins binding to mannosylated BCR. Likewise, FDCs also activate BCRs through
the presentation of immunocomplexes to FL cells. Neutrophils are recruited through IL8 secretion in the FL niche and
support lymphoma growth. (C) Several genetic alterations corrupt the microenvironment to better support FL. Mutations
in CREBBP and deletions in B2M genes reduce MHC Il and MHC [ expression, respectively. On the contrary, aberrant
CATHEPSIN B leads to an increase in MHC 11 expression and CD8 expansion. Both EZH2 and RRAGC mutations reduce the
need for Ty help making FL cells more dependent on FDCs, while disruption of the HVEM-BTLA axis allows uncontrolled
Trn support to FL cells.
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2. FL Mutational Landscape and Microenvironment Interplay

Although t(14;18) (q32;q21) was discovered decades ago [31], it is considered the
first oncogenic hit in FL. It is not present in approximately 10% of patients [32,33], and it
has been detected in some healthy individuals [34,35]. Therefore, additional mutations
must contribute to disease onset. In this genomic era, the FL genome has been fully
characterized by whole genome and exome sequencing and, more recently, by single-cell
RNA sequencing (sc-RNAseq). In this review, we focus on those mutations with an impact
on the FL microenvironment remodeling.

FL is a malignancy addicted to epigenetic mutations [36] where these hits (KTMD2,
CREBBP/EP300, and EZH2 genes) constitute early oncogenic events present in virtually
all FL patients [37-39]. These genes are involved in the post-translational modification of
histones [40]. The loss of function of histone K3K4 methyltransferase KMT2D (also known
as MLL2) is the most frequent alteration (60-90%), followed by loss of function mutations
in the H3K27/H3K18 acetyltransferases CREBBP (50-70%) and EP300 (10-20%), resulting
in transcriptional repression [41,42].

Histone-lysine N-methyltransferase 2D (KMT2D) function is related to GC formation
and CSR, two critical steps in the maturation process of B cells, and it cooperates with
BCL-2 in lymphomagenesis [41,43]. No impact on the immune microenvironment has been
described thus far.

CREB-binding protein (CREBBP) is a haploinsufficient tumor suppressor that acts as a
major regulator of enhancer networks in the GC, especially in the light zone, and avoids
terminal B cell differentiation [42]. CREBBP also acetylates non-histone proteins such as
p53 and BCL6. Loss of function CREBBP mutations leads to reduced activation of p53 as
well as to diminished inactivation of BCL6 [44,45]. Noteworthy, CREBBP mutations have a
clear effect on the immune microenvironment. MHC class IT is reduced in FL cells at both
the transcriptome and protein levels, resulting in a diminished Ag presentation [46]. Re-
cently, this finding has been confirmed by scRNA-seq analysis [47]. Furthermore, CREBBP
mutations are associated with reduced T cell proliferation and have been identified as
early mutations, since they are present in the earliest inferable progenitors [46] and could
even be present in hematopoietic stem and progenitor cell compartments [45]. Altogether,
there is a large amount of evidence indicating that CREBBP mutations may play a major
role in the evasion of immune surveillance during the development of FL tumors. In
addition, both mutCREBBP and mutEP300 contribute to lymphomagenesis by enabling
unopposed suppression of enhancers by BCL6/SMRT/HDAC3 complexes, suggesting
HDACS3-targeted therapy as a precision approach for CREBBP-mutant lymphomas [48],
and recent results with specific HDAC3 inhibitors have demonstrated the reactivation
of immune responses [49]. While specific HDAC3 inhibitors are not at a clinical stage,
diminished chromatin acetylation by mutCREBBP might be reverted using pan-HDACi.
Preclinical data suggest that these families of compounds may be beneficial in combina-
tion with immunotherapy in B cell lymphomas [50]. Some clinical trials have explored
pan-HDAC in monotherapy. Vorinostat yielded moderate responses (<50%) in two phase
1T clinical trials [51,52], while abexinostat has shown an improved overall response rate
(ORR) [53] (Table 1). The lack of isoform-specificity could lead to immunosuppressive
effects by pan-HDACi [54].
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Table 1. Current therapies in clinical or preclinical status targeting FL-microenvironment crosstalk.
Clinical Responses
Drug Family Target Status ! Combination ORR2 (%) PFS 3 Ref?
(Months)
Epigenetic Regulators
BRD3308 HDAC3i PG Anti-PDL1 NA [49]
None 47 15.6 [51]
Vorinostat HDACI None 19 20 [52]
Abexinostat HDACI None 63 20.5 [53]
Tazemetostat EZH2 None YZJL;,EEZ[I'%Z :3659 nz:;lﬁ;'EZlI-lezlllgls [55]
Metabolic Regulators
None 53.8 12.7 [56]
Temsirolimus mTOR c Bendamustine % 2 (571
Bortezomib 56 165 [58]
B-Cell Receptor Inhibitors
. C None 57 11 [39]
Idelalisth Eloko PC Venetoclax NA [60]
e None 58.7 112 161]
Copanlisib PI3Kas & Nivolumab NCT03884998 NA
(& Rituximab NCT03789240 NA
€ None 42 95 [62]
Duvelisib PI3Kys C Venetoclax NCT03534323 NA
(& Nivolumab NCT03892044 NA
G None 37.5 14 [63]
Ibrutinib BTK c Rituximab 85 419 164]
Fostamatinib SYK C None 10 42 [65]
Entospletinib SYK rC Obinutuzumab NCT03010358 NA
Cerdulatinib SYK/JAK (e None >50% NA [66]
I Checkp Inhibi

CAR-T HVEM rc None NA [67]
Nivolumab PD1 c None 10 NR 168]

Pidilizumab PDL-1 c Rituximab 66 18.8 69
C None NCT03489369 NA
Symi22 LAGEH c Anti-PD1 NCT03311412 NA
C None NCT03489343 NA
SymOzs TIM-3 c Anti-PDI NCT03311412 NA

Immune Checkpoint Activators
Urelumab CD317 (e Rituximab 21 45 [70]
Selicrelumab CD40 C Anti-PD-L1 NCT03892525 NA
Macrophage Checkpoint Inhibitors

Pexidartinib CSF1-R PC ) Rituximab NA [22]
SIRP«-Fc SIRPx PC Rituximab NA [71]
Hu5F9-G4 (5F9) CD47 € Rituximab 71 NR [72]

1'C, Clinical, PC, Preclinical; 2 ORR, overall response rate; 3 PFS, progression free survival; 4 Ref, reference; NA, not available; NR,

not reached.

Enhancer of zeste homolog 2 (EZH?2) is a histone methyltransferase that methylates

H3K27 and presents monoallelic gain-of-function mutations at three recurrent hotspots
(Y646, A682, and A692) in 20-30% of FL [73]. It is the combined function of wt and mutEZH?2
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that causes an increased di- and trimethylation of H3K27 [74]. EZH2 plays a central
role during GC formation in cooperation with BCL6 through the formation of bivalent
promoters [75,76]. BCL6 is necessary to maintain GC reaction and acts as a transcriptional
repressor, antagonizing CREBBP /EP300 function [42]. Noteworthy is EZH2's participation
also in the remodeling of the GC immune microenvironment. mutEZH2 cells in the GC light
zone lose dependence on Tgy cells, while upregulated genes are involved in an interaction
with FDC and become dependent on them. As a consequence, these cells are no longer
capable of reentering the dark zone of GC but can proliferate as centrocytes [77].

As EZH2 mutations gain function (in contrast to CREBBP/EP300 and KMT2D),
they are easily druggable, and several attempts have been made to develop selective
inhibitors [78,79]. Nowadays, tazemetostat is the most promising compound (Table 1). FL
patients with mutEZH2 had an objective response of 63% and 71%, higher than in wtEZH2
patients (28% and 33%, respectively) [80]. These results were confirmed in another phase II
study involving 99 patients with relapsed or refractory (R/R) FL, separated in a EZH2™*"
cohort with an ORR of 69% and progression-free survival (PFS) of 13.8 months and a
EZH2WT cohort presenting a diminished ORR of 35% and PFS of 11.0 months [55], which
led to FDA approval in June 2020 for adult patients with R/R FL with EZH2 mutated tu-
mors.

B2-microglobulin (B2M) and CD58 genes are inactivated in some DLBCL cases, un-
covering a mechanism of immune evasion, as B2M is involved in the expression of MHC
class I, necessary for cytotoxic CD8+ T cell recognition and CD58 mediates T and NK
cell response [81]. Although initially, no mutations were observed in FL, later studies
have shown that mutations and deletions in B2M and CD58 were present in transformed
FL [82,83].

Cathepsin S (CTSS), which is aberrant in approximately 20% of FL patients by ac-
tivating point mutation or amplification [84], has effects opposite to CREBBP mutations
regarding Ag presentation since it is required for the binding of MHC to antigenic pep-
tides [85]. When cathepsin S is hyperactivated, it cleaves its substrates more efficiently,
including CD74, leading to upregulation of MHC class IT genes and a higher CD4™ T cell
infiltration [84,86]. Furthermore, patients carrying CTSS mutations expressed higher levels
of IFN-y and IFN-yR1 [84]. Moreover, while CREBBP mutations have been related to
bad prognosis [39], cathepsin S activation correlates with a better outcome after chemoim-
munotherapy treatment [84]. It could be explained due to the enhanced CD4" T cell
response. In addition, in a CTSS KO in vivo model, the modification of the Ag repertoire
supported a multiclonal expansion of cytotoxic CD8+ T cells, and in FL patients, there was
an inverse correlation between CTSS and PD1 expression [86].

Herpesvirus entry mediator A (HVEM), also known as TNFRSF14, is a receptor
inactivated by mutations and/or deletions in half of FL. patients and associated generally
with a bad prognosis [87], although some controversy still remains [88].

This loss of function disrupts the interaction between HVEM and BTLA that normally
provides inhibitory signals to BCR signaling. In addition, BTLA does not present mutations,
but it is often transcriptionally silenced. The net balance is an increased BCR stimulation.
Furthermore, HVEM loss makes TME more tumor-supportive due to the high secretion of
stromal activating cytokines (TNFa, LT, LTf) and increased Tryy cell recruitment [67]. A
therapeutic approach has been proposed to restore HVEM expression using an engineered
chimeric antigen receptor T cell (CAR-T) construct directed towards B cell marker CD19,
which produces HVEM protein locally and continuously, and promising results have been
shown in mouse lymphoma models [67].

Ras-related GTP binding C (RRAGC) activating mutations occur in up to 17% of
patients and constitute a mechanism that bypasses amino acid deprivation to activate
mTORCI signaling [89,90]. As recently published by Ortega-Molina et al., engineered mice
are able to activate mTORC1 via PI3K-Akt by ligands that mimic paracrine T cell-derived
activating signals (IL-4/CD40L axis). Furthermore, mutated RRAGC confers enhanced B
cell activation but in an autonomous manner, reducing Tgy dependence, similar to EZH2
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mutation. Intriguingly, RRAGC mutation confers an opportunity to target mTORCI in
selected patients by rapamycin [91]. In recent years, several phase I and Il clinical trials have
been engaged to evaluate the use of temsirolimus or everolimus as single agents [56] and
in combination with other drugs. Among these combinations, we highlight temsirolimus
with bendamustine and rituximab, achieving an ORR of 90% [57] and with the proteasome
inhibitor, bortezomib, resulting in an ORR of 56% [58] (Table 1).

3. T Cells: Fundamental Actors in FL Pathogenesis Modulated with BCR Inhibitors

As described above, FL-infiltrated lymphoid tissues preserve normal follicle architec-
ture in the GC, where FL cells behave like normal B cells, interacting with T cells through
the MHC class II and responding to activating signals [92]. Accordingly, FL cells remain
dependent on BCR signaling, which has made BCR inhibitors [93] (mainly BTK and PI3K
inhibitors) useful drugs for treatment. While BCR stimulation can be achieved by ways
other than cognate B-T interaction, such as DC-SIGN binding to mannosylated residues
of BCR [23], FL still requires cell-to-cell interaction with Tgy for proliferation and sur-
vival [84,85] (Figure 1). Numerous pieces of evidence indicate that FL cells take advantage
of Ty function in order to obtain positive signals that fuel tumor growth and actively
modify GC composition by recruiting cells or altering their phenotype in a process called
microenvironment re-education [86,87]. Another important actor in the FL milieu is the
chemokine CCL22, secreted by FL tumor cells as a result of the CD40L-CD40 axis activated
by Try. CCL22 facilitates the active recruitment of Treg and IL-4-producing T cells, which,
in turn, may stimulate more chemokine production in a feed-forward cycle [15,94].

The role of Trgg FOXP3+ cells in FL prognosis has remained controversial for a long
time [29,95]. The discovery of a new T subset called follicular regulatory T cells (Tg), which
are present in the germinal center and suppress Tgy and B cell activation [96], has finally
explained the divergence observed in the results. The FOXP3+ population encompasses
two different T cell subsets. Conventional Trgg can be attracted to the GC through CCL22
secretion, impairing T CD4+ or CD8+ activation by tumor antigens, with a pro-tumoral
consequence. On the contrary, the Trr population probably plays an antitumoral role, as
they reduce Ty support to malignant cells.

It is noteworthy that PI3K$ inhibitors have been shown to disrupt this interactive B-T
cell network, blocking this forward-feed cycle efficiently. Idelalisib has been the first-in-
class PI3K$ inhibitor FDA-approved in 2014 for the treatment of relapsed or refractory
(R/R) FL. In a phase 1b study for indolent NHL, 47% of patients showed ORR, with one
patient demonstrating a complete response [97,98]. Further trials in FL confirmed these
values (57% ORR, 6% CR) [59], demonstrating that PI3K3 inhibition has significant efficacy
in FL, although it also has serious side effects, mainly severe diarrhea, hepatotoxicity, or
pneumonitis, and, in some cases, made it necessary to stop the treatment [99].PI3K? is a
key regulator of Tgy differentiation [100] and has deleterious effects on Tggg [101], which
closely relates with some side effects described for this drug and may be responsible for
its therapeutic activity. Tn this regard, using ex vivo FL-FDC primary co-cultures, we
recently uncovered that idelalisib interferes with the CD40/CD40L pathway at the B-T
interface, decreasing CD40L-induced proliferation and downregulating the expression of
key membrane proteins critical for B-T cell synapses (CD80, SLAMF1, and ICAM1). The
net balance of these effects might result in inefficient crosstalk between FL cells and the
supportive Try cells. Moreover, the chemokine CCL22, fundamental in the FL milieu,
decreases after idelalisib treatment, and this phenomenon impacts on the composition of
FL microenvironment by a decrease in the recruitment of Trgg and Tgy, but not Tgg into
FL-FDC niche, which may allow the host to mount superior immune responses against the
tumor [60].

In the last few years, new PI3K inhibitors were added to the list: copanlisib that
inhibits all class I PI3Ks, including « isoform and duvelisib, a dual PI3K vy, & inhibitor. In
a phase II study, copanlisib ORR was 43.7% in indolent lymphomas [93]. With respect to
undesirable effects, copanlisib produces less severe diarrhea or hepatotoxicity than PI3K&
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inhibitor, but it displays new side effects like hyperglycemia or hypertension, all of them
generally manageable. On the basis of its improved safety, there are currently three phase I1I
trials on copanlisib in indolent lymphoma [61]. The advantages of duvelisib are related to
7y isoform inhibition, which has a special effect on myeloid cells [102] (Section 5.2.). Finally,
combinations of PI3K inhibitors with different agents are under investigation (Table 1).

In addition to PI3K inhibitors, additional BCR inhibitors have been developed and
tested in FL.

The BTK inhibitor, ibrutinib, was tested as monotherapy in FL, with modest results
(ORR 37.5%) [63]. However, its combination with a Rituximab in a randomized phase III
trial has yielded encouraging results in untreated FL patients [64]. In chronic lymphocytic
leukemia (CLL), it has been demonstrated that ibrutinib profoundly reshapes the T cell
compartment, improving T cell function. Tbrutinib induces expansion of memory T cells,
Th1 polarization, reduces the expression of inhibitory receptors (i.e., PD-1 and CTL-4), and
improves immune synapse between T cells and CLL cells [103,104]. However, no data
are available for FL in this regard. Finally, the SYK/JAK inhibitor cerdulatinib has shown
significant tumor responses in refractory B cell lymphoma [105].

Overall, these kinase inhibitors impact not only on BCR signaling but also on other
receptors such as CD19, CD40, or IL-4R. In consequence, these drugs can cause indirect
inhibition of Tr supportive action. Additionally, they have a direct effect on T cells and
macrophages that will contribute to antitumor activity and often to its undesirable effects.

4, Immune Escape in FL and Checkpoint Inhibitors

Immune escape is a hallmark of cancer and FL is not an exception. FL cells have
evolved to avoid immune surveillance via multiple mechanisms, including advantageous
somatic mutations (described in Section 2), but also through modulation of specific genes
to inactivate both innate and cellular immunity.

As described in the previous section, the FL microenvironment is characterized by a
heavy infiltration of T cells. However, early functional studies in FL samples determined
that tumor-infiltrating T cells (TILs) were not responsive to cytokines such as IL-4, IL-10,
or IL-21, in contrast to those of peripheral blood (PB) from the same patients, suggesting
that immune-suppressive molecules may be present in the tumor tissue [106]. T cell
activity is regulated by immune checkpoint activators (CD40L, OX40, CD27, CD28, and
4-1BB/CD137) and inhibitors (CTLA-4, PD1, LAG-3, TIM-3, and TIGIT) [107]. We briefly
described the immune checkpoint inhibitors that may be relevant in FL pathogenesis.

Programmed death 1 (PD-1) is upregulated in a large proportion of tumor-infiltrating
lymphocytes (TILs) in many different tumor types, but it is also upregulated in other
immune cells. Intracellular PD-1 signaling is activated upon PD-1 binding to its ligands
PD-L1 (B7-H1, CD274), or PDL2 (PDCD1LG2, CD273), which induces a reduction in the T
cell activation cascade. Thus, by expressing PD-1 ligands on the tumor cell surface and
engaging PD-1-positive infiltrating lymphocytes, tumors utilizing the PD-1 pathway can
therefore evade an immune response.

Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4/CD152) is a homolog of CD28
and binds to CD80/CD86. CTLA-4 is constitutively expressed in Tggg and activated T cells.

Lymphocyte activation gene 3 (LAG3/CD223), a CD4-like molecule, is upregulated
on activated CD4+ and CD8+ T cells and a subset of natural killer (NK) cells upon binding
to MHC class IT molecules, inducing the inhibition of T lymphocyte activity and eventually
its anergy [108].

T cell immunoglobulin-3 (TIM-3) is expressed in Tgy, CTLs and NKs, and is co-
regulated and co-expressed along with PD-1, LAG-3, or TIGIT on CD4* and CD8" T cells,
and it marks the most dysfunctional or terminally exhausted subset of CD8" T cells [109].

T cell immunoglobulin and ITIM domain (TIGIT) shifts the cytokine balance by
targeting the immune response at multiple levels, namely, through its action on APCs,
CTLs, and Treg cells. In DCs, TIGIT ligation induces IL-10 production and dampens type
1 immunity indirectly.
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In FL, PD1 is expressed in both intratumoral CD4 and CD8 T cells, but several subsets
with different expression levels have been identified [110]. CD4*PD-1hM8h T cells predomi-
nantly reside in the LN follicles, while PD-11" T cells are mainly located in interfollicular
areas. CD8 T cells are mainly PD1'°", and a significant portion express TIM-3. Intratumoral
CD4*PD-1"8h T cells have a Tgyq cell phenotype that supports tumor growth with no TIM-3
expression, while CD4*PD-1°% T cells that have an exhausted phenotype, express TIM-3
and display a reduced cytokine production and cell-signal transduction. Moreover, T cells
from the LNSs of FL patients present a high percentage of CD8+TIM-3+ showing defective
cytokine production upon TCR engagement, despite the presence of ex vivo markers of
lytic granule [111].

Regarding PDI1 ligands, it is accepted that while FL cells do not express PD-L1 and
PD-L2 is moderately expressed in a high proportion of FL cases, these ligands are present
in the tumor microenvironment [112]. Precisely, PD-L1~ histiocytes have been detected in
the T cell-rich zone of the neoplastic follicles [106].

Overall, these studies suggest that in FL,, PD-1 expression is not sufficient to distin-
guish exhausted from activated T cells, and immune escape in FL goes far beyond PD-1.
Data mining analysis studies [112] identified genes involved in cancer immune—evasion
pathways (immune escape gene set (IEGS)) across FL and normal B cell transcriptomes
indicated that the whole IEGS was significantly upregulated in FL samples compared
to normal tonsils. These genes include, besides the PD-1 axis genes, additional immune
checkpoints (TIGIT and CTLA-4), exhaustion markers (TIM-3, LAG3, Galectin 1 and 3),
chemoattractants of immunosuppressive cells (CSF-1, CCL2, and CCL22) M2 macrophages
markers (CD206, CD163) and immunosuppressive molecules (IL10, VEGF, IDO1 and 2).
Further validation in FL tissue microarray indicated an abundant immune infiltrate ex-
pressing PD-L1*, PDL2*, and LAG3*. LAG-3 has been found in intratumoral PD1+ T
cells, and they are phenotypically heterogeneous, with a predominant effector memory
phenotype. Intratumoral PD-1*LAG-3* T cells exhibited a reduced capacity to produce
cytokines and granules compared to PD-1"LAG-3" T cells. Moreover, LAG-3 expression
may be upregulated on CD4+ or CD8+ T cells by IL-12, cytokine enriched in the serum
of FL patients. Furthermore, simultaneous blockade of both PD-1 and LAG-3 signaling
enhances the function of intratumoral CD8" T cells. The relevance of LAG-3 expression on
intratumoral T cells correlated with a poor outcome in FL patients [113].

Armed CTLs (CD3*CD8"Granzyme B") represent a rich infiltrate in FL interfollicular
areas and are associated with better outcomes [114]. However, these cells express higher
TIM-3 expression than their counterparts in normal tonsil. As expected, these cells show
defective responses to TCR activation, and a high percentage of TIM-3" immune cells in
the infiltrate was associated with shortened patient PFS, independently of Granzyme B
(GrzB) score, highlighting the relevance of this checkpoint inhibitor in FL. and the need of
scoring both TIM-3 and Grz B in this disease [111].

TIGIT [115,116] also constitutes a common inhibitory receptor in FL, expressed by
the majority of CD8 T effector memory cells, which are commonly co-expressed with
exhaustion markers such as PD-1 and CD244. These FL CD8" T cells showed significantly
reduced TCR- induced distal signaling (pERK) and reduced production of IFNy, while
TCR proximal signaling did not seem to be affected. Interestingly, the TIGIT ligands CD112
and CD155 are expressed by FDCs. Dysfunctional TCR signaling correlated with TIGIT
expression in FL. CD8 T cells and could be fully restored upon in vitro culture, supporting
that TIGIT blockade is a relevant strategy for improved immunotherapy in FL, possibly in
combination with blockade of PD-1.

In terms of clinical development, the PD1 axis has been the most explored. Neverthe-
less, despite the initial encouraging results in early Phase 1b trials [117], later assessment
in larger cohorts have demonstrated limited activity of nivolumab in R/R FL [68]. Note-
worthy is the combination of anti-PD1 with standard anti-CD20 immunotherapy that has
been more successful. In this regard, a phase II trial combining anti-PD-L1 obtained sig-
nificant OR (66%) and a high proportion of complete responses with manageable adverse
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events [69]. Following the experience in melanoma, PD-1 has been combined with CTLA-4.
Recent results of the phase 1b have been quite disappointing, as the combination did not
provide added benefit other than the single agents [118].

The low responses of the PD-1 blockade may be related to the heterogeneity of PD-1*
T cells in FL and the role of PD-1 in restraining Tgy cell help to GC B cells. Tgy are principal
actors in the FL microenvironment. In view of poor clinical responses to anti-PD1, these
therapies may unleash PD1 break in Try and increase helper signals to FL B cells more
prominently than the benefit of unleashing existing CD8. This suggests that additional
immunotherapy approaches that do not unleash Try cell helper signals need to be tested
in FL.

In this regard, anti-LAG-3 therapy is in phase I trials and based on encouraging
preclinical results in MHC 1T expressing tumors, such as Hodgkin's Lymphoma; anti-
LAGS3 therapy in combination with anti-PD1 is also under clinical investigation. Similarly,
anti-TIM-3 alone and in combination with anti-PD1 is also under clinical investigation
(Table 1).

Although preclinical results with anti-TIGIT may support its clinical investigation [119],
no trials in lymphoma are registered at the moment of writing this review. Nevertheless,
several studies are running in advanced solid tumors or plasma cell neoplasms as multi-
ple myeloma.

A complementary approach is to target the immune checkpoint activators. A recent
paper using the anti-CD137 antibody in combination with rituximab has shown a favorable
safety profile and clinical activity in patients with R/R FL. However, the combination did
not enhance clinical activity relative to rituximab alone or other current standards of care.
Tt is noteworthy that those FL patients with CR showed increased T cell infiltration and
cytotoxic activity in tumors [70]. CD40 constitutes another druggable activator; however, to
date trials performed with agonist antibodies against CD40 have provided modest results
and may need to be further tested in combination therapy [120] as the ongoing trial with
anti-PDL1 (Table 1).

5. Maneuvers of Myeloid Companions in FL

Myeloid cells are a major cellular compartment of the immune system composed of a
heterogeneous population of cells like mast cells, dendritic cells, monocytes, macrophages,
and granulocytes, all of which originate from the bone marrow but mature into subpop-
ulations with diverse and unique properties [121]. Most of these populations are known
to be part of the tumor microenvironment in FL. However, in recent years, monocytes,
macrophages, and neutrophils have received most of the attention, as they play an impor-
tant role in disease severity, transformation, clinical outcome, and response to therapy in
this disease [122].

5.1. Tumor-Associated Monocytes in FL

As described before, TAMs derive from circulating PB monocytes that originated in
the BM. These monocytes are recruited to the tumor tissues and then differentiate locally in
response to a variety of cytokines, chemokines, and growth factors produced by the stromal
and tumor cells in the tumor microenvironment. For instance, in FL, the chemokine CCL2
from MSCs and macrophage colony-stimulating factor were shown to recruit inflammatory
monocytes to the tumor site, and then differentiate into TAMSs in response to IL-4, IL-
10, IL-13, and other cytokines in the tumor microenvironment and promote lymphoma
dissemination [21].

Two studies have analyzed the significance of absolute monocyte count (AMC) in
FL. The first study with a large cohort of patients described that AMC was associated
with inferior overall survival (OS) in FL independently of FLIPI in a multivariate anal-
ysis. The AMC may be most helpful when used in conjunction with the FLIPI, as the
AMC was able to identify high-risk patients otherwise identified as low-/intermediate-
risk by the FLIPI. Conversely, the AMC was able to identify relatively low-risk patients
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classified as high-risk by the FLIPI [123]. In contrast with these results, in a second
study in a cohort of 150 follicular lymphoma patients who received rituximab and cyclo-
phosphamide-doxorubicin-vincristine-prednisone regimen (R-CHOP) therapy, PFS did
not differ significantly according to the AMC [124].

The lymphocyte-to-monocyte ratio (LMR) constitutes a prognostic factor in different
neoplasms, but its potential relevance in FL is not well defined. An initial retrospective
cohort study including 88 patients with a histologically proven FL diagnosis demonstrated
that LMR played a significant role in predicting PFS; however, the strength of the evidence
for OS was weak [125]. More recently, an extensive study analyzed a cohort of 384 FL
patients for which the LMR was available at diagnosis. In these series, patients with
an LMR < 2.5 had a shorter PFS and inferior OS. Furthermore, low LMR was also an
independent risk factor for histological transformation. Likewise, patients with a low LMR
had a higher rate of second malignancies. The authors concluded that LMR could be an
additional tool to improve the prognostic classification of FL patients in order to avoid
toxicities of overtreating low-risk patients and to intensify therapy in patients at a higher
risk of early progression or histological transformation [126].

5.2. Tumor-Associated Macrophages in FL

Macrophages are conventionally classified into M1 and M2 subtypes according to
their polarization status and functional role in the immune system. M2 macrophages,
also known as alternatively activated macrophages, exhibit anti-inflammatory features,
downregulating expression of their MHC molecules and interleukin IL-12, while expressing
high levels of IL-10, MSR1 (CD204), and arginase. M2 macrophages are involved in wound-
healing and angiogenesis. This is in contrast to M1 macrophages associated with antitumor
responses and production of high levels of pro-inflammatory cytokines, including TNFa,
IL-1, TL-6, TL-12, and inducible nitric oxide synthase [127]. TAMs share some similarities
with the M2 macrophage subset because they express a series of markers, such as CD163,
the Fc fragment of IgG, C-type lectin domains, and heat shock proteins, some of which
are commonly expressed in M2 macrophages. Moreover, the acquisition of an M2-like
phenotype is also caused by the secretion of tumor-derived cytokines such as IL4, IL10, and
IL13. However, findings suggest that this binary polarization model is becoming obsolete,
and there exists a whole spectrum of TAM phenotypes that are yet to be discovered and
fully characterized [128].

Since early gene expression studies by Dave et al., highlighting the role of macrophages
and other immune cells in FL outcomes [8], subsequent immunohistochemical studies
have tried to transfer these findings into the clinical laboratory by associating the cellular
composition of the microenvironment and its spatial distribution with the progression of
the disease. To date, this issue remains a matter of debate.

The first study in the pre-rituximab era analyzed CD68 in a study group that consisted
of uniformly staged FL patients treated with BP-VACOP (bleomycin, cisplatin, etoposide,
doxorubicin, cyclophosphamide, vincristine, and prednisone) followed by radiation. Tn
this study, high numbers of lymphoma-associated macrophages predicted inferior sur-
vival [129]. However, the introduction of rituximab early changed this view, and high
TAMs content correlated with longer survival rates after R-CHOP [130]. These results were
later confirmed in patients from the FL-2000 trial, a prospective multicenter study con-
ducted by the GELA (Groupe d’Etude des Lymphomes de 1’Adulte) where patients were
randomly assigned to receive cyclophosphamide, doxorubicin, etoposide, prednisolone,
and interferon (CHVP-) or rituximab plus CHVP-I. The study demonstrated that high
numbers of intratumoral macrophages correlated with poor prognosis in the patients
treated with chemotherapy without rituximab [131].

Later on, the identification of TAMs was performed more accurately using the M2
marker CD163, a member of the scavenger receptor cysteine-rich family. In 2010, Clear et al.
published an analysis restricted to the interfollicular area from TMAs. Importantly, the
treatment was variable during the 35-year period under review, and patients were treated
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according to the current protocol during this period. This work demonstrated the existence
of a correlation between the number of CD163* TAMs in angiogenic sprouts (CD31%) with
poor prognosis [132]. More recently, an enlightening study investigated the correlation
of TAMs with outcome using automated image analysis, analyzing a single-institution
experience with uniform therapy (BCCA cohort, R-CVP) in a cohort of 186 patients and
compared the findings with those from a prospective, randomized phase TIT clinical trial
(PRIMA, R-CHOP followed by R maintenance) containing 395 samples. This study showed
that most FL samples were infiltrated by few macrophages, and increased staining for
CD163 was associated with poor PFS and OS in the BCCA cohort and favorable PFS in the
PRIMA cohort. On the other hand, the CD68 staining cells did not predict outcomes in
either cohort [133]. These opposing results were concealed by the differences in treatment.
The PRIMA trial regimen included doxorubicin (inducer of immunogenic cell death) and R
maintenance that may benefit from high macrophage numbers.

In an attempt to solve these discrepancies and integrate the microenvironment in the
prognosis algorithms, the Lunenburg Lymphoma Biomarker Consortium confirmed in a
homogeneously rituximab-chemotherapy-treated group of patients that lower percentages
of CD8" T cells, CD163" M2 macrophage areas, EZH2 wild-type status, and gain of
chromosome 18 in the initial tumor biopsy specimen were predictors of poor prognosis FL
treated with R-CHOP while refuting the prognostic impact of various other markers [134].
These results validate those of Kridel et al., showing that a higher CD163* pixel count
or CD163" area were independent predictors of prolonged PFS in patients treated with
R-CHOP, while the CD68" macrophages population did not have a significant impact by
pixel count or area [134].

Lately, the CSF1 receptor tyrosine kinase (CSF-1R) has generated attention. The
colony-stimulating factor-1 (CSF-1) binds this receptor through autophosphorylation of
CSF-1R. Triggering this phosphorylation cascade increases gene transcription and protein
translation and induces cytoskeletal remodeling by several signaling pathways, leading to
the recruitment, survival, proliferation, and differentiation of monocytes into macrophages.
Because CSF-1 regulates the survival, proliferation, and chemotaxis of macrophages and
supports their activation, this factor is involved in the pathogenesis of several diseases [135].
CSF-1R protein expression could represent an important tool in the future study of some
lymphomas. Martin-Moreno et al. analyzed the distribution of CSF-1R" cells in FFPE
samples from reactive lymphoid tissues and different lymphoma types, including FL. The
results demonstrated that the CSF-1R* cell population only partially overlapped with
the M2-type macrophages detected by CD163 expression, in agreement with previous
observations about monocyte differentiation, where the CSF-1R gene was not significantly
differentially expressed between M1 versus M2 monocyte activation models [136]. In this
regard, recent results from our laboratory in FL. patients homogeneously treated with
R-CHOP yielded an association between high CSF-1R expression (both follicular and
Interfollicular) and histological grade or risk of transformation [22].

Finally, an additional interesting checkpoint is CD47, a “do not eat me” antiphagocytic
signal that forms a signaling complex with signal-regulatory protein « (SIRPw), enabling
the escape of cancer cells from macrophage-mediated phagocytosis and other phagocytes.
Virtually all cancers overexpress CD47. A growing number of studies have demonstrated
that inhibiting the CD47-SIRP« signaling pathway promotes the adaptive immune response
and enhances the phagocytosis of tumor cells by macrophages [137]. In a recent work using
FFPE LN biopsies from FL patients, researchers identified three subsets (CDM*SIRPtx"i,
CD14 SIRI’O(I"“', and CD14 SIRPx"“8) of monocytes/macrophages (Mo/M®) that ex-
hibited specific differentiation, migration, phagocytic or immunosuppressive properties.
When using SIRPa-Fc to block the interaction between SIRPx and CD47, alone or in combi-
nation with rituximab, phagocytosis of tumor cells was differentially increased in the three
Mo/M® subsets. Clinically, high numbers of CD14*SIRPo cells significantly correlated
with poor prognosis in FL patients. In contrast, while not statistically sigm’ﬁcant, the
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number of CD14~SIRP&®" (that stimulate rather than suppress T cells) was associated
with a favorable prognosis [71].

Overall, this better characterization of the supportive interactions between FL and
TAMs has opened new therapeutic avenues. Four main approaches can be highlighted:

5.2.1. Blockade of DC-SIGN-Mediated BCR Activation

BTK and SYK inhibitors have been demonstrated to reduce the viability of FL cells
in vitro [23,25]. However, the clinical benefit of SYKi or BTKi in FL as a single agent
are limited [63,65], and better results have been obtained in combination with anti-CD20
antibodies [64].

5.2.2. Blockade of the CSF-1/CSF-1R Pathway Axis Has Been Extensively Investigated in
Tumor Models and Is Paradigmatic of the TAM—Cancer Cell Interaction

This strategy represents a selective approach to manipulate macrophages and is well
described in solid tumors and, more recently, in hematologic malignancies as mantle
cell lymphoma [138] or acute myeloid leukemia [139]. In FL, the inhibition of CSF-1R
kinase activity with PLX-3397 (pexidartinib) preferentially affects M2 macrophage via-
bility and induces their repolarization to M1 macrophages, disrupting FL-M2 positive
crosstalk. In vivo, CSF1-R inhibition caused M2 reduction and repolarization towards M1
macrophages and antitumor effect cooperating with anti-CD20 rituximab [22].

5.2.3. PI3Ky Inhibitors

Although much attention has been paid to PI3K3 inhibitors, the PI3Ky isoform, highly
expressed in leukocytes, plays a major role in cell chemotaxis to inflammation sites. Accord-
ingly, PI3Ky inhibition stimulates p65/RelA phosphorylation, promoting a more prone
M1 phenotype in macrophages [140]. In HL and peripheral T cell lymphoma, PI3Ky in-
hibition resulted in a shift of TMAs from the immunosuppressive M2-like phenotype to
the inflammatory M1-like phenotype [141,142]. These additional properties of PI3Ky may
explain the good clinical results of the dual PI3Koy inhibitor duvelisib, currently approved
for CLL, SLL, and FL [143].

5.2.4. Blockade of CD47

Anti-CD47 antibodies induce an antitumor T cell response by the cross-presentation
of tumor antigens by phagocytes to T cells. Hu5F9-G4 (hereafter, 5F9) is a humanized,
IgG4 isotype, CD47-blocking monoclonal antibody [72]. In preclinical xenograft models,
5F9 enabled the phagocytic elimination of FL. CD47 is widely expressed on normal cells;
however, 5F9 selectively eliminated malignant cells and not normal cells. Phagocytosis is
dependent on unmasking pro-phagocytic “eat me” signals that are expressed only on tumor
cells and not on normal cells (with the exception of aging red cells). In this phase 1b study,
combination therapy with 5F9 plus rituximab was associated with a good safety profile
and produced responses in half the patients with R/R aggressive and indolent lymphomas.
The mechanism of antitumor synergy with 5F9 and rituximab therapy depends largely
on macrophage-mediated tumor killing through the blockade of the antiphagocytic CD47
signal by 5F9 combined. Although a reduction in NK cell-mediated antibody-dependent
cellular cytotoxic effect is a mechanism of rituximab resistance, these clinical data suggest
that 5F9 can restore rituximab sensitivity by means of macrophage-mediated, antibody-
dependent cellular phagocytosis. A phase Il trial is currently ongoing (ClinicalTrials.gov
Identifier: NCT02953509).

5.3. Tumor-Associated Neutrophils in FL

Few data are available regarding interactions between FL cells and neutrophils, which
are key players in the innate immune system. Although neutrophils are traditionally
considered in the context of their antibacterial functions, there is increased awareness that
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tumor-associated neutrophils (TANs) may be key mediators of malignant transformation,
tumor progression, angiogenesis, and the modulation of antitumor immunity.

Although TANs do not seem to be implicated in the phagocytosis mechanism of ritux-
imab activity [144], in vitro and in vivo studies, have demonstrated that TANs may compro-
mise the cytotoxic effect of common chemotherapeutic agents used through CD11b/ICAM-
1 interaction with CD44 of malignant B cells and inhibit FL B cell apoptosis. Interestingly,
the expression levels of activation markers (CD11a, CD11b, CD18, CD32, and CD66b) in
TANSs are significantly increased when neutrophils are co-cultured with FL cells, suggest-
ing that lymphoma cells influence their phenotype and function [145]. In accordance, a
clinical study demonstrated a correlation increased between neutrophil counts and reduced
response rate to therapy, pointing out that these innate immune cells could be pharma-
cologically targeted to enhance therapeutic responses [146]. Likewise, the neutrophil-to-
lymphocyte ratio (NLR) has been evaluated as a possible prognostic factor, demonstrating
that NLR at relapse is associated with post-progression survival (PPS) as a continuous
variable, where PP'S was defined as the time from progression or relapse to the date of
death [125].

6. Concluding Remarks

Over the last decade, thanks to the contribution of high-content techniques, both at
genomic and cellular levels, a picture of the FL. microenvironment has become much better
delineated, providing the basis for the application of precision medicine. However, the road
ahead is not completely clear, and a number of important topics remain to be answered.
On the one hand, despite being a disease that is addicted to epigenetic mutations, no magic
bullet has yet been found, and specific epigenetic modulators are eagerly awaited. On the
other hand, in a disease where the immune microenvironment plays such a fundamental
role, immunotherapy, besides anti-CD20 antibodies, is still far from being a reality. Tn
this regard, there is an urgent need to better characterize the immune profile in specific
clinical scenarios (i.e., early versus late relapse versus histological transformation) and
tailor immunotherapies accordingly.
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1 | INTRODUCTION

Follicular lymphoma (FL) develops in the germinal center (GC) of
lymphoid follicles due, in most of the cases, to the acquisition of the t
(14;18) translocation in precursor cells of the bone marrow which
leads to the overexpression of the antiapoptotic protein BCL2. A
second early oncogenic event in FL is the introduction of somatic
mutations in the variable regions of immunoglobulin genes creating
novel N-glycosylation sites for highly mannosylated glycans that
directly interact with endogenous lectins found in cells of the tumor
microenvironment (TME). These interactions activate B-cell receptor
signals required for tumor development. The third pillar in early steps
of FL is recurrent mutations in epigenetic regulator genes that confer
selective growth advantages to the B-cell and promote favorable
interactions with the microenvironment."? Further, development and
progression of FL are associated with subsequent acquisition of
additional genomic alterations that target different pathways related
to cell differentiation, survival, proliferation, dissemination, and
metabolic advantages among others. In addition to the genomic and

epigenomic alterations, FL cells modulate the microenvironment to

12,34

Follicular lymphoma (FL) is a paradigm of tumors that require the interaction be-
tween tumor and microenvironment cells to foster their development from initial
steps to progression. Recent large-scale genome studies have uncovered multiple
genetic alterations of FL that influence the microenvironment in two main di-
rections, promoting tumor cell survival and proliferation and facilitating their
evasion from immune antitumor signals. Understanding the crosstalk between tu-
mor B-cells and the microenvironment will facilitate the identification of vulnera-
bilities that may offer novel targets for treatment of the patients. This review
highlights recent findings showing the effect of common genetic mutations modu-
lating the cell composition of the tumor microenvironment and the novel thera-

peutic perspectives to target these interactions.

follicular lymphoma, genomic alterations, microenvironment, target therapies

promote the tumor cell growth.® Understanding these complex
phenomena and the crosstalk between tumor and stromal cells may
facilitate the identification of vulnerabilities that will offer novel
targets for treatment of the patients.

2 | FL GENOME AND NEW VULNERABILITIES
2.1 | Epigenetic modulators

Large-scale genomic studies combined with functional analysis have
elucidated the mutational profile of FL and defined the several
altered pathways involved in the pathogenesis of these tumors. The
most common aberrations are mutations in the epigenetic regulators
KMT2D (60%-90%), CREBBP/EP300 (50%-70%/10%-20%), and
EZH2 (10%-30%). The high frequency of these lesions, their findings
in “in situ” follicular neoplasia and acquisition in later steps in the
evolution indicate that they are very early events but also favor the
progression of the tumors.”® The loss of function mutations in
the histone H3K4 methyltransferase KMT2D and in the H3K27

Hematological Oncology. 2021;39(51):83-87.
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TABLE 1 Genomic and microenvironment alterations in follicular lymphoma as potential targets for novel treatment
Target Type of drug  C Status
Genomic aberrations
CREBBP Loss-of-function mutations Downregulation of MHC class Il BRD3308 Anti-PDL1 Preclinical
EZH2 Gain-of-function mutations Increased dependency on FDC Tazemetostat None Approved
TNFRSF14 Inactivating mutations Increased Ty recruitment CAR-T None Preclinical
RRAGC Activating mutations Insensitivity to nutrient Temsirolimus Bendamustine rituximab Clinical
deprivation
Increased B cell responses
FL-microenvironment crosstalk
B-cell receptor FL-FDC BCR activation Ibrutinib Rituximab Clinical
FL-DC-SIGN* M¢
PIBKS FL-Tey CDA40-CD40L activation, Te; Idelalisib None Approved
LT recruitment
PI3Ky FL-monocyte/M¢ Myeloid cell recruitment, M2 Duvelisib None Approved
polarization
CSF-1R FL-M¢ Myeloid cell recruitment and Pexidartinib Rituximab Preclinical
differentiation, M2
polarization
CD47- SIRP-a FL-M¢ CDA47" FL cells inhibit Anti-CD47 Rituximab Clinical

FL-neutrophils helitrophils

phagocytosis by Mg and

Abbreviations: BCR, B-cell receptor; FDC follicular dendritic cell; FL, follicular lymphoma; MHC, major histocompatibility complex; T, T-regulatory

cell; Tgy, T-follicular helper.

acetyltransferase CREBBP/EP300 together with the gain of function
in the H3K27 methyltransferase EZH2 tend to confer a repressive
functional state of the genes targeted by these chromatin modifiers
related to B-cell differentiation and cell cycle regulation that main-
tain tumor cells in a GC stage (Table 1)."® Particularly, CREBBP mu-
tations silence genes that are direct targets of the BCL6-HDAC3
onco-repressor complex, including those that regulate B-cell

and immune r , such as class Il major histocom-
patibility complex (class Il MHC). Other B-cell neoplasias, such as
Hodgkin's ly and primary medi | large B-cell lymphoma
show class Il MHC deregulation, but the mechanism is different
mainly associated with CIITA alterations.® CREBBP-mutated tumors

also seem to have less helper and cytotoxic T-cells in the microen-
vironment suggesting that these mutations favor tumor cell immune
evasion.”® These crucial alterations in FL pathogenesis support the
idea that CREBBP may be a gene with high therapeutic potential. In
this sense, HDACS inhibition restores in part the immune responses
and therefore may represent a new therapeutic approach in FL/
Recent studies have also linked EZH2 mutations to the reprograming
of the tumor and microenvironment interactions. Mutant cells in the
light zone of the GC seem to be less dependent on T-follicular helper
(Tew) cells while potentiate their interaction and dependence on
follicular dendritic cells (FDCs).® On the other hand, EZH2 also seems
to play a role in the development of T and natural killer (NK) cells.
The potential benefit of EZH2 inhibitors independently of its

mutational status may be related to this extra tumor cell activity.
Interestingly, Food and Drug Administration has approved the use of
the selective EZH2 inhibitor tazemetostat for adult relapse/re-
fractory (R/R) patients with EZH2-mutated tumors and patients with

R/R FL who have no satisfactory alternative treatment options.

2.2 | Immune evasion

Mutations and deletions of TNFRSF14 in 1p36, also known as
herpesvirus entry mediator A are a common event in FL (~50%).*
TNFRSF14 is the ligand for BTLA expressed in TFH cells and induces
inhibitory signals on these cells. The disruption of these interactions
results in increased recruitment of the tumor supportive Ty, and
release of cytokines that also favor a pro-TME. In addition,
TNFRSF14 generates inhibitory signals on the B-cell receptor (BCR)
of the B-cells that are released by the oncogenic inactivation. A
preclinical CAR-T construct has been developed to continuously
produce soluble TNFRSF14 in the microenvironment that restores its
inhibitory function.”

Ephrin receptor A7 (EPHA7) is a soluble tumor suppressor
inactivated in approximately 70% of FL by mutations and de-
letions. Loss of expression avoids its binding to EPHA2 receptor,
which inhibits extracellular regulated MAP kinase (ERK) and SRC
proto-oncogene, non-receptor tyrosine kinase oncogenic signals.
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Therapies that restore EPHA7 function or inhibit downstream
oncogenic signals activated due to EPHA7 loss might be useful to
treat FL-mutated patients.’®

Recent studies have identified mutations in mammalian target of
rapamycin complex 1 (nTORC1) pathway. Particularly, RRAGC acti-
vating mutations are present in 17% of FL patients. These mutations
activate mTORC1 bypassing amino acid deprivation and also confer
an independent requirement of Tgy cells for tumor survival.
Concordantly, these tumors have less Tgy cells in their stroma.**
Thus, the identification of patients carrying mutations in this meta-
bolic pathway may benefit of selective inhibitors.

Cathepsin S (CTSS) has been found to be mutated (6%) or
overexpressed (13%) in FL leading to its hyperactivation.!?1® CTSS
cleaves CD74, among other targets, which is fundamental for MHC 11
assembly and antigen (Ag) presentation. Hyperactive CTSS yields a
more efficient Ag-specific CD4+ T activation, increased CD4+ T-cell
infiltration, and proinflammatory cytokine perturbation in FL mouse
models and human FL samples. Interestingly, the subversion of TME
by this alteration correlates with high PDL2 expression that yielded
FL patients more responsive to anti-PD1 regimens, and also associ-
ates with better outcomes to immunochemotherapy (rituximab,
cyclophosphamide, doxorubicin, vincristine, and
[R-CHOPY)).

Other mutated genes in FL that also target the interactions be-

prednisone

cells and by recruiting T-regulatory cells (Tregs) that inhibit
degranulation and cytotoxic activity of CD8" cells.** On the other
side of the balance, two subpopulations of CD4" cell, Tgy, and Treg
play key roles in providing tumor support and facilitating immune
evasion. In this way, Tgy stimulate tumor B-cells mediated by CD40L/
CD40 and MHC class Il interactions.'® These cells secrete IL-4, which
triggers activation of B-cells mediated by ERK and STATS, and the
chemokine CCL22 that recruits immunomodulatory Treg cells. Treg
cells are a subset of CD4* cells characterized by the expression of
the transcription factor FOXP3. These cells seem to play a pro-tumor
role due to their immunosuppressive activity on CD4 and CDS8 cells.
However, a subset of T follicular regulatory cells (Tfr) has been also
recognized by the additional expression of BCL6, CXCR5, ICOS, and
PD1. These cells limit the expansion of the GC reaction and down-
regulate the effects of Tgy cells. However, there is still some con-
troversy regarding the impact of Tfr FOXP3+ expression patterns on
FL survival 2**”

The relevance of Try and Treg cells in FL has been highlighted by
the effect of PI3K$ inhibitors disrupting the crosstalk between FL
cells and Tgy cells. In vitro studies have shown that the PI3KS in-
hibitor idelalisib, diminishes tumor cell proliferation, and reshapes
immune microenvironment inhibiting the recruitment of classical
Treg cells by downregulating CCL22."®

Finally, in this context of B-T-cell crosstalk, FL cells present

tween tumor cells and microenvironment are B2-micr in and
CD58 that seem to be more common in transformed FL than in the
early steps of the disease." Thus, reactivating their function may
improve cytotoxic response via CD8™ T cells.

3 | THERAPEUTIC OPPORTUNITIES FROM TME

Interaction of FL cells with nontumor cells constitutes a key feature
in the pathophysiology of the tumor. A precise characterization of the
TME could uncover new vulnerabilities to treat these patients. The
tumor niche of this lymphoma is composed of different cells types,
which create a tumor supportive environment and facilitate the scape
from the host antitumor immune responses. The main actors in this
TME are different subpopulations of T-cells, myeloid derived cells,
mainly tumor-associated macrophages (TAMs), and stroma cells,
mainly FDCs and cancer-associated fibroblasts, among others. These
cells communicate among them and with tumor cells through a
network of cytokines and cell-to-cell interactions.

31 | T-cells

T-cells are a heterogeneous group of cells that interplay with FL cells
at different levels mediating antitumor responses or, contrarily,
providing supportive protumoral signals. CD8' cytotoxic cells,
together with NK cells and probably Ty/6 cells, mediate antitumor
responses. However, FL cells may counteract this antitumor effect by
secreting interleukin 12 (IL-12) that leads to an exhaustion of CD8"

immur in neoantigens that may play a determinant role in host
immune responses, and constitute potential immunotherapeutic
target&"

3.2 | TAMs and other stromal cells

The role of TAMs in FL has been controversial. In the prerituximab
era, some studies suggested that macrophage infiltration correlated
with lower survival. Nevertheless, the addition of rituximab to che-
motherapeutical drugs modified their prognostic impact. The number
of infiltrating macrophages in patients treated with standard immu-
nochemoterapeutic regimens such as R-CHOP was associated with
improved overall survival.?®

In addition to the influence of new therapies in the possible role
of TAM, different subpopulations of these cells may also play
different roles in the pathogenesis of FL. Macrophages polarized to a
M1 phenotype may exert antitumor properties by producing proin-
flammatory such as IL-1, IL-6, IL-12, and tumor necrosis factor a,
whereas M2-polarized macrophages are protumor since they are
able to downregulate MHC and IL-12, as well as expressing anti-
inflammatory molecules such as arginase and IL-10, and the scav-
enger receptor CD163. Moreover, M2 macrophages are also involved
in tumor angiogenesis. The protumor effect of TAMs, particularly
with an M2 polarization, makes these cells and their interactions with
tumor cells an attractive target for therapies.

In is noteworthy, that contrary to other B-cell lymphomas such
as diffuse large B-cell lymphoma (DLBCL) or Hodgkin lymphoma, FL
cells do not express PD-L1, and PD-L2 is moderately expressed in a
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high proportion of FL cases.?! However, PD1 ligands are present in
the immune infiltrates where PD-L1" histiocytes have been detected
in the T-cell-rich zone of the neoplastic follicles,?? justifying the
therapeutic targeting of this pathway.

A target to interfere the FL-TAMSs crosstalk is the colony-
stimulating factor 1 receptor (CSF-1R), also known as macrophage
colony-stimulating factor receptor, as it is a relevant element in the
differentiation and survival of macrophages. Noteworthy, high levels
of CSF-1R expression in FL have been associated with higher histo-
logical grade and risk of transformation suggesting that targeting
CSF-1R may be relevant in high-risk patients. Although CSF-1R is
expressed in both M1 and M2 subtypes, its inhibition by pexidartinib
preferentially diminish the viability of M2 macrophages and repo-
larize them to M1 macrophages suggesting that it may reeducated
TAMs toward an antitumor phenotype.

CDA47 is a receptor usually expressed in cancer cells that pre-
vents phagocytosis forming a complex with signal-regulatory protein
a (SIRP-a). Among other phagocytes (e.g., neutrophils), macrophages
may express SIRP-a in their membrane compromising their antitumor
phagocytic function when interacting with CD47-positive lymphoma
cells (Table 1). By administrating a therapeutic antibody that blocks
CD47, phagocytosis of tumor cells is increased and adaptive immu-
nity is enhanced.?® This effect has been explained by the Ag-
presenting function of macrophages. After phagocytizing tumor
cells, macrophages may present tumor Ag to CD4™ T-helper cells
triggering an antitumor response. Altogether, anti-CD47 antibodies
are now in clinical trials as promising drug candidates to activate the
immune system in FL, especially in combined immunotherapeutic
regimens including rituximab.

PI3Ky is expressed by microenvironment cells that support tu-
mor growth such as CD4 and M2 macrophages. The dual PI3KyS
inhibitor duvelisib exerts antitumor effects by targeting both the
tumor and microenvironment cells (Table 1). This compound inhibits
tumor cell proliferation and survival whereas also promotes the dif-
ferentiation of M2-like TAMs to a M1 phenotype and inhibits the
antitumor effect of T-cells interfering with the tumor supporting
properties of the TME. Other drugs that interfere with BCR pathway
such as ibrutinib may also affect the crosstalk of tumor cells and
macrophages. While BTK inhibitors (BTKi) have not showed optimal
results as monotherapy, the combination of the BTKi ibrutinib with
the anti-CD20 rituximab has improved clinical trials results.?*

FDCs are from mesenchymal origin and build a network to
support the GC reaction. They are able to present antibody—Ag
complexes on their cell surface engaging BCR activation, survival
of malignant cells and recruitment of Tpy cells.'® Moreover, we
have recently demonstrated that FL-FDC crosstalk induces mono-
cyte recruitment and their differentiation to M2-protumoral
macrophages.?®

Other cell types that may play an important role in the disease
are different subsets of T-cells, TAMs, mesenchymal stem cells, or
follicular reticular cells, among others. Interestingly, the evolution of
this TME might be determinant in the transformation of FL to DLBCL.

4 | CONCLUDING REMARKS

Although in most cases FL initially presents as an indolent disease, a
significant proportion of cases are primary refractory to standard
treatment (R-CHOP or derivatives) and a high percentage of those
who initially respond to treatment will eventually relapse. Once the
relapse occurs, the prognosis of the patients worsens, especially in
those who suffer an early relapse, within the first 24 months of
treatment progression of disease within 2 years. Furthermore, those
patients are in higher risk of histological transformation to an
aggressive lymphoma, mainly DLBCL. The evolution of the patients
cannot be precisely predicted exclusively based on single genetic
alterations. Recent studies have shown that assays that include
multiple genetic aberrations or combining both tumor B-cell biology
and tumor microenvironment alterations may be better predictive
models. These findings reinforce the need to integrate the mutational
profile of the tumor cells together with the complex interactions of
the TME to predict the biological risk of the patients. This compre-
hensive perspective should assist in identifying tumor and microen-
vironment vulnerabilities that will allow treating them effectively and

avoiding early clinical progression.
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