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ABSTRACT

Background Follicular lymphoma (FL), the most common
indolent non-Hodgkin’s Lymphoma, is a heterogeneous
disease and a paradigm of the contribution of immune
tumor microenvironment to disease onset, progression,
and therapy resistance. Patient-derived models are scarce
and fail to reproduce immune phenotypes and therapeutic
responses.

Methods To capture disease heterogeneity and
microenvironment cues, we developed a patient-derived
lymphoma spheroid (FL-PDLS) model culturing FL cells
from lymph nodes (LN) with an optimized cytokine cocktail
that mimics LN stimuli and maintains tumor cell viability.
Results FL-PDLS, mainly composed of tumor B cells
(60% on average) and autologous T cells (13% CD4 and
3% CD8 on average, respectively), rapidly organizes into
patient-specific three-dimensional (3D) structures of three
different morphotypes according to 3D imaging analysis.
RNAseq analysis indicates that FL-PDLS reproduces FL
hallmarks with the overexpression of cell cycle, BCR,

or mTOR signaling related gene sets. FL-PDLS also
recapitulates the exhausted immune phenotype typical of
FL-LN, including expression of BTLA, TIGIT, PD-1, TIM-3,
CD39 and CD73 on CD3* T cells. These features render
FL-PDLS an amenable system for immunotherapy testing.
With this aim, we demonstrate that the combination of
obinutuzumab (anti-CD20) and nivolumab (anti-PD1)
reduces tumor load in a significant proportion of FL-PDLS.
Interestingly, B cell depletion inversely correlates with the
percentage of CD8* cells positive for PD-1 and TIM-3.
Gonclusions In summary, FL-PDLS is a robust patient-
derived 3D system that can be used as a tool to mimic

FL pathology and to test novel immunotherapeutic
approaches in a context of personalized medicine.

BACKGROUND

B cell non-Hodgkin’s lymphoma (B-NHL) is
a highly heterogeneous disease that is well
characterized by the contribution of somatic
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mutations and the tumor microenvironment
(TME)." In follicular lymphoma (FL), the
TME is arich intricate of immune CD4" T cells
comprizing CD4" T follicular helper (TFh)
cells, CD4" T follicular regulatory (TFr) cells,
CD4" T regulatory cells (Treg), CD8" cyto-
toxic T cells, follicular dendritic cells (FDC),
stromal cells (mesenchymal stromal cells and
tumor-associated macrophages) but also cyto-
kines, proangiogenic factors and extracellular
matrix (ECM) components that can support
or regulate survival, proliferation and migra-
tion of tumorous B cells.”” FL is character-
ized by a rich infiltrate of T cells that exhibit
an exhausted phenotype characterized by the
expression of immune checkpoints (ICPs).*?
This rich, well-interconnected and supportive
network may account for the incurability of
this indolent lymphoma. Despite remission
following chemoimmunotherapy, a signifi-
cant proportion of patients relapse leading to
reduced overall survival (OS).?

Thus, a better understanding of this
pathology with relevant in wvitro models is
essential to identify therapeutic targets
and perform preclinical studies. In the era
of personalized medicine, our aim was to
develop a reliable and representative model
of both intratumor and intertumor hetero-
geneity. The culture of lymphoma B cells in
suspension is not representative of lymph
node (LN) spatial organization and archi-
tecture, rendering drug efficacy results diffi-
cult to interpret. Indeed, these models do
not mimic the neoplastic heterogeneity and
drug response of the original tumor. Three-
dimensional (3D) cell cultures are largely
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Follicular lymphoma-tumor microenvironment (FL-TME) is charac-
terized by a rich infiltrate of T cells expressing immune checkpoint
(ICP) involved in the incurability of the disease.

= Developments over the last decade leading to targeted therapeutics
and novel immunotherapeutic strategies effective against FL were
performed and the evaluation of their efficacy is currently underway.

= However, easy to handle relevant preclinical FL models that can
predict drug response are very few and full characterization includ-
ing two-dimensional and three-dimensional imaging, immunophe-
notyping and immune cell identification, ICP expression, immune
checkpoint inhibitor response, have not been studied on the same
models at the same time.

WHAT THIS STUDY ADDS

= This study provides a method to establish and characterize a new
preclinical FL model that recapitulates FL fundamental hallmarks
and immune exhaustion profiles thus allowing a better understand-
ing of the pathology.

= FL-patient-derived lymphoma spheroid (FL-PDLS) is a relevant
model to determine and predict response to therapy. Indeed, we
present evidence that the percentage of PD-1 and TIM-3 expressing
CD8™" cells negatively correlates with the sensitivity to anti-CD20
and anti-PD1 treatment, thus confirming clinical studies.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

= This study provides a complete workflow and methods allowing the
establishment and the full characterization of preclinical FL models.

= In the era of personalized medicine, FL-PDLS appears as a promis-
ing model that can help to predict patient response, discover new
therapeutic targets and identify new mechanisms of resistance. This
system can evolve toward full FL-TME reconstituted organoids, and
therefore, become powerful theragnostic biomaterials that combine
therapy with diagnosis necessary for individualized therapies for
patients.

used and studied for solid cancers and their advantages
have been recognized for over 50 years.'” ! In contrast to
two-dimensional (2D) cultures, cell-cell and cell-matrix
interactions, spatial organization, mechanical constraints,
nutrients and O, gradients, are well-known parameters
that influence disease biology and response to treat-
ments and are reproduced in 3D models. They also offer
useful properties for drug screening.lg"15 In contrast to
solid cancers, relevant 3D models for B-NHL are poorly
described.'® Among them, spheroids/organoids from
DLBCL cell lines or fresh samples from patients are the
most developed.'”' We are pioneers in the development
of 3D cultures established from FL cell lines demon-
strating that conventional 2D culture of lymphoma B
cells does not reproduce FL signaling pathways™*® while
a 3D hanging-drop (HD) system that we term HD-MALC
(multicellular aggregates of lymphoma cells) recapitulates
FL transcriptomic profiles including the overexpression
of gene families involved in survival pathways (ie, NF-xB
pathway, cell cycle regulation, hypoxia). MALC can be
cocultured with NK or gamma delta (y9) T cells to study
therapeutic monoclonal antibody responses, immune

escape (ie,) mechanisms, drug penetration and immune
cellinfiltration.®2” More recently, we improved the 3D FL
model using B-NHL cell lines.*® Based on a scaffold-free
technique, cells are directly seeded in ultra-low attach-
ment plates (ULA), which allows multiplexing and facil-
itates the spheroid imaging."' * Although ULA-MALCs
are similar in gene expression or mutational profiles to
HD-MALC, they are not representative of FL heteroge-
neity. Lamaison and collaborators recently established a
3D model including ECM, using tonsil stromal cells and
FL /DLBCL cells or primary FL B cells (n=2) to study
the dynamic relationship between lymphoma B cells
and their microenvironment.?! These models, including
mechanical constraints, bring new interesting perspec-
tives. However, they are artificially reconstituted and do
not include immune TME, a key component in the era
of immunotherapeutic strategies and personalized medi-
cine, particularly in FL.

Here, we present a new 3D model of patient-derived
lymphoma spheroids (FL-PDLS) established from a whole
FL LN biopsy that recreates in vitro FL. immune TME and
provides a suitable preclinical platform for drug testing
and discovery of new therapeutic targets. In this model,
no scaffold or matrix are introduced in order to attribute
the results obtained to the FL-PDLS per se and not to the
component used to maintain the primary cells in 3D.
Maintaining primary FL cells in vitro is known to be chal-
lenging. Here, we establish a simple, robust and repro-
ducible workflow allowing the maintenance of viable cells
isolated from FL biopsies. We characterized FL-PDLS
both by 2D and 3D imaging and by multiparametric flow
cytometry analyses, and evaluated their sensitivity toward
two monoclonal antibodies (mAbs) (anti-CD20 and anti-
PD-1). Altogether, our results, that were obtained by Faria
et al (unpublished PhD thesis manuscript), demonstrate
that FL-PDLS constitutes a representative preclinical FL
model integrating patient immune TME and patient
heterogeneity. Our results represent a proof-of-concept
to implement these models in personalized medicine
research.

METHODS

mAbs

Obinutuzumab (GA101) an anti-CD20 mAb was provided
by Roche (Basel, Switzerland). Anti-PD-1 mAb of class
IgG4 (Nivolumab) was obtained from the department of
pharmacy at the IUCT (Toulouse).

Patient samples

LN was collected and processed at the CRB Cancer des
Hopitaux de Toulouse following ethics guidelines (Decla-
ration of Helsinki), and written informed consent was
obtained from each patient diagnosed between 2018 and
2021 with FL (grade II according to the WHO classifica-
tion™) at the department of hematology (IUC, Toulouse-
Oncopole, France). CRB collection was declared to
the Ministry of Research (DC-2009-989) and a transfer
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agreement (AC-2008-820) was obtained after approval
from the appropriate ethics committees. Patient char-
acteristics are listed table 1 and cells from FL-LN were
collected as reported in online supplemental methods.

FL-PDLS generation

A total of 25,000 cells were seeded in 96-well round
bottom ULA plates (Corning, Samois sur Seine, France)
and cultured in an enriched medium as detailed in online
supplemental methods and figure 1.

Immunohistochemistry

FL-PDLS was fixed with 4% PFA (Alfa Aesar, Haverhill,
Massachusetts, USA), embedded in 1% low-melting
agarose (Life Technologies, Villebon sur Yvette, France)
and included in paraffin before performing sections
(3pm). The antibodies used for IHC labeling are listed in
online supplemental table 1 and details for IHC in online
supplemental methods.

2D imaging

FL-PDLS was visualized by brightfield illumination (BF)
using a high throughput microplate imager for high-
content analyses device, equipped with a x5 objective
(Operetta, Perkin Elmer, Villebon sur Yvette, France).
Morphological parameters (BF area, roundness) were
analyzed using the associated Columbus software.

Live-cell imaging

After centrifugation in ULA plates, FL-PDLS was imaged
from day 0 to day 6 with Incucyte S3 Live-Cell Analysis
System (Sartorius, Gottingen, Germany), placed in a stan-
dard tissue culture incubator to automatically acquire
phase images at x4 magnification.

3D imaging

FL-PDLS was fixed with 4% PFA, embedded in 1% low-
melting agarose (Life Technologies) and cleared before
analysis with a 880 confocal microscope (Zeiss, Oberko-
chen, Germany). For details, see online supplemental
methods.

Flow cytometry analyses

Immune cell composition of FL samples and FL-PDLS,
as well as ICP expression, B cell depletion and cytokine
release were determined by flow cytometry as detailed in
online supplemental methods. The antibodies used for
flow cytometry are listed in online supplemental table 2.

3’mRNA sequencing

Libraries were prepared with 500ng of RNA using the
QuantSeq 3'mRNA-Seq Library Prep KitFWD (Lexogen,
Vienna, Austria) and UMI Second Strand Synthesis
Module (Lexogen) following the manufacturers’ instruc-
tions. The libraries were quantified using the Qubit
dsDNA HS Assay Kit (Invitrogen, Life Technologies) and
sequenced on single read 75 pb run, on a NextSeqb50DX
instrument (Illumina). Online supplemental methods
detail the data analysis procedure.

RNAseq analyses

Sequencing reads were trimmed using cutadapt (*) and
aligned with STAR (10.1093/bioinformatics/bts635).
Gene counts were generated using HTSeq (doi:10.1093/
bioinformatics/btu638) with GRCh38.p13 reference
annotation. Differential expression was computed using
DESeq2 (10.18129/B9.bioc.DESeq2), and Gene signa-
tures were determined with GSEA V.4.3.2 (Broad Insti-
tute, Cambridge, Massachusetts, USA) using the hallmark
gene sets, the C2 curated gene sets, the C5 gene ontology
gene sets and the C6 oncogenic signatures (Molecular
Signature Database V.2.5). A two-class analysis with 1000
permutations of gene sets and a weighted metric was used.
Expression heatmaps were created using Morpheus soft-
ware  (https://software.broadinstitute.org/morpheus/,
Broad Institute).

Fold-changes of FL-PDLS versus 2D models and p value
criteria were represented in a volcano plot. Data were
visualized with the Multiplot Studio V.1.5.20 Software
from GenePattern archive (http://gparc.org/).

Correlogram and correlation curves

Correlogram was obtained with Open source Rstudio
(RStudio Team (2020), PBC, Boston, Massachusetts, USA
URL http://www.rstudio.com/) and corrplot package.
For details, see online supplemental methods.

Statistics
t-tests were applied and all tests were performed with
GraphPad Prism software.

RESULTS

FL-PDLS organize in patient-specific 3D structures

Different tests of cell seeding densities and different
media were necessary to establish viable FL-PDLS with
FL. LN and the most favorable conditions to obtain
spheroids with a viability of approximately 60% was
achieved at 25,000 cells per well (data not shown). Global
morphology was examined by 2D imaging with a high
throughput imaging confocal system and by 3D imaging
with a confocal microscope (figure 2). We observed
different FL-PDLS morphotypes (figure 2A, upper panel)
exhibiting (1) a thin monocellular layer and a round
and dense cell aggregate in the clearly delineated center
(pattern 1, #P1), (2) a more or less enlarged thin layer
and a less structured central aggregate (pattern 2, #P2)
and (3) areduced and destructured thin layer and a large
and disorganized central structure with no clear delimi-
tation between monocellular layer and aggregated parts
(pattern 3, #P3). In all cases, cell aggregation occurs in
the first few hours (online supplemental video). After
6 days of culture, we observed a significant global increase
of the FL-PDLS size for most patients (six out of nine)
without strong modification of morphotype except for
patient #8. These morphological patterns were confirmed
by 3D imaging (figure 2A, lower panel) and morpholog-
ical parameters were measured based on 2D imaging.
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FL LN biopsy (IHC, FISH)
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Figure 1

2D/3D imaging

Workflow for PDLS establishment and characterization. 2D, two-dimensional; 3D, three-dimensional; FISH,

fluorescence in situ hybridization; FL, follicular lymphoma; IHC, immunohistochemistry; ICP, immune checkpoint; ODN,
oligodeoxynucleotide; PDLS, patient-derived lymphoma spheroid; ULA, ultra-low attachment.

First, areas of FL-PDLS’s periphery (composed mainly
of dead cells, data not shown), or center (composed of
viable cells) were determined (figure 2B). Most FL-PDLS
presented an increase in the central area between day 3
and day 6 ranging from 13% to 152% (patient #5 and
#7, respectively) (figure 2B). For the periphery areas,
three different profiles were observed (figure 2B) with an
increase (patients #1, #3, #4 and #7), a decrease (patients
#5, #6 and #9) or no variation (patient #2).

Real volume as well as sphericity and roundness were
then analyzed by 3D imaging (figure 2C). Volume
increased between day 3 and day 6 with the highest differ-
ence observed for patient #3. In contrast, sphericity and
roundness did not mirror volume variation, but both
exhibited same profiles and range of values, with an
increase observed in 4 out of 6 patients (#1, #2, #4, #5).
For patient #3, no variation in sphericity and roundness
was observed and for patient #6, both sphericity and
roundness were decreased. Moreover, we noticed a large
scale of volume variation (0.0045 mm’-0.05 mm?), sphe-
ricity (0.004-0.83) and roundness (0.03-0.88).

Thus, we show that cells from FL biopsies can be
cultured in 3D with an enriched medium maintaining a
high viability. 2D and 3D imaging analyses highlighted the
interpatient variability in terms of aggregation dynamics,
morphology and behavior during the time of culture.

FL-PDLS recapitulates FL hallmarks

Immune cell type distribution in FL-PDLS was then deter-
mined by IHC (figure 3A) and t(14;18) translocation by
fluorescence in situ hybridization FISH (figure 3B). At
the FL-PDLS center, a clustering of CD20", CD79a" B
cells was identified whereas CD3" T cells were localized at
the surface, an architecture reminiscent of FL. neoplastic

follicles. In addition, Ki-67 staining confirmed the pres-
ence of proliferative T cells. No FDC was observed due to
the non-enzymatic dissociation and freezing cycle. A FISH
experiment was performed with a “break apart” probe to
assess BCL2 rearrangements in FL-PDLS. Figure 3B indi-
cates the presence of both normal B cells by yellow arrows
and lymphomatous B cells, characterized by a BCL2 split,
by green and red arrows. Altogether, these results confirm
that the FL-PDLS model mimics the spatial organization
of FL, with follicles composed mainly of tumor B cells
coexpressing CD10 and BCL2, surrounded by a microen-
vironment rich in T cells with little or no penetration of
the follicle.

To further characterize FL-PDLS, we performed 3’
RNA sequencing to compare cells in FL biopsies (2D) to
cells grown for 3 days in FL-PDLS (3D). Cells from patient
#2, #3 and #7 were used in this comparison. Differential
expression analyses of paired samples contrasting 3D-2D
models indicated that 551 genes were upregulated and
835 downregulated in the 3D models (figure 3C) high-
lighting a significant transcriptome modulation. Further-
more, 3D samples clearly clustered in the principal
component analysis (PCA) generated with the RNA-seq
gene expression (figure 3D) indicating common features
in gene expression among the 3D samples.

Next, we proceeded with a GSEA analysis using the
hallmark gene sets, C2 curated gene sets, C5 gene
ontology gene sets and C6 oncogenic signatures (MSigDB
V.2023.1Hs) which identified upregulated gene sets
related with cell proliferation like cell cycle regulation
and DNA replication as the most significant. In addi-
tion, we observed an enrichment in our 3D models of
survival pathways such as mTOR signaling or DNA repair.
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Figure 2 FL-PDLS characterization by 2D and 3D imaging. (A) Global morphology observed by brightfield (Operetta, 5X, scale:
200pm) of FL-PDLS from nine patients or by confocal microscopy (x10) for patients #1, #5, and #6 in untreated condition at D3
and D6. #P represents patterns based on the morphology. (B) Histograms representing center/core and periphery areas (um?)
measured after 2D imaging with Columbus software and (C) volume (mm?®), sphericity and roundness quantification after 3D
imaging for all patients clustered according to their morphotypes (patterns, #P). 2D, two-dimensional; 3D, three-dimensional;
FL-PDLS, follicular lymphoma-patient-derived lymphoma spheroid.
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Figure 3 Global FL-PDLS characterization by different approaches. (A) Representative IHC on sliced FL (LN biopsy and PDLS
at day 3 of culture from patient #4). (B) Representative FISH on sliced FL-PDLS #4. (C) Volcano plot of differentially expressed
genes (DEG) contrasting 3D-2D models. After application of thresholds, 835 genes were found upexpressed (red genes)

and 551 downexpressed (blue genes), respectively. Top modulated genes are indicated. (D) PCA analysis using expression
values obtained from RNA-seq data in 3D and 2D models. (E) Gene set enrichment analysis. Most significant upregulated

and downregulated gene sets filtered by FDR<0.05and NES>1.50r <—1.5. Heatmaps correspond to top 20 genes. 2D, two-
dimensional; 3D, three-dimensional; FDR, false discovery rate; FISH, fluorescence in situ hybridization; FL-PDLS, follicular
lymphoma-patient-derived lymphoma spheroid; NES, Normalized Enrichment Score; PCA, principal component analysis.
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Moreover, GSEA analysis highlighted two other upregu-
lated FL classical pathways in 3D models including B cell
receptor signaling and epigenetic regulation. In contrast,
GSEA analysis also revealed downregulation of gene sets
involved in the regulation of apoptosis, immune response,
inflammation and TNF signaling pathways in 3D models.
The top 20 genes of representative signatures from GSEA
plots are presented in heatmaps (figure 3E). The summary
of gene sets overrepresented in FL-PDLS compared with
2D cultures is listed in online supplemental table 3 and
a more complete table with other interesting gene sets
identified by GSEA analysis such as cell adhesion, cell
migration or angiogenesis that appeared downregulated
in 3D models is listed in online supplemental figure 2 and
online supplemental table 4.

Taken together, these data suggest that the favorable
culture conditions of our 3D model (FL-PDLS) main-
tain viability and minimizes cell death, and upregulates
FL hallmarks as observed in FL patients such as survival,
proliferation and downregulation in apoptosis or immune

31
response.

FL-PDLS immune microenvironment composition

FL immune TME is a rich intricate of different cellular
subtypes mainly composed of tumorous CD10" B cells,
CD4" T, CD8" T, y0T and NK cells.? * 72632 Thys, we
performed multiparametric flow cytometry analyses to
determine the composition of FL-PDLS and compared
them to the initial biopsies. On average at day 0 of culture,
B lymphocytes (60% of total cells) were the prominent
population composing the thawed samples, followed by
CD4" (18%), CD8" (3%), NK (0.1%) and y0T (0.07%)
cells (figure 4A). Importantly, 3D cultures did not affect
the percentage of each cell subtype at day 3 and only a
slight decrease was observed for B cells with 44% of CD19"
cells at day 6 (Figure 4A).

Phenotyping of CD4" T cells revealed that 40% of CD4"
T cells were TFh and 20% were non-TFh (figure 4B left).
Individually, we distinguished patients with a high (>50%,
patients #2 and #8), medium (around 30 %, patients #1,
#3, #5, #7 and #9) and low percentage of TFh (<10%,
patient #4). Regarding non-TFh cells, high (around 36%,
patients #3 and #7), medium (around 20%, patients #1,
#2, #4, #9) and low percentages (<10%, patients #5 and
#8) were observed (for more details, see online supple-
mental results).

The presence of innate immune cells in the FL-PDLS
was very low (NK<1% and y0T<0.1 %) (figure 4B right).
Here again, we were able to distinguish patients exhib-
iting a higher percentage of NK cells (#2,#3,#7) and
patients with a very low percentage.

Finally, FL-PDLS exhibited high (patient #7), interme-
diate (patient#9) or very low (patient #8) basal levels of T
cell activation as attested by the measurement of secreted
cytokines in the culture medium (figure 4C, for more
details see online supplemental results).

Altogether, these results highlight FL-PDLS as a rele-
vant model exhibiting similar features to FL patients such

as proportion of B/T cells and variability of immune
cell composition. Moreover, these results show that
FL-PDLS culture conditions maintain the viability of cells
composing the immune TME during cell culture.

FL-PDLS maintain FL immune escape features

To further characterize FL-PDLS, we investigated the
profile of ICP expression described in FL.>**" BTLA,
TIGIT, LAG-3, PD-1, TIM-3, CD39 and CD73 expression
was determined at the cell surface of CD4" T and CD8" T
cells after thawing and at day 3 of 3D culture (figure bA
and online supplemental figure 1 for day 0). A high
proportion (50%-55%) of CD4" cells expressed BTLA,
TIGIT and PD-1, a medium (roughly 20%) percentage
expressed CD39 and less than 10% expressed LAG-3,
TIM-3 and CD73. On CD8" lymphocytes, TIGIT and
PD-1 were expressed by approximately 50% of cells,
TIM-3, CD39 and BTLA by roughly 20%-30% and
less than 20% expressed LAG-3 and CD73. We also
determined ICP expression on tumorous B cells
(CD19°CD10%) and observed PD-1 expression in fewer
than 10% of cells and CD39 in roughly 20%. No CD73,
PDLI and PDL2 expression was detected. In healthy B
cells (CD19°CD10"), the percentage of CD39 and CD73
was higher with approximately 50% and 30%, respec-
tively (figure 5B).

FL is characterized by coexpression of ICP markers
such as PD-1/TIM-3,"" PD-1/TIGIT,* PD-1/LAG-3,"
PD-l/BLTA,44 which predicts patient outcome. There is
currently a special interest in the development of bispe-
cific antibodies against ICP. Thus, we determined the
coexpression of these ICP in both CD4" and CD8" cells
by applying different gating strategies (figure 6A-E). We
observed that globally, CD4" were mainly PD-1"TIM-3"
(48%) (figure 6A), PD-1'TIGIT" (46%) (figure 6B),
PD-1'BTLA" (44%) (figure 6C) and PD-1"LAG-3™ (48%)
(figure 6D). CD8" were mostly PD-ITIM-3" (42%)
(figure 6A) and PD-1'TIGIT" (42%) (figure 6B). The
percentage of PD-1'BTLA", PD-1'BTLA™ or PD-1"BTLA"
CD8+ cells were quite similar (30, 28 and 23%, respec-
tively) (figure 6C). We also observed 37% of PD-1' LAG-3~
and 39% of PD-1"LAG-3~ CD8+cells (figure 6D). CD39 is
a relevant marker in NHL TME*™ and its coexpression
with PD-1 has been recently described in exhausted TIL
in epithelial malignancies.45 Thus, we determined the
level of PD-1/CD39 in the FL-PDLS analyses and revealed
that CD39°CD4" or CD8" cells were mainly PD-1" with 16
and 21%, respectively, compared with 3.8 and 5.6% for
PD-1" CD4" and CD8" cells (figure 6E).

Altogether, our results indicate that the FL-PDLS
model reproduces interpatient variability and immune
suppression observed in FL LNs. Importantly, most CD4"
and CD8"' T cells are PD-1'TIGIT". Moreover, CD39'PD-1"
TILs also appears as an interesting population infiltrating
FL tumors. Thus, these results strongly support the use
of FL-PDLS for testing immunotherapy in a context of
personalized medicine.
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FL-PDLS as tool for immunotherapy screening in FL an anti-CD20 mAb used for FL therapy, obinutuzumab
Finally, we aimed to determine whether FL-PDLS (GA101) combined or not with the anti-PD-1 mAb,
could represent preclinical models for immunotherapy = nivolumab. We established a workflow adapted for
screening. For this purpose, we tested the efficacy of = medium throughput screening in 96-well plates and
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developed specific tools to study the effect of therapies
on FL-PDLS morphology and behavior as well as B cell
depletion. 2D imaging allowed a global characterization
of FL-PDLS and the observation of different patterns
after drug treatment without any potent variation after
immunotherapy (online supplemental results and online
supplemental figure 3).

Therefore, we investigated the effect of these ther-
apeutic mAbs by 3D imaging (figure 7A). First, we
observed by 3D confocal imaging the already described
3D shape differences between patients in untreated
condition (UT). Anti-CD20 alone or in combination with
anti-PD-1 seemed to strongly modify #2 and #3 FL-PDLS
morphology. As for figure 2C, volume, sphericity and
roundness extracted from 3D imaging were determined
by specific algorithms developed for ULA-MALC®® and
FL-PDLS (figure 7B).

We observed a decrease of FL-PDLS volume in the 3
patients tested after anti-CD20 treatment and two of them
were also sensitive to anti-PD-1 treatment (#2 and #4).
Combination seemed to enhance the volume decrease in

patients sensitive to single drugs. Sphericity and round-
ness were also analyzed but exhibited high interpatient
variation. For patient #4, both sphericity and round-
ness decreased after anti-CD20 or anti-PD-1 mAbs treat-
ment and combination did not enhance these effects.
For patient #2, anti-PD-1 mAb alone affected sphericity,
whereas roundness was decreased by both single drugs,
but surprisingly not with the combination where an
increase was observed. Finally, for patient #3, which was
the less spherical model (sphericity=0.07 in untreated
condition), anti-CD20 mAb increased the sphericity and
roundness, whereas anti-PD-1 mAb decreased sphericity
and increased roundness. The combination did not
modify the effect of single drugs on sphericity or round-
ness (figure 7B).

Altogether, these results show the ability to assess
the effect of immunotherapies on the volume and
morphology of FL-PDLS and the interpatient variability.
They also underline the importance of studying thera-
peutic efficacy beyond 2D imaging.
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Flow cytometry analyses were then performed on disso-
ciated FL-PDLS to evaluate the effect of treatment on
target B cells. Thus, we observed thatin 8 out of 9 FL-PDLS
tested, anti-CD20 mAb induced a potent CD19" B cell
depletion (up to 80%) in a similar fashion at 24 hours and
72hours of treatment (figure 8A). However only three
out of nine FL-PDLS responded to anti-PD1 treatment as
asingle agent. Interestingly, in FL-PDLS from patients #2,
#3 and #4, 3D volume variation (figure 7B) was correlated
with the B cell depletion observed in response to treat-
ments (figure 8A). Moreover, we were able to observe
by IHC an increase of T cell infiltration and activation,
as attested by GrB labeling after anti-CD20/anti-PD-1
combination (figure 8B).

Finally, we assessed the correlation between B cell deple-
tion and ICP expression on CD4" and CD8" populations.
To do so, double positive (PD-1"TIM-3%, PD-1"TIGIT",
PD-1"BTLA", PD-1'LAG-3") population percentage and B
cell depletion percentage obtained after 72 hours of treat-
ment with anti-CD20 and anti-PD-1 alone or in combi-
nation were used to generate a matrix of correlation
represented as a correlogram (figure 8C). With this side-
by-side comparison, we observed that the percentage of
PD-1"BTLA" CD4" T cells negatively correlated with B cell
depletion induced by anti-PD-1. Finally, the percentage
of CD4" or CD8" T cells co-expressing PD-1"LAG-3" nega-
tively correlated with B cell depletion in response to
the two single treatments, with a higher score for CD4"
populations after treatment with anti-CD20 mAb (-0.68)
(figure 8C). Very interestingly, the percentage of PD-1"
TIM-3" CD8" T cells negatively correlated with the B
cell depletion induced by anti-PD-1, anti-CD20 or their
combination (figure 8D).

Altogether, these correlations suggest a potential link
between the expression of ICP markers and the response
to anti-PD-1 and anti-CD20 mAbs and reveal PD-1"TIM-3"
expression on CD8" cells as a marker of lower response to
both single or combo treatment.

DISCUSSION/CONCLUSION

Here, we present a novel patient-derived 3D model for
FL that may be of particular relevance to understand
disease biology and immune cell distribution. Indeed,
IHC analyses reveal that the 3D FL model reproduces
the same pattern of expression as observed in biopsies
with CD79a, BCL2, CD10 and CD20 labeling and periph-
eral distribution of T cells. 3D imaging and specific anal-
yses,”® show an interpatient variability of shape with three
different patterns of aggregation and different profiles
of response to treatment. Noteworthy, FL-PDLS from
patient #3, which was not well structured and presented
the least roundness and sphericity, exhibited the highest
responses to anti-CD20 and anti-PD1 mAbs. This could
be explained by a better mAb penetration within the 3D
structure. Although the number of samples could not
allow us to draw definitive conclusions, these results high-
light another application based on the use of FL-PDLS as

in vitro models to characterize the mechanisms of action
of anti-lymphomatous drugs and model volume, aggre-
gation, ECM production or mechanical constraints and
parameters influencing drug sensitivity. Obviously, we
cannot exclude that FL-PDLS, like any preclinical model,
remains a study model that does not exactly recapitulate
the FL LN.

Despite the absence of stromal cells, FL-PDLS represents
a robust tool to recapitulate FL biology for a number of
reasons:

First, both tumor B cells and autologous T cells main-
tain good viability for at least 1week, a window which
enables us to analyze the efficacy of most therapeutic
agents.

Second, FL-PDLS recapitulates the fundamental hall-
marks of FL in terms of tumorous cell markers (BCL2,
CD79b, CD20+, and CD10+), Bcl2 translocation, and
overexpression of cell cycle, mTOR, DNA replica-
tion, BCR signaling, and epigeneticrelated gene sets.
However, we cannot overlook our findings regarding
the downregulation of immune response, inflammation,
and TNF signaling gene sets. Several hypotheses, mainly
focusing on technical issues, can be considered: (1) One
could speculate that the enriched medium used to main-
tain viable cells could influence gene expression to some
extent. (2) Since the processes for biopsy dissociation/
conservation/thawing unfortunately discard certain
companion FL-B cells, such as macrophages or stromal
cells, we cannot exclude the possibility that the absence
of these subpopulations might interfere with certain tran-
scriptomic programs in FL-B cells. (3) Although FL-PDLS
exhibits a decrease in certain pathways when comparing
3D-2D cultures, the question of how it compares to reac-
tive LNs cultured under the same conditions remains
open. All of these issues are currently under investigation
in the laboratory.

Third, FL-PDLS recapitulates the immune exhaustion
profile typical of FL LN, preserving inter and intrapatient
T cell heterogeneity as seen in single cell studies.”

Fourth, FL-PDLS represents an affordable 96/well
format for drug screening, including ICP inhibitors (such
as anti-PD-1) thanks to the presence of autologous T cells
capable to experience activation (as demonstrated cyto-
kine secretion in FL-PDLS supernatants).

The clinical development of effective immunothera-
pies needs the identification of tumor environmental
features that could predict sensitivity to ICP blockade.
While impressive efficacy was observed in Hodgkin and
primary mediastinal-B cell lymphomas, disappointing
results were obtained in FL or DLBCL.™ NHL are cate-
gorized as inflamed or non-inflamed tumors.® ** Large-
scale microarray profiling revealed four stages of IE
in B-NHL that were correlated with OS.® This immune
landscape of lymphoma is a critical point to predict the
response to immunotherapy and to design new thera-
peutic approaches.™ FL, of which 78% FL exhibit a stage
III (immunogenic tumors with IE) or IV (fully immune-
edited tumors),” is an indolent lymphoma with abundant

Faria C, et al. J Immunother Cancer 2023;11:€007156. doi:10.1136/jitc-2023-007156

13



A
24h post-treatment 72h post-treatment
100 . 100 7 *x o #1
< 80 A A < 80 A A v #
£ £
<= 60 < 60 —_ * #3
S i) L o #
© 404 T 40 ° .
S a e
S 204 S 204 A #5
= = ® m#6
o 0—--- 3 [V EERE = S TRERRER D ...... S E}eeeee-
-+ ” ) . O #7
S 20 < -204
[a]
3) 3 #8
-40 = [m] -40 - o O #9
1 1 1 I 1 I 1 I
S N N S N N
S QQ’L O L S 5 L L
X ¥ O X &
X 'b‘\ x XY & X
& N & N
% X
[ &
B
CD3 GrzB
e P
-
* -t
5 . LA
v -.“"'3 Fe
<
[a)]
&
s
c
@O
+
o
o
[a)]
Q
s
C
<
c . D
CD19+ depletion
o o=
- [a)
a 5 aa 100
(@] o O=
oty ol L C
2 £ EC®
@ (O] © + . c\c
c
CD4+PD1+TIM3+ 0.18 0.14 0.5 o8 g 50
. ()
a
CD8+PD1+BTLA+ 0.07 0.14 018 | | 06 S
.
0.4 2 0 2 N h '
CD4+PD1+TIGIT+ 0.21 0 0.29 a 20 50
02 r=-0.5357
CD8+PD1+TIGIT+ 0 -0.21/0.54 =
0 -50
CD8+PD1+LAG3+ 0.39 025 032 | | CDB+PD1+TIM3+ %
v #2
CD4+PD1+BTLA+ .0.14 -0.5 0.07 04
— ant-CD20 < #
CD4+PD1+LAG3+ -0.39 -0.07 | | 06 o #
o8 — anti-PD1 " #6
CD8+PD1+TIM3+ -0.46 -0.5 -0.54 ) —— anti-CD20 + anti-PD1  © #7
- A #8
o #9
Figure 8 B cell depletion and T cell activation on anti-CD20 and anti-PD-1 mAb treatments. (A) Percentage of depletion

of CD19" B cells at 24 hours and 72 hours post-treatments (10 FL-PDLSs were pooled from 6 to 9 different FL patients after
treatment with anti-CD20 (GA101, 10ug/mL) and/or anti-PD-1 (10pug/mL). (B) Representative IHC of sliced PDLS (patient #3)
treated by anti-CD20 (GA101, 10 ug/mL) and anti-PD-1 (10 ug/mL) or not during 72 hours. (C) Values from FL-PDLS (seven
different FL patients) gathered for all the parameters listed: percentage of PD-1*/TIM3*, PD-1"/BTLA*, PD-1*/TIGIT*, PD-1*/
LAG3* CD4* and CD8" cells and percentage of B cell depletion (normalized by untreated condition) after 72 hours of treatment
by anti-CD20, anti-PD-1 and combination. Matrix of correlation based on correlation coefficients (non-parametric Spearman’s
correlation) of side-by-side represented as a graph. Correlation coefficients represented by squares where values and color
were determined according to correlation coefficient values. (D) Correlation curves of percentage of PD1*TIM3" expressing
CD8"cells (x-axis) and percentage of B cell depletion after 72 hours of treatment (y-axis) with correlation coefficients (r) extracted
from correlogram in B. FL-PDLS, follicular lymphoma-patient-derived lymphoma spheroid.
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levels of PD-1" infiltrating T-cells®” that can coexpress

other exhausted markers such as TIM-3,41 TIGIT,42 BLAG-
3,% or BTLA* that predict patient outcome. Thus, it is
becoming clear that FL specific features must be taken into
account in preclinical studies to predict patient response.
In this regard, there is an urgent need of patient-derived
immunocompetent systems. Here, we present FL-PDLS as
a model exhibiting similar inter-patient variability as that
observed in the biopsy from which they originate. Indeed,
the immune cell population characterization reveals not
only that FL-PDLS are mainly composed, as expected,
of B cells and T cells (CD8" T cells, CD4" T cells, TFh,
non-TFh, NK and 3T cells) in variable proportions
among patients, but they also exhibit similar ICP expres-
sion profiles after 3days of culture compared with day 0
(online supplemental figure 1). Interestingly, we observed
that the coexpression of PD-1 and TIM-3 on CD8" cells
negatively correlates with the sensitivity to treatments
corroborating results from Yang’s clinical study where a
high percentage of PD-1""TIM-3*CD8" cells is associated
with a poor outcome.”' These results set the rational basis
for novel ICP inhibitor combinatorial approaches that
could be tested in FL-PDLS advancing toward personal-
ized immunotherapies.

Altogether, we present evidence that FL-PDLS is a rele-
vant pre-clinical FL. model that can be used to better char-
acterize FL pathology and predict patient response drug
testing, new target discovery and characterization of mech-
anisms of action and/or resistance to antilymphomatous
drugs. Although the FL-PDLS model does not recapitu-
late intra and inter LN variability, nor clonal evolution
(which predictably affects TME and response to therapy)
over time, we firmly believe that FL-PDLS must evolve by
integrating other TME components (stromal, myeloid
and endothelial cells) to recreate in vitro, a complete FL
TME. This is currently under development.47 Moreover,
integration of these tumoroids in vascularized systems
could be of particular interest to study immune cell
recruitment and/or drug delivery to the tumor site. This
is especially true in the current context of the develop-
ment of chimeric antigen receptor-T cells for refractory/
relapsed FL. Thus, by combining tumor modeling of each
patient with medical imaging and bioinformatic tools to
analyze genomic data, it should be possible to provide
a full ID card of each patient and propose personalized
therapies in a disease that remains incurable.
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