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Purpose: B-cell non-Hodgkin lymphomas (B-NHLs) are the most common lymphoproliferative malignancy. Despite targeted
therapies, the bone marrow involvement remains a challenge in treating aggressive B-NHLs, partly due to the protective interactions
of lymphoma cells with mesenchymal stromal cells (MSCs). However, data elucidating the relationship between MSCs and B-NHLs
are limited and inconclusive due to the lack of reproducible in vitro three-dimensional (3D) models. Here, we developed and described
a size-controlled and stable 3D hybrid spheroids of Ri-1 (diffuse large B-cell lymphoma, DLBCL) and RAJI (Burkitt lymphoma, BL)
cells with HS-5 fibroblasts to facilitate research on the crosstalk between B-NHL cells and MSCs.

Materials and Methods: We applied the commercially available agarose hydrogel microwells for a fast, low-cost, and reproducible
hybrid lymphoma/stromal spheroids formation. Standard histological automated procedures were used for formalin fixation and
paraffin embedding (FFPE) of 3D models to produce good quality slides for histopathology and immunohistochemical staining.
Next, we tested the effect of the anti-cancer drugs: doxorubicin (DOX) and ibrutinib (IBR) on mono-cultured and co-cultured B-NHLs
with the use of alamarBlue and live/dead cell fluorescence based assays to confirm their relevancy for drug testing studies.
Results: We optimized the conditions for B-NHLs spheroid formation in both: a cell line-specific and application-specific manner.
Lymphoma cells aggregate into stable spheroids when co-cultured with stromal cells, of which internal architecture was driven by self-
organization. Furthermore, we revealed that co-culturing of lymphoma cells with stromal cells significantly reduced IBR-induced
apoptosis compared to the 3D mono-culture.

Conclusion: This article provides details for generating 3D B-NHL spheroids for the studies on the lymphoma- stromal cells. This
approach makes it suitable to assess in a relevant in vitro model the activity of new therapeutic agents in B-NHLs.

Keywords: 3D lymphoma model, hybrid cell spheroids, lymphoma-stromal cell crosstalk, doxorubicin, ibrutinib, agarose hydrogel

microwells

Introduction
Burkitt lymphoma (BL) and diffuse large B-cell lymphomas (DLBCL) represent heterogeneous and aggressive mature
B-cell non-Hodgkin lymphomas (B-NHLs)."? Approximately 20% and from 11 to 34% of patients with BL, and
DLBCLs, respectively, have bone marrow (BM) involvement.** Importantly, BM involvement by DLBCLs and BL is
clinically recognized as a high-risk advanced disease.’

Key components of the BM niche are non-hematopoietic multipotent cells, known as mesenchymal stromal cells
(MSCs). They support and regulate hematopoietic stem/progenitor cell homeostasis,® however, not by direct contact or

secretion of soluble factors.” Ongoing research demonstrates that MSCs impact tumor growth and progression.
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Interestingly, some studies show conflicting results indicating both: antitumorigenic,® ' and protumorigenic'*~'® proper-

ties of MSCs, still their net effect appears to be predominantly pro-tumorigenic. Several groups reported BM stromal
cells providing chemoprotection to hematopoietic tumor cells via secreted inflammatory and chemotactic cytokines, such
as CXCR12, IL-6, and IL-8, from the inhibitory effect of a treatment.'” 2! However, direct cell-cell interactions are the
ones that are essential for the chemoprotection of lymphoma cells by the bone marrow niche. Over a decade ago, Lwin
et al established that BM stromal cells-derived BAFF (B cell-activating factor belonging to the TNF family) protects
B-NHL cells from spontaneous apoptosis and is involved in cell adhesion-mediated drug resistance.*” In turn, Mraz and
co-authors established that co-cultures of rituximab-responsive B-NHL cells with HS-5 stromal cells significantly
reduced rituximab-induced apoptosis compared to cells cultured on a plastic surface.?® Interestingly, this experiment
demonstrated that the protective effect of stromal cells on rituximab cytotoxicity was very similar in magnitude to the cell
adhesion-mediated resistance to doxorubicin (DOX). The importance of cell-cell interaction in lymphoma protection
against anti-cancer drugs is still unknown. It is also inconclusive whether an interaction with MSCs could lead to the
emergence of chemoresistant cells at a physiologically relevant drug dose. This is partially due to the lack of reproducible
models for direct studies of lymphoma-stromal cells interactions.

The development of preclinical models with more relevant translational predictivity for the response of human
cancers to drug candidates garnered much attention in recent years. The traditional model for in vitro study and drug
screening is the two-dimensional (2D) culture, which reflects neither the three-dimensional (3D) architecture nor the
complex cell—cell and cell-microenvironmental interactions.”> > For those reasons, the drug testing studies with 2D
models mostly fail to predict in vivo responses to anti-cancer treatment.” 2* Concurrently, in vitro drug testing studies
performed with 3D tumor spheroids predict the in vivo sensitivity of tumor cells more accurately.® "

Spheroids aggregates can be established from a single cell type or mixtures of multiple cell types, including tumor,
stromal, and immune cells. Given that tumors are composed of multiple cell types, 3D co-culturing increases the
complexity of tumor models.**** Unfortunately, there is a lack of well-characterized 3D hybrid models for studying
DLBCL lymphoma- microenvironment crosstalk. Regarding DLBCL lymphomas, in 2017 a three-dimensional
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lymphoma-on-chip model, recapitulating the interactions between immune cells, cancer cells, and endothelial cells in the
tumor microenvironment of DLBCL, was successfully developed.*® Recently, Foxall et al described a collagen scaffolds-
based spheroid co-culture system comprising DLBCL cells, cancer-associated fibroblasts (CAF), and tumor-associated
macrophages (TAM).*® Notably, both studies demonstrated that DLBCL cells interact with their constituent components,
resulting in their improved viability compared to 2D mono-cultures. Finally, An et al successfully developed a canine 3D
hybrid model by co-culturing the lymphoma cells, and lymph node-derived primary stromal cells.’” Importantly, they
observed that lymphoma co-culture with stromal cells influenced apoptosis and the cell cycle of tumor cells, as well as
upregulated multidrug resistance genes, such as P-gp, MRPI, and BCRP, compared with 3D mono-cultures. The above
study revealed that understanding the interaction between the tumor microenvironment and lymphoma cells is essential in
designing experimental approaches to personalized medicine and predicting the effects of drugs.

Unlike solid tumors, lymphoma cells grow in suspension in vitro. When cultured under standard 3D methods (eg,
hanging drop, ultra-low attachment plates, rotary cell cultures),”® lymphoma cells form relatively flat aggregates. The
above methods have other limitations, such as a lack of reproducibility and variability of spheroid sizes.**** Recently,
hydrogels (water-swollen networks of polymers) have been widely used for spheroid preparation due to their biocompat-
ibility and biodegradable properties. Moreover, hydrogel microwells provide a facile method to produce uniform-sized
spheroids in a fast and low-cost manner.*'** Notably, it was observed that they mimic salient elements of native
extracellular matrices, and their mechanical properties are similar to those of many soft tissues, thus they can support cell
adhesion.*****

The objective of this study was to develop and characterize over days the hybrid B-cell lymphoma/stromal cells
models with the use of low-cost, fast, and commercially available hydrogel microwells. We successfully generated two
co-culture systems that recapitulate the interaction of lymphoma cells with MSCs. Our 3D hybrid spheroids were
prepared using two B-NHL cell lines: Ri-1 and Raji representing DLBCL and BL, respectively. First, the growth and
proliferation characteristics of 3D cultures were characterized over days using an image analysis demonstrating the
differences between mono-cultures and hybrid spheroids. Next, we have confirmed the suitability of the generated
models for applications, such as drug screening, allowing comparison of cell growth, survival, and invasiveness between
treatment conditions. Taken together, we conclude the B-NHL hybrid spheroids are a promising preclinical model for
studying the mechanism of lymphoma-MSCs interactions and for screening anti-cancer drugs.

Materials and Methods

Cells and Cell Line Culture

The human bone marrow cells HS-5 were obtained from American Type Culture Collection (ATCC, MD, USA). The
DLBCL cell line Ri-1 and BL cell line Raji were received from German Collection of Microorganisms and Cell Cultures
(DSMZ, Germany). The cells were cultured in RPMI-1640 (Gibco, UK) with 10% fetal bovine serum (Gibco, UK) and
1% penicillin/streptomycin (Gibco, UK). The cells were grown at 37 °C in a humid atmosphere saturated with 5% CO,,
and readjusted every week to a concentration of at least 1x10° cells/mL by dilution in fresh complete medium or into new
flasks.

Preparation of Microwells and Spheroids
Spheroids were generated using a non-adhesive agarose microwell system (mold 12-256, 3D PetriDish®, Microtissues
Inc., RI, USA) according to the manufacturer’s instructions. In brief, molds with 15 mm wide and 3 mm high, containing
256 micropores of 400 um diameter each, were used to create gel microwells. A 2% agarose solution (w/v in H,O,
UltraPure™ Agarose, Invitrogen, Thermo Fisher Scientific, UK) was molten by microwaving, cooled to about 60 °C, and
500 pL of agarose was pipetted on top of the mold. Once the agarose gelled at room temperature, the microwell was
gently separated from the mold, UV irradiated for at least 30 min and stored in PBS up to 7 days in 4 °C.

Prior to the preparation of spheroids, the agarose microwell was placed in a glass-bottom dish with a diameter of
35 mm, and was incubated for 15 minutes with the warm culture medium to equilibrate the gel. Next, the culture medium
from the outside of the gel and from the cell seeding chamber was carefully removed. Cells were counted with an
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automated cell counter (Thermo Fisher Scientific, Germany) and appropriate cell dilutions have been prepared. Spheroids
were obtained by seeding 3.2x10* cells per mold (seeding densities of 125 cells/well). Mixed spheroids were prepared
from 3.2x10* cells in four ratios of lymphomas to stromal cells, including 1:1, 1:2, 1:4, and 1:10. 190 pL of cell
suspension was carefully dropped into the cell seeding chamber. The cells fell to the bottom of the micropores in the gel
in approximately 10 minutes, and up to 4 mL of the additional culture medium was added to the outside of the
microwells gel. The medium was exchanged after 24 h and then every other 2 days. The spheroids were grown at 37
°C in a humid atmosphere saturated with 5% CO, for a maximum of 14 days. The morphology and size of spheroids
were monitored every 24 h until day 14 by bright field microscopy using an inverted Olympus IX73 microscope
(Olympus, Germany) with the Olympus Cell*A software.

Spheroid Dissociation and Trypan Blue Staining

At each time point, spheroids were assessed by automated counting for overall viability using the trypan blue dye
exclusion method. First, the spheroids were taken up in 1 mL TrypLE Express Enzyme (Gibco, UK) and incubated in
a water bath at 37 °C for 15 min for dissociation. The suspension was then homogenized by gently pipetting up and down
5-10 times with a wide borehole pipette tip, and the reaction was quenched by adding 5 mL of the culture medium. Next,
a 1:1 (vol/vol) mixture of dissociated cells and 0.4% trypan blue (Merck, Germany) was incubated for 2 min at room
temperature. Viability was evaluated in an automated cell counter and by the provided software (Thermo Fisher
Scientific, Germany), adjusting the cell size gate between 6 and 20 pm.

Histological Processing and Immunohistochemistry

Entire hydrogels with multiple spheroids were fixed for 30 minutes with a 10% formalin neutral buffer solution.
According to the manufacturer’s instructions, the top of the hydrogel was covered by Cytoblock Replacement
Reagents (Thermo Fisher Scientific, Germany) to prevent displacement of spheroids during histological processing.
Entire agarose blocks underwent automated tissue processing (Thermo Fisher Scientific, Germany) and were embedded
in paraffin as a final step. Five-micrometer-thick paraffin sections were prepared. Spheroids were deparaffinized,
rehydrated, and stained with hematoxylin. The immunostaining was performed using a monoclonal mouse anti-human
antibody against CD20 (clone L26, cat No. IS604, Dako, Denmark) on an autostainer (Autostainer Plus; Dako, Inc.,
Denmark) according to the manufacturer’s manual.

Live/Dead Staining of Spheroids

Cell viability was monitored by live/dead cell viability/cytotoxicity assay (Thermo Fisher Scientific, Germany) after 7
and 14 days of cell seeding. Briefly, the culture medium was removed, and spheroids in each hydrogel sample were
washed three times in PBS for 5 minutes. Next, spheroids were incubated with a 200 pL of PBS solution containing 1 uM
Calcein AM targeting living cells and 4 uM Ethidium homodimer-1 labeling dead cells at 37 °C for 30 minutes, protected
from the light, as instructed by the manual. Green and red fluorescence was detected at excitation/emission wavelengths
of 485/530 and 550/590 nm, respectively, and imaged under a fluorescence microscope Olympus BX43 with the
Olympus cellSens software. The green and red fluorescence intensity was separately analyzed by Imagel] software
(National Institutes of Health, MD, USA), and the percentage of living and dead cells in spheroids was calculated by the
corrected total cell fluorescence (CTCF) intensity.45

AlamarBlue Assay
Doxorubicin (DOX) and ibrutinib (IBR) were purchased from Sigma-Aldrich (Steinheim am Albuch, Germany), Stock
concentrations for DOX (ImM) were made in nuclease-free water and stored at —20 °C, while IBR (10 mM) was
dissolved in dimethyl sulfoxide (DMSO, Sigma Aldrich) and stored at 4 °C. Working stocks were made in the culture
media.

The alamarBlue assay was performed to determine the drug ICs, values in B-NHL cell lines, as previously described.*®
Three-day co-cultures of Ri-1 and HS-5 stromal cells (1:1 ratio), as well as mono-cultured Ri-1 spheroids, were treated with
DOX and IBR in triplicate at 6 concentrations between 0.001 and 100 pM. Gels with spheroids were reincubated for 48 hours
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after the addition of drugs. Next, the medium with drugs was gently aspirated, the spheroids were collected from the gel
microwells and transferred into 96-well plates. A fresh cell culture medium with alamarBlue (Invitrogen, Germany) in an
amount equal to 10% of the total volume was added and the plates were placed in an incubator for 24 h at 37 °C, protected
from the light. The absorbance was then read at 570 nm and 630 nm using a spectrophotometer (BioTek Instruments, VT,
USA). Cell proliferation was determined by calculating the percentage reduction of alamarBlue with the use of the
alamarBlue Colorimetric Calculator provided by Bio-rad.*® ICs, values were derived by a sigmoidal dose-response (variable
slope) curve using GraphPad Prism 9 software (GraphPad Software, San Diego, CA, USA).

Anti-Cancer Drug Treatment with Doxorubicin Hydrochloride (DOX) and Ibrutinib
(IBR)

Three-day co-cultures of Ri-1 and HS-5 stromal cells (1:1 ratio), as well as mono-cultured Ri-1 spheroids, were exposed
to up to 0.05 and 0.5 pg/mL of DOX (Sigma-Aldrich, MO, USA) and 0.4 pmol/L of IBR (Sigma-Aldrich, MO, USA) for
48 h at 37 °C. Spheroids of the positive control for cytotoxicity were treated with 0.1% Triton-x-100 (TX) containing
medium for 48 h. Untreated control spheroids were cultured in parallel. The proliferation/viability was assessed with an
alamarBlue assay, as previously described.*’

Statistical Analysis

All data are represented as the mean + standard deviation (SD). Statistical comparisons were performed using a one-way
analysis of variance (ANOVA) followed by Student’s #-test using Microsoft Excel 2018 (Microsoft Corp., CA, USA).
P-values <0.05 were considered statistically significant.

Results

General Characteristics of B-NHL Spheroids

We developed hybrid models by co-culturing the representative B-NHL cell lines: Raji (BL) and Ri-1 (DLBCL) with
MSCs in agarose hydrogels. Cells were plated at a density of 125 cells/well (in total 3.2x10* cells per hydrogel),
incubated for up to 14 days, followed by a visual assessment, image acquisition, and an analysis. Parallelly, we
researched the formation of sell-assembled lymphoma aggregates followed by measurements of their overall morphology
and size. Schematic illustrations of the 3D hybrid culture are presented in Figure 1A. In our model, stromal cells self-
aggregate in the center of the spheroid and are evenly surrounded by layered lymphoma cells.

Different tumor and stromal cell ratios were prepared, including 1:1, 1:2, 1:4, and 1:10. Notably, in the case of ratios
1:4 and 1:10, we frequently observed the formation of multiple stromal spheroids within the individual wells. At the
same time, we observed that co-culturing of lymphoma cells and MSCs in the ratio of 1:1 and 1:2 results in the best
spheroid formation (Figure 1B); thus, further analyses were performed with a concentration ratio of 1:1. Next, we tried
unsuccessfully to obtain the above model with the hanging drop method and the use of ultra-low attachment plates. As
presented in Figure 1C, stromal cells aggregate in multiple, variable in size spheroids. In turn, lymphoma cells formed
a flat, loose-structured, and irregularly shaped cell suspension. Notably, hydrogels allow forming a truly cohesive
spheroid, not only a confined aggregated cell. Besides, this observation was further confirmed upon hematoxylin and
immunohistochemical (IHC) staining (Figure 1D and E). B-NHL cells stained with an anti-CD20 monoclonal antibody
are generally considered confirmatory of lymphoma cell infiltration into the BM, which is CD20 negative.

Comparison of Morphology and Growth Rate of DLBCL and BL Spheroids

The dynamics of spheroids formation differed between the two B-NHL cell lines, as shown in Figure 2A. Raji cells,
representing BL, developed a more compact and homogeneous in shape spheroids when compared to Ri-1 cells
(DLBCL), which formed spheroids of apparently looser structure. Raji and Ri-1 cells aggregated in 24 h after seeding
onto hydrogel microwells when co-cultured with MSCs and reported here timeline is comparable with the spheroid
formation of other solid tumors. In turn, mono-cultured cells required three days to generate spheroids, which showed
irregular shapes with a rough surface. Importantly, we observed that lymphoma cell aggregation into a 3D structure was
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Figure | Culture and staining of B-NHL spheroids. (A) Schematic illustration of the assembly of a 3D hybrid spheroid. Stromal cells (HS-5) aggregate densely, while
lymphoma cells evenly surround the stromal cell core. (B) Lymphoma/MSCs hybrid spheroids (ratio I:1) formed within agarose gel within 24 h. (C) Co-culture of HS-5 and
Ri-1 cells in a “hanging drop” after 72 h of incubation. MSCs form multiple spheroids variable in size, while lymphoma cells are assembled into a flat, irregular aggregate. (D)
Hematoxylin staining of FFPE spheroids (ratio |:2 of Ri-1:HS-5) in agarose gel. (E) Immunohistochemical staining shows CD20 positive lymphoma cells surrounding the
CD20 negative stromal cells, which self-aggregate in the center of the spheroid.

Abbreviations: B-NHL, B-cell non-Hodgkin lymphomas; 3D, three-dimensional; MSCs, mesenchymal stromal cells; FFPE, formalin-fixed paraffin-embedded.

significantly stimulated when co-cultured with MSCs for both cell lines. Mono-culturing of both lymphoma cell lines
resulted in more loosely aggregated spheroids in comparison to co-culturing with MSCs. We observed that hybrid
spheroids survived gentle handling without significant damage, unlike lymphoma mono-spheroids, which were easily
dissociated by handling, suggesting low cell—cell adhesion.

Next, we revealed that the growth rates of mono- and co-cultured Raji spheroids were significantly faster than Ri-1
spheroids (Figure 2B and C). The highest proliferation of Raji spheroids was observed between days 3 and 5, while the
most prominent increase of Ri-1 spheroids growth was noted between days 5-7 after seeding. After seven days of
incubation, the average diameter of mono—cultured and co-cultured RAJI spheroids was 369 + 69 um and 321 + 73 pum,
respectively. In turn, mono- and co-cultured Ri-1 cells formed significantly smaller spheroids with a diameter of 244 + 53
um, and 199 + 38 um, respectively. The above data suggest that the growth of lymphoma spheroids was not stimulated
when co-cultured with stromal cells; furthermore, a significantly lower diameter of the co-cultured spheroids was

observed in comparison to mono-cultured spheroids.
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Figure 2 The growth and morphology of Ri-I (DLBCL) and RAJI (BL) spheroids over time. (A) Typical images of mono- and co-cultured spheroids. For both cell lines, co-
cultured spheroids were formed within 24 h after seeding, while mono-cultured cells required 72 h to form the spheroids of an apparently looser structure. (B and C)
Growth curves for Ri-1 and RAJI spheroids up to 7 days after seeding. The growth rates of mono- and co-cultured Raji spheroids were significantly faster than those of Ri-|
spheroids. The calculation of the diameter of spheroids was performed using bright field images and the Image | program. The measurements are presented as the mean *
SD of |5 spheroids formed in three independent experiments. *P<0.5, ***P<0.001.

Abbreviations: DLBCL, diffuse large B-cell lymphoma; BL, Burkitt Lymphoma; SD, standard deviation.

Determination of the Viability of B-NHL Spheroids

Raji cells were mono-cultured or co-cultured with stromal cells followed by live/dead fluorescent staining and imaging of
spheroids after 7 and 14 days. At the same time, the percentage of cell viability in Raji and Ri-1 spheroids was measured by
the trypan blue dye exclusion method. Spheroids were resuspended in TrypLE Express before cell counting.

The live/dead cell assay results revealed that the viability of both: mono- and co-cultured cells during spheroid formation
was preserved at seven days of incubation (Figure 3A). Calcein AM-stained green fluorescing viable cells made up the bulk of
the spheroid, while the dead cells labeled with ethidium homodimer made up a small percentage of the spheroids. In turn, at the
14th day of incubation, a larger proportion of red fluorescent signal was observed, indicating significantly decreased viability
of cells in the spheroids compared to the seventh day of co-culturing. Dead cells were evenly distributed throughout the mono-
and co-cultured spheroid, and no region with prominent dead cell accumulation was detected. Moreover, the live/dead
fluorescent staining revealed that mono-culturing of Ri-1 cells results in more loosely aggregated spheroids in comparison to
co-culture with stromal cells. Importantly, cell survival was apparently higher in hybrid spheroids compared to mono-cultured
spheroids (62.5 versus 47.8%), which may be due to the protective role of stromal cells (Figure 3B).

In line with the fluorescent staining results, after seven days of culturing, cell viability was 93% or greater for all
lymphoma spheroids as confirmed by the results of the trypan blue exclusion assay (Figure 3C). In turn, cell viability
assays on day 14 indicated a significant decrease in cells viability for all spheroids. Importantly, significant differences
between the viability of mono- and co-cultured spheroids were revealed for both cell lines. This was particularly evident
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Figure 3 B-NHL spheroids viability after a different period of culture. (A) Live/dead assay for the viability of the hybrid lymphoma/MSCs spheroids. Live/dead staining was
performed on the 7th and 14th days of incubation. Green fluorescence indicates calcein AP stain in the live cells, and red fluorescence indicates the ethidium homodimer
stain in the dead cells. (B) Quantification from the live/dead assay using Image] software. An index of live cells (% of cell viability) was constructed from the ratio of live to
total cell numbers. (C) Percentage cell viability (viable cell count/total cell count) measured at days 7 and 14 using the trypan blue dye exclusion technique. Data from five
independent experiments were analyzed and presented as the mean * SD. *P<0.05, ***P<0.001, compared to mono-cultured cells.

Abbreviations: B-NHL, B-cell non-Hodgkin lymphomas; MSCs, mesenchymal stromal cells.

in Raji spheroids, where mono-cultured cells were significantly less viable than co-cultured cells (54 versus 72%,
respectively) while the viability of mono-cultured and co-cultured Ri-1 cells was 59% and 67%, respectively.

Loss of Cell Proliferation

The ICs, values, defined as the half-inhibitory concentration were obtained for mono- and co-cultured Ri-1 spheroids by
alamarBlue assay. There were no significant differences in the activity of doxorubicin between mono- and co-cultured spheroids
(ICsp values of 0.833 and 0.72, respectively), Figure 4A, while ibrutinib was active at much lower doses on mono-cultured
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Figure 4 Anti-cancer drug treatment of B-NHL hybrid spheroids. Growth inhibition and corresponding ICs, values of DOX (A) and IBR (B) in mono-cultured and co-
cultured Ri-1 spheroids as determinated by alamarBlue assay. Mono-cultured and co-cultured spheroids were treated with the range of drug concentrations. Data points
represent average of n=3 experiments with eight technical replicates per DOX and IBR concentrations. (C) Light microscope images of Ri-1 cell line untreated and treated
with DOX and IBR at day 3 after treatment. (D) Cell viability of mono-cultured and co-cultured Ri-| spheroids under the anti-cancer treatment assessed by the use of the
alamarBlue assay. Data were reported as the percentage of cell viability normalized to untreated control spheroids. Spheroids of the positive control for cytotoxicity were
treated with 0.1% Triton-x-100 (TX). ***P<0.001; compared to control. ***P<0.001 underline; mono-culture versus co-culture.

Abbreviations: B-NHL, B-cell non-Hodgkin lymphomas; DOX, doxorubicin; IBR, ibrutinib, TX, Triton-X100.
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spheroids (ICs5,=0.514) than co-cultured spheroids (IC5y=0.909), Figure 4B. For anti-cancer treatment, the DOX doses were
chosen such that they covered ICs, values. IBR dose was chosen within a maximum range equivalent to clinical concentration.

Anti-Cancer Drug Treatment

We assessed the cell viability of the mono-cultured and co-cultured Ri-1 lymphoma spheroids under anti-cancer
conditions: DOX (0.05 and 0.5 pg/mL) and IBR (0.4 pumol/L). Spheroids morphology presented in Figure 4C reflect
the effect of drug treatment. No cytotoxic effects were observed when spheroids were treated with 0.05 pg/mL of DOX
for 72 h. Conversely, treatment with 0.5 pg/mL of DOX for 72 h resulted in spheroid shrinkage and detachment of dead
cells from the outer layers. No differences were observed between mono-cultured and co-cultured spheroids. In turn,
a large decrease in the spheroid diameter was observed after the IBR treatment, particularly in mono-culturing cells. This
is in line with experimental results determined by the alamarBlue assay (Figure 4D) revealing that cell viability was
unaffected by 0.05 pg/mL of DOX, while that 0.5 pg/mL of DOX was significantly cytotoxic for mono- and co-cultured
spheroids. No differences were observed between mono- and co-cultured cells (decrease in cell viability below 45% and
48%, respectively). In turn, our data revealed that mono-cultured cells were significantly more sensitive to IBR than co-
cultures (P<0.001).

Discussion

In this work, we developed a 3D model for studying the crosstalk between B-NHL cells and BM stromal cells. Stromal
cells are an essential component of the BM microenvironment that impacts tumor development and survival. Numerous
works have described the stroma of the bone marrow as a “sanctuary site” for lymphoma cells during traditional
immunochemotherapy, which significantly contributes to drug resistance and leads in consequences to therapy failure.*®
However, the reported antitumor effects are still controversial.*” Current data suggest that MSCs may both promote and
constrain tumor growth, although their net effect appears to be predominantly pro-tumorigenic.so There is mounting
evidence that MSCs restrict tumor growth by suppressing angiogenesis, inhibiting proliferation-related signaling path-
ways like PI3K, Wnt, and AKT, and inhibiting cell cycle progression.’’ It was also suggested that MSCs appear to
influence pathways that can suppress both proliferation and apoptosis.**** Interestingly, both inhibitory and prolif-
erative effects of MSCs have been reported in the same studies.”*>> Discrepancies in the available data show that the
biological role of BM stromal cells in cancer pathogenesis is not fully characterized. Meanwhile, it is believed that
a better understanding of MSCs-tumor cells crosstalk will contribute to developing new treatment strategies in the
future.”® Several reports showed that stromal cells chemoprotect tumor cells through direct cellcell contact; thus, there is
an urgent need to develop models which allow studying such direct interactions.'® Importantly, our group previously
investigated the direct interactions between B-cell lymphoma and stromal cells in optical tweezers using a 2D

culture,””>®

whereas the 3D organization and cellular microenvironment emerged as critical determinants of lymphoma
pathogenesis and drug resistance.

While 3D models of solid tumors are widely developed, the hemato-oncological malignancies remain omitted.
Lymphocytes are generally mobile. B-lymphocytes within the lymph nodes remain in contact; however, they do not
form solid cell structures. Similar to leukemias and myelomas, B-NHLs grow in a suspension when cultured in vitro,
which results in difficulties in obtaining cohesive spheroids. The choice of a 3D culturing method is not without
significance in the case of hemato-oncological malignancies such as B-NHLs. In the current study, we observed that
B-NHL cells are grown within an ultra-low attachment plate or a hanging drop method aggregating into loose clumps of
cells instead of 3D structures, which was previously described.>® Such methods may be helpful in drug studies; however,
they do not support cell-cell and microenvironment interactions. Here, we observed that the lymphoma cells form tight
spheroids with agarose gel; however, the cells disintegrate when transferred with a pipette for further examination.
Interestingly, when co-cultured with MSCs, B-NHL cells form compact and truly cohesive spheroids, which was
previously described by Barbaglio et al on the chronic lymphocytic leukemia (CLL) model.®

The HS-5 cell line used in this study was intentionally selected as HS-5 is a well-characterized model for the
haemato-lymphopoietic microenvironment.”® A genome-wide analysis has revealed a similarity in the transcriptional

profile of human primary MSCs and HS-5 cell lines, indicating their relevance to MSCs-lymphoma interactions studies.®’
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A co-culture method with HS-5 stromal cells has been used successfully in previous reports to generate CLL®® and
multiple myeloma (MM) spheroids.®? Co-culturing of stromal cells and MM cells led to the promotion of pro-survival
signaling and cell adhesion-mediated drug resistance.’®> On the other hand, higher cell—cell interactions and better cell
retention and homing inside the 3D leukemia model were observed when CLL cells were co-cultured with stromal
cells.®

The size of spheroids is a critical factor that affects the transport of therapeutics through the tumor model; thus, it
should ideally be controlled for application in drug evaluation studies. The spheroid size of 200—500 pm is recommended
for flexibility and ease of handling for most applications.®® The rationale is that smaller spheroids may not reproduce
in vivo cell—cell and cell-microenvironment interactions. On the other hand, larger models may contain a hypoxic core
that can affect cell behavior and alter interpretations of growth or survival assays. Notably, the size of our spheroids is
compatible with a variety of adherent tumor and normal cell lines.®> Additionally, we showed that when cultured to
specific time points, the established hydrogel mono- and co-cultures effectively produce uniform in size lymphoma
spheroids for subsequent studies.

In this work, lymphoma spheroids were successfully formalin-fixed and processed directly in the agarose hydrogel via
automated tissue processing and paraffin embedding. Thus, we confirmed that using hydrogel microwells allows applying
the standard procedure for histological tissue processing, including paraffin embedding and cutting without removing
spheroids from hydrogels. This is especially challenging in the key hemato-oncological models and it often destroys the
weak connections between cells. Surprisingly, when we further stained hybrid spheroids with hematoxylin, we observed
the clearly layered structure, where stromal cells aggregate in the center of the spheroid and are evenly surrounded by
lymphoma cells. The observed self-organization process might recapitulate the in vivo DLBCL-BM interactions.

Tumor-stromal interactions affect B-NHL cells’ behavior, including survival and drug resistance. 3D cultures that
recapitulate lymphoma-BM interactions are needed to thoroughly investigate disease progression and response to drugs,
they are, however, unavailable. To evaluate the impact of BM stromal cells on doxorubicin (DOX) and ibrutinib (IBR)
sensitivity, we performed parallel experiments in 3D mono-cultures versus 3D co-cultures using HS-5 stromal cells. The
DOX®*% and IBR®*®” concentrations were chosen within a range equivalent to clinical concentrations.

DOX is a chemotherapy medication used to treat cancer, including breast carcinoma, bladder carcinoma, Kaposi’s
sarcoma, lymphoma including B-NHLs, and acute lymphoblastic leukemia. DOX is the main cytotoxic component of the
R-CHOP (rituximab, cyclophosphamide, doxorubicin, vincristine, prednisone) treatment regimen. DLBCLs include two
major molecular subtypes; the germinal center B-cell-like (GCB) and the activated B-cell-like (ABC). DLBCL,
represented in the Ri-1 cell line in this study, comes from ABC-DLBCL. It is well documented that ABC-DLBCL
patients have poorer survival than GCB-DLBCLs under R-CHOP immunotherapy.®®

In this work, we observed the high efficacy of DOX 0.5 pg/mL on mesenchymal stromal cells, both: when treated
with a single drug or together with lymphoma cells. Interestingly, identical doses of DOX (0.05 and 0.5 pg/mL) were
used in the canine 3D hybrid model of DLBCL by An et al, showing high efficacy at both tested doses.*® Notably, in our
study, no protective effect of MSCs in 3D DLBCL culture was observed, which is in line with the recent report of
Lamaison et al performed on DLBCL and follicular lymphoma (FL) spheroids.®’ Importantly, hybrid models described
here share other characteristics with DLBCL spheroids developed by Lamaison and co-authors. First, we observed
a similar survival decrease during the second week of culture; however, the rate of cell death of our model was
significantly lower. Next, Lamaison et al established that the survival decrease observed during the second week of
culture is not associated with the formation of a hypoxic core, which is typically observed in 3D models of solid tumors.
Accordingly, we did not detect any regionalization of dead cells deposition within the spheroid. Finally, the authors
confirmed a supportive role of stromal cells (lymphoid stromal cells isolated from tonsils) in B-NHL spheroid
formation.

Another important drug for the clinical treatment of DLBCL is ibrutinib. IBR is an oral irreversible inhibitor of
Bruton’s tyrosine kinase (BTK), which performs a critical role in the oncogenic signal transduction pathway downstream
of the B-cell antigen receptor in various B-NHLs, including CLL, mantle cell lymphoma (MCL), and Waldenstrom’s
macroglobulinemia.”® Currently, IBR is thought to be a promising target drug of DLBCL, especially several clinical trials
showed the potential to improve tumor response of patients with ABC-DLBCL. In this study, we evidenced that IBR
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more significantly affects ABC-DLBCL spheroids in the absence of BM-derived stromal cells, indicating a protective
role exerted by the microenvironment, possibly through a direct contact with BM-derived stromal cells. This is further
supported by the significantly greater drug resistance observed in 3D hybrid models compared to what was previously
observed in spheroid mono-cultures.®®’" This creates the possibility that a similar environment may exist in the DLBCL
environment in vivo. The above results indicate that tumor microenvironment (TME), tissue tension and adhesion are
essential factors affecting lymphoma cell susceptibility to treatment.”>’* Moreover, these results suggest that our 3D
hybrid model recapitulates the variability of drug response among B-NHLs.

Conclusion

The 3D co-culture, where lymphoma cells interact with stromal components, is particularly important in developing
a more clinically relevant model. Such a model should be monitored through time and applied in studying the lymphoma
response to various therapies. Here, we established and described cheap and fast hydrogel-based 3D co-cultures that can
be used in a wide range of applications, including cell signaling or candidate drug screening. We believe that the above
model may be necessary to develop a personalized therapy for patients with recurrent or refractory lymphoma with BM
involvement.
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