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Abstract

Purpose: The survival and progression of multiple myeloma (MM) cells rely heavily on supportive
factors and cells within the MM microenvironment, notably macrophages. The PI3K signaling
pathway plays a crucial role in both myeloma cells survival and macrophage polarity, making it
a potential target for altering the MM microenvironment dynamics.

Methods: In this study, the impact of LY294002, a PI3K signaling pathway inhibitor, on the viability
of U266 myeloma cells in mono-culture and MM patient-derived bone marrow mononuclear
cells (BM-MNCs) in co-culture was investigated. Additionally, the effect of treatments on the
M1/M2 macrophage ratio was assessed. Cultures were conducted in both two-dimensional (2D)
matrix-free and fibrin gel-based three-dimensional (3D) environments.

Results: The treatment significantly increased U266 cell death in 2D cultures, dose-dependently
compared to control. However, this effect was not replicated in 3D cultures. In both 2D and 3D
cultures, the percentages of cells in GO/G1 phase were dose-dependently increased, compared
to the untreated control. However, the percentages of cells in S and G2/M phases in both 2D
and 3D cultures were dose-dependently decreased, compared to control. Treatment of BM-
MNCs with LY294002 showed patient- and culture-dependent patterns of CD138* myeloma
cell death and M1/M2 macrophage ratio, contrasting the observed consistent responses in U266
mono-culture.

Conclusion: LY294002 affected U266 cell viability and cell cycle in a dose-dependent manner
in 2D mono-cultures. However, its impact varied in 3D cultures. Treatment of MNCs showed
varied responses based on individuals and culture conditions, underscoring the need for more

similar tumor microenvironment (TME) recapitulation for drug screening.

Introduction

Multiple myeloma (MM) is a clonal plasma cell
malignancy and the second most common hematologic
cancer after non-Hodgkin’s lymphoma.’* The exact cause
of MM is not well understood.>* Despite the made efforts,
this cancer is still incurable and needs novel therapeutic
strategies by targeting the tumor microenvironment
(TME)** it has been confirmed that the TME plays a
crucial role in the development and progression of the MM
disease.®” Malignant cells interact with and influence the
surrounding cells, leading to the generation of a supportive
environment in favor of their growth.® Moreover,
myeloma cells can evade the immune system by altering
the function of immune cells in the microenvironment.**?
Macrophages are abundant cells with high flexibility
in the MM microenvironment, and tumor-associated
macrophages (TAMs) represent significant impacts on
the progression of MM disease rather than contribution
to anti-cancer immune responses, through secretion
of growth factors that suppress the immune system
responses against myeloma cells, support the growth and

proliferation of MM cells and promote angiogenesis."*'*

Drug resistance can also be resulted from the interactions
of myeloma cells with macrophages.'**¢

Based on the environmental factors, TAMs polarized
to two distinct subtypes, M1 and M2 phenotypes.
The classically activated macrophages (M1) with anti-
tumor activity and pro-inflammatory properties release
inflammatory cytokines. The alternatively activated
macrophages (M2) have anti-inflammatory and
immunosuppression properties which can promote
angiogenesis and tumor progression.'*'” Therefore,
targeting macrophages and changing the balance of
M1 and M2 phenotypes would be potential effective
therapeutic approaches in this field.'*'%"

The phosphatidylinositol 3-kinase (PI3K) signaling
pathway is considered as a central regulator of macrophage
polarization process.®?* It has been accepted that this
signaling pathway involves in many processes in the MM
disease and can be activated by many secreted cytokines in
the MM microenvironment, including IL-6, IGF-1, VEGF
and CXCL12.” Accordingly, several studies have exhibited
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the potential of PI3K signaling pathway manipulation to
control either the survival and proliferation of MM cells
or the polarization of macrophages.* %%

In various studies, the effect of small molecular PI3K
inhibitors, such as TG100-115, BEZ235, SRX3207 and
SF2523, on macrophage reprogramming has been assessed
in two-dimensional (2D) culture conditions.’*** On the
other hand, several studies have shown that the inhibition
of PI3K signaling pathway can inhibit myeloma cell growth
and proliferation in 2D cultures.”**** However, the effect
of treatment with inhibitors of this signaling pathway
on both myeloma cells and macrophages is required
to be investigated in a comprehensive study. Since the
interaction of myeloma cells with other TME components
plays an important role in the activation of PI3K signaling
pathway as well as the regulation of cell responses to the
drug, more similar recapitulation of TME interactions is
highly demanded for precise drug screenings.””** In this
regard, 2D mono-cultures cannot simulate the complexity
of the bone marrow (BM) microenvironment, while 3D
co-cultures can represent the physiological conditions
of TME in a more similar way.*** The superiority of
3D cultures over 2D ones has been exhibited in distinct
aspects, including the cytokine secretion and drug
resistance of MM cells.**** Accordingly, we hypothesized
that the efficacy of the PI3K signaling pathway inhibitor
in reducing myeloma cell viability would be influenced
by culture conditions and the presence of other cellular
components within the myeloma microenvironment.
Therefore, to comprehensively assess these effects on the
effectiveness of the treatment, we evaluated the impact of
LY294002, a broad-spectrum inhibitor of PI3K signaling
pathway,* on myeloma cell death under both 2D and
for the first time, plasma-derived fibrin gel-based 3D
culture conditions. Moreover, we examined whether
mono-culture (U266 MM cells alone) versus co-culture
(MM cells within patient BM-derived mononuclear cells
(MNCs)) influenced myeloma cell survival following
treatment. Finally, we assessed how LY294002 modulated

2D cultures

RPMI complete medium

the M1/M2 macrophage ratio in both 2D and 3D culture
conditions. This study would provide novel insights
into the role of the microenvironment in modulating
therapeutic responses and highlighted the importance of
3D patient-derived models in evaluating drug efficacy.

Materials and Methods

Study design

As presented in Figure 1, in this study, it was tried to
evaluate the effect of treatment with PI3K signaling
pathway inhibitor, LY294002, on the survival of myeloma
cells and the polarization of macrophages in two different
culture conditions: 2D matrix-free and fibrin gel-based
3D cultures. Assessments were carried out on both U266
myeloma cell line and MM patients-derived MNCs.
Two different concentrations of the inhibitor (10 and 25
uM) were used and assessments were performed at days
one, two and three after treatments. Cultures without
treatments were considered as controls.

2D culture of U266 cell line

U266 MM cells were cultured in the complete culture
medium, containing RPMI-1640 medium (Cat. No.: 035-
51800, Gibco, USA) supplemented by 1% L-glutamine,
10% fetal bovine serum (FBS; Cat. No.: BI-1201, Bioidea,
Iran) and 1% penicillin/streptomycin (Cat No.: BI-1203,
Bioidea, Iran), at 37 °C, 5% CO, and 95% humidity.*
Culture medium was refreshed every three days and cells
were sub-cultured at 5 x 10° cells/ml seeding density.

Isolation of MM patients-derived plasma and MNCs

Primary MNCs and plasma fractions were isolated
from BM samples of five MM patients. All samples
were collected after obtaining written informed consent
from the patients. The demographic patients’ data is
presented in Table 1. Plasma fractions were obtained
by the centrifugation of BM samples at 1500 rpm for 10
minutes at 22 °C. Plasma samples derived from different
patients were pooled in order to remove inter-individual
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Figure 1. The schematic representation of our study design. The effect of treatment with the PI3K signaling pathway inhibitor was evaluated on the myeloma cell
death in two culture conditions: 2D and fibrin gel-based 3D cultures. Moreover, in order to assess the impact of mono-culture of MM cells versus co-culture of
MM microenvironment cells on the myeloma cell death after treatment, both U266 myeloma cell line and mononuclear cells (MNCs) derived from BM samples
of MM patients were used. PB- and BM-derived plasma samples were used for the generation of fibrin gels for 3D culture of U266 cells and MNCs, respectively.
MM; multiple myeloma, BM; bone marrow, MNCs; mononuclear cells, 2D culture; two-dimensional culture, 3D culture; three-dimensional culture
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variables. Thereafter, Ficoll-Paque (Cat. NO.: BD0018,
DNA Biotech, Iran) was used to isolate MNCs by density
gradient centrifugation.*®

Isolation of plasma from peripheral blood (PB) samples
Plasma samples were isolated from PB of three volunteers.
Two ml of blood from each donor collected in EDTA
anticoagulant were centrifuged at 1500 rpm for 10 minutes
at 22 °C to separate the plasma fraction. To remove donor-
specific factors that could impact the fibrin gel generation,
plasma samples were pooled.*’

Generation of fibrin gels

For 3D culture of cells, fibrin gels were generated as
previously described.”” Briefly, PB- and BM-derived
plasma samples were mixed with 1 mg/mL calcium
chloride (Cat. No.: C7902, Sigma-Aldrich, Germany) and
5 mg/ml tranexamic acid (Caspian Tamin Pharma Co.,
Iran) to be used for gel-based culture of U266 cells and
patient-derived MNCs, respectively. U266 cells or MNCs
were added to the plasma mixture before gelation and the
volume was increased with the complete culture medium
to reach the density of 1x10° cells/100 pL,*” in the
presence or absence of the LY294002 hydrochloride (Cat.
NO.: 1130, Tocris Bioscience, UK). The cell/gel mixture
was incubated at 37 °C, 5% CO, and 95% humidity. After
two hours, the complete culture medium was added on
top of the formed gels.

Flow cytometry assessment

Flow cytometry of surface markers was performed as
previously described.”” Briefly, isolation of cells cultured
inside gels was performed by 5 mg/ml collagenase type I
(Cat. NO.: 17100-017, Gibco, USA) enzymatic digestion.
2D and 3D cultured cells (after isolation) were washed
with PBS (Cat. NO.: S0201, BioBench, Iran) and thereafter,
1x10° cells were incubated with CD138 (Cat. NO.: IQP-
153F IQ Products, Netherlands), CD68 (Cat. NO.: 333808,
BioLegend, USA), CD86 (Cat. NO.: 305406, BioLegend,
USA) or CD206 (Cat. NO.: 321106, BioLegend, USA)
antibodies, at 4 °C for 45 minutes. CD138 and propidium
iodide (PI) (Cat. NO.: P4170, Sigma-Aldrich, Germany)
double staining was performed to analyze the survival
of MM cells. For cell cycle assessment, U266 cells were
fixed in 70% ethanol and after washing with PBS, were
stained with PI in the presence of 100 pL of RNase A for 30
minutes. After washing unbound antibodies and dyes, cell
analysis was carried out using flow cytometer system (BD
FACSCanto II, BD Biosciences, USA). Flow cytometry
data was analyzed with Flowing Software 2.4.1.

Statistical analysis

The experiments on U266 cells were performed with at
least three independent replications. Statistical analysis
was carried out by the ANOVA test (Tukey post hoc)
using SPSS software (version 22). The significance

of differences between groups was determined using
the P<0.05 significance level. The data is displayed as
mean + standard deviation in the graphs.

Results

The effect of PI3K signaling pathway inhibitor on
U266 cells

Inorder to investigate the effect of treatment with LY294002
on the viability/death of myeloma cells, we started with
U266 cells, which were treated with two concentrations
of LY294002 (10 and 25 uM) in both gel-free 2D and gel-
based 3D culture conditions and the effects of treatment
on the death and cell cycle of U266 cells were assessed.
As shown in Figure 2a, the treatment of U266 cells in the
2D culture condition resulted in the increased cell death
in a dose-dependent manner compared to the untreated
control group although the differences between some
groups were not statistically significant. Moreover, 25 uM
of LY294002 could significantly increase the percentage
of PI*cells in the 2D culture of U266 cells compared to
the untreated group, at days two and three post-treatment.
However, the significantly increased percentage of
PI*cells was observed when 3D cultured U266 cells were
treated with 10 pM of LY294002 compared to those of the
untreated group, at days two and three post-treatment
(Figure 2b). The cell cycle evaluation of 2D cultured
U266 cells at day two post-treatment revealed a dose-
dependent increase of cells in the GO/G1 phase compared
to the untreated control group (Figure 2c and Figure S1).
Moreover, dose-dependent decreases of cells in both S and
G2/M phases were observed compared to the untreated
control cells (Figure 2c¢). The dose-dependent pattern
of cell distribution in G0/G1, S and G2/M phases were
similarly observed in 3D cultured cells after treatments
(Figure 2d and Figure S1).

The effect of PI3K signaling pathway inhibitor on MM
patient-derived primary cells

In the next step, in order to make the condition more
complex, co-culture of TME cells was performed in both
2D and 3D culture conditions. BM-derived MNCs were
isolated from five male MM patients, with the average age
of 65+4.3 years (Table 1). Four out of five patients were
newly diagnosed and one patient had relapsed disease
after four months of taking the last doses of medicine. As
presented in the Table 1, 15.9 % £ 6.0 % of isolated MNCs
were CD138 positive.

Similar to U266 cell, isolated MNCs were treated with
two concentrations of LY294002 (10 and 25 uM) in both
2D and 3D culture conditions. As presented in Figure 3
and Figure S2, different patient-dependent and culture-
dependent responses were observed after LY294002
treatment. For instance, the treatment of patient 1-derived
MNCs in the 2D culture condition resulted in an increase
in the percentage of CD138*/PI*cells with 10 uM
LY294002 over three days of treatment. The pattern was
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Figure 2. The effect of LY294002 on the U266 cell death and cell cycle in 2D and 3D culture conditions. The effect of LY294002 on the U266 myeloma cells
death one, two and three days post-treatment in 2D (a) and 3D (b) culture conditions was not the same. * P<0.05 and ** P<0.01. The percentage of cells in each
phase of the cell cycle at day two post-treatment with LY294002 in 2D and 3D culture conditions is presented in (c) and (d), respectively. The mean+standard
deviation is used to present all data. Graphs represent the obtained results from three independent experimental replicates. D; Day, 2D; two-dimensional culture,

3D; three-dimensional culture

Table 1. The demographic data of patients and the characteristics of their
samples

Characteristic Value
No. of patients 5
Age (y) (Mean +SD) 65 +4.3
Gender Male
Race Iranian

Newly diagnosed: 4

Disease stage (No. of patients) Relapse/Progression: 1

Sample volume 2-3 ml

Isolated MNCs/mL (x 10% Mean +SD) 4.0+0.5
CD138*myeloma cells (%; Mean+SD) 15.9 %+6.0 %

CD68*macrophage cells (%; Mean +SD) 32.4%+4.5%

different in the 3D culture of patient 1-derived MNCs,
which showed increased percentages of dead cells with
25 uM LY294002 compare to 10 uM LY294002 and
untreated groups over three days (Figure 3a). In contrast,
the increased percentage of CD138%/PI*cells in the 2D
culture condition was observed when patient 2 sample was
treated 25 M LY294002. However, there was no increase
of CD138*/PI*cells in treated groups compared to the
untreated group in the 3D culture condition (Figure 3b).
Similarly, the treatment of patient 3-derived MNCs in
both 2D and 3D culture conditions resulted in no increase
of CD138*/PI*cells over three days in treated groups
compared to the untreated group (Figure 3c).

The effect of PI3K signaling pathway inhibitor on MM
patients’ macrophages ratio
As PI3K signaling pathway is involved in both survival

of MM cells and macrophage fate, the effect of treatment
with LY294002 was assessed on the ratio of M1/M2
macrophages. Similar to the previous step, the treatment
of isolated MNCs with LY294002 resulted into patient-
dependent and culture-dependent changes in the
percentages of M1 and M2 macrophages (Figures S3, $4
and S5). To evaluate the pattern of macrophage phenotype
changes, the ratio of M1/M2 macrophages was measured
(Figure 4a and 4b). Accordingly, the measured ratio
of M1/M2 macrophages exhibited a dose-dependent
increasing pattern in both 2D and 3D culture conditions
(Figure 4a and b). Notably, the increasing pattern of the
ratio of M1/M2 macrophages was correlated with the
increased percentages of CDI138*/PI*cells in treated
groups compared to the untreated groups (Figure 4c and
Figure S6).

Discussion

It has been demonstrated that the PI3K signaling pathway
isanactive player in the MM progression, and its inhibition
results into the prevention of the proliferation and growth
of myeloma cell lines.”*" Activation (phosphorylation) of
Akt mainly through the PI3K signaling in myeloma cells
is accompanied by the poor prognosis and the reduced
patient survival. In fact, the activation of the PI3K/Akt
signaling pathway is one of the causes of drug resistance in
MM, leading to the prevention of apoptosis and therefore,
cancer progression.®* Targeting this signaling pathway
has been used to increase the sensitivity of myeloma cells
to anti-cancer treatments.””**> On the other hand, the
activity of this signaling pathway has also been observed
in the macrophage polarization, an important cellular
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Figure 3. The effect of LY294002 on the death of primary myeloma cells in 2D and 3D culture conditions. The percentage of CD138*/ Pl*cells in MNCs derived
from three patients after treatments with two concentrations of LY294002 (10 and 25 pM) in 2D and 3D culture conditions are presented in (a-c). Cultures without
the inhibitor (untreated) were considered as controls. D; Day, 2D; two-dimensional culture, 3D; three-dimensional culture
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Figure 4. The effect of LY294002 on the ratio of M1/M2 macrophages and the death of primary myeloma cells after three days treatment. The average ratio of M1/M2
macrophages at days one and three post-treatment are presented in a and b, respectively. The average percentage of dead myeloma cells at day three post-treatment
is presented in c. Cultures without the inhibitor (untreated) were considered as controls. D; Day, 2D; two-dimensional culture, 3D; three-dimensional culture

phenomenon occurred in the MM microenvironment.?"*
However, most of our knowledge has gained from the
2D mono-culture of tumor cell lines, which cannot
appropriately replicate the 3D complex and heterogeneous
microenvironment of a cancer.** Therefore, in this study,
for the first time it was tried to evaluate the impact of
treatment with the inhibitor of PI3K signaling pathway,
LY294002, both on the survival of myeloma cells and the
ratio of macrophages in 2D and 3D cultures.

LY294002 small molecule is the first generation of the
PI3K pathway inhibitor, which is widely used to decrease
tumor growth, inhibit tumor invasion and migration,

and sensitize various tumors to chemotherapy.®>®

Accordingly, treating U266 MM cells with LY294002
showed low expression levels of BCL-2, Cyclin D1, Cyclin
E, PI3K, and AKT in the treated cells, which led to the
prevention of U266 proliferation.” While we did not
specifically determine the IC50 value of LY294002 in
this study, previous reports indicate that 10 uM and 25
uM are within the effective range for inducing apoptosis
and inhibiting proliferation in MM cell models**%* and
therefore, these two concentrations were used in our
study. Since drug efficacy can vary based on culture
conditions, cell-cell interactions, and extracellular matrix
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(ECM) influences, we aimed to assess whether the
reported effective doses would retain their impact in our
experimental setup. Accordingly, U266 myeloma cell line
was utilized as a control to assess whether the reported
effects of LY294002 on MM cells could be replicated in
our study.®*¢' In addition, MNCs derived from patients’
BM samples were cultured to partially represent the
myeloma TME.**¢* PB- and BM-derived fibrin gels were
generated to culture U266 cells and MNCs, respectively, in
more similar conditions to the cancer microenvironment
for small molecule testing.*”***% Various studies showed
that cells in 3D cultures exhibit the highest level of drug
resistance, and accordingly, the results of 3D cultures can
fill the gap between 2D cultures and animal models and
may be closer to the clinical responses of patients, moving
towards achieving personalized treatments for MM
patients.49,65,67-69

Our results revealed the time- and LY294002 dose-
dependent U266 myeloma cell death after treatment with
the small molecule in the 2D culture condition, which
was in line with the results of other similar studies.®*¢! In
addition to the effectiveness of inhibitor treatment on the
cell death, similar to the Wang et al. study,*® we showed that
treatment with the inhibitorled to the increased percentage
of U266 cells in GO/G1 phase in a dose-dependent manner
in 2D cultures. Moreover, the percentages of cells in S and
G2/M phases were decreased in a dose-dependent manner,
which was consistent with other studies performed in 2D
cultures.”””° Different studies have shown that inhibition of
PI3K signaling pathway can inhibit myeloma cell growth
and proliferation in 2D cultures. For example, it has
been shown that treatment with a novel broad-spectrum
PI3K inhibitor, Compound A, results into the decreased
survival, apoptosis induction, and G1 phase arrest of
ARPI, ARK, MM.1S, MM.1R, CAG, and U266 myeloma
cell lines as well as primary myeloma cells in dose and
time-dependent manners.*® In another study, LY294002
treatment inhibited the RPMI 8226 cell migration and
VEGEF secretion.” Inhibiting the PI3K signaling pathway
using BKM120 inhibitor also resulted into the decreased
survival of KMM-1 and RPMI 8226 cells through the
caspase-3-dependent apoptosis induction. Moreover,
G2/M phase arrest was reported in both KMM-1 and
RPMI 8226 cell lines, which was through increased
expression of SIRT1. However, it was also shown that the
percentages of cells in G1 and S phases of the cell cycle
were decreased. Moreover, the data suggests that different
cell lines showed different sensitivities to inhibitors; RPMI
8226 showed less sensitivity to the inhibitor due to the
expression of the wild-type phosphatase PTEN.?” BENC-
511 is a potent compound for inactivation of PI3K and
its downstream signaling, AKT, mTOR, p70S6K, and
4E-BP1. BENC-511 treatment increased the apoptosis
of myeloma cell lines, such as RPMI 8226 and U266, by
caspase 3 and PARP cleavage. However, the inhibitory
effect was decreased with the addition of IL-6 and IGF-1,

two primary compounds for inducing the PI3K signaling
pathway in myeloma cells. Moreover, the usage of BENC-
511 inhibitor could successfully reduce the tumor growth
in mouse xenograft models over a period of three weeks.*
The selective PI3K-a inhibitor, BYL719, also reduced
the survival and proliferation of OPM1/2, RPMI 8226,
U266, MM1s, NCI-H929 myeloma cell lines, as well as
CD138*primary cells isolated from BM samples of three
MM patients. Similar to our results, cell cycle analysis
showed that the treatment with the inhibitor led to an
increase in the percentage of MM1S cells in the G1 phase
and a decrease in the percentage of MMI1S cells in the
S phase with a dose-dependent pattern.”” On the other
hand, due to the critical role of PI3K signaling pathway,
combinatory therapies using different inhibitors have
been used in various studies to increase the cell sensitivity
to drugs. For instance, the combination of LY294002
and different compounds such as PIM kinase inhibitors,
homoharringtonine, and rapamycin, showed synergistic
inhibitory effects on the survival of RPMI 8226 and U266
myeloma cell lines.*"">"

On days two and three after U266 cells treatment in the
2D culture, the percentage of dead cells was significantly
higher in the 25 puM treated group compared to other
groups. However, in the 3D culture condition, 10 uM
of the inhibitor had a significantly greater effect on
the U266 cell death compared to the untreated control
group. Similarly, in another study, it has been shown that
different concentrations of chemicals have distinct effects
on myeloma cells in 2D and 3D cultures.” In addition, the
patterns of cell distribution in different cell cycle phases
were different between 2D and 3D cultured cells; the
observed different pattern of cell behavior in 2D and 3D
cultures was in line with other studies.*****7*7" Tt should
be noted that we performed cell cycle analysis at day two
post-treatment, as this time point may represent a critical
window for assessing the direct effects of PI3K signaling
pathway inhibitor on cell cycle progression. Previous
research has shown that PI3K inhibitors primarily
exert their effects on cell cycle checkpoints at 48 hours
of treatment, influencing cell cycle arrest before other
downstream mechanisms, such as apoptosis or adaptive
resistance, become dominant.”®” At later time points,
apoptotic clearance of affected cells may obscure the
primary cell cycle alterations induced by the treatment.
Future studies may further explore time-dependent
variations in cell cycle dynamics by incorporating
additional time points.

Treatment of cultured MNCs in 2D and 3D culture
conditions with LY294002 resulted into the patient-
dependent patterns of cell death, different from those of
U266 cells. In this regard, it has been demonstrated that
myeloma cells have complicated and dynamic interactions
with other microenvironment cells, both affecting them
and being affected by them.*”* Consistently, it has been
shown that the co-culture of myeloma cell lines, U266
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and RPMI 8226, and primary CD138*myeloma cells
with human stromal HS-5 cells reduced the death of MM
cells after drug treatment and also increased the drug
resistance.®’ Besides to the probable effect of cell-cell
interactions on the survival of myeloma cells in treated
MNC groups compared to the U266 groups, the source
of plasma for fibrin gel generation in 3D cultures might
be another factor affecting the different pattern of cell
death between MNCs and U266 cells. Plasma fractions
were derived from patients BM samples for the 3D
culture of MNCs; however, as we aimed to compare the
patient-dependent disease models with the available and
reproducible cell line-dependent models, PB-derived
plasma samples were used for the 3D culture of U266 cells.
Patient-derived plasma samples are enriched for myeloma
supportive compounds.® Moreover, it is also shown that
the cytokine and growth factor contents of plasma samples
derived from BM and PB of patients are different.***!
Considering the culture condition, in 2D cultures, after
three days of treatment with LY294002, a concentration of
10 uM led to myeloma cell death in one patient, whereas
25 pM was required to induce a comparable effect in
another patient, compared to the control group. However,
in the third patient, none of the tested concentrations
resulted in increased cell death compared to the control
group. In contrast, in 3D cultures, a concentration of 25
uM led to increased cell death in one patient, while in
two other patients, neither 10 uM nor 25 uM of LY294002
had a significant impact on myeloma cell death compared
to the control. These findings suggest that the pattern
of myeloma cell death differs significantly between 2D
and 3D culture systems, likely due to differences in cell-
cell and cell-matrix interactions, drug penetration, and
microenvironmental influences. Consistently, some other
studies exhibited the distinct patterns of cell responses to
treatments in 2D and 3D cultures; in 3D environments,
myeloma cells exhibit a more physiologically relevant
morphology, altering intracellular signaling pathways,
which may contribute to reduced sensitivity to PI3K
inhibition.**”* The usage of fibrin gels for the 3D culture
of MM cells might be another factor affecting the obtained
data, as fibrin gels could affect the survival of MM cells.****
Cellular adhesion-mediated drug resistance (CAM-DR)
is a well-documented phenomenon in MM, where ECM
interactions protect myeloma cells from apoptosis, leading
to lower sensitivity to inhibitors in 3D cultures compared
to 2D cultures.®$>% Furthermore, studies have shown
that hypoxia in 3D cultures can activate survival pathways
such as HIF-1a, which promotes MM cell resistance to
apoptosis.®® Additionally, as we aimed to study the effect
of PI3K inhibitor on myeloma cells in different culture
settings, the same concentrations of LY294002 was
applied for both 2D and 3D treatment groups. Similarly,
it has been reported that finding the effective drug
concentration may be affected by the culture condition.***
These findings emphasize the importance of using 3D

patient-derived culture systems to improve the predictive
accuracy of preclinical drug screening. The discrepancies
in cell death patterns observed in 2D versus 3D cultures
may help explain why some MM treatments demonstrate
efficacy in traditional in vitro models but fail in clinical
trials.** Understanding these differential responses can
aid in designing more physiologically relevant ex-vivo
models that better recapitulate the BM niche, ultimately
enhancing the development of personalized therapeutic
strategies for MM patients.”” 55

Moreover, in line with other studies, we also observed the
inter-individual variability in response to the treatment.
In a similar study, the effect of a broad-spectrum inhibitor
of AKT (MK-2206) on myeloma cells was assessed in co-
culture with patient BM-derived stromal cells in the 2D
culture condition. The results showed that the inhibitor
led to the patient-dependent decrease of the myeloma
cell survival.®? The patient-dependent responses were
also reported after treatment of MM BM-derived MNCs
with GDC-0941, a class I PI3K inhibitor, in the 2D culture
condition.®® Additionally, in another study, the MM-
apoptotic induction effect of trabectedin was shown on
primary cells from three different relapsed MM patients
in patient and culture-dependent manners in 2D and 3D
Matrigel-based spheroids.® The inter-individual variability
in response to treatments was also shown in a study that
evaluated the drug sensitivity in 2D cultures of MM cells
treated with selinexor, bortezomib and dexamethasone.®
Moreover, in another study, the treatment of MNCs
derived from MM patients PB samples with thalidomide
and IL-2 in 2D cultures led to different patient-based
patterns of increased lysis of primary myeloma cells.”

The wvaried cellular responses to MM inhibitors
among different patients can be attributed to several
interconnected factors, including genetic variability,
microenvironment influences, tumor heterogeneity,
clonal evolution, epigenetic modifications, drug resistance
mechanisms and the presence of additional mutations.
Genetic mutations in myeloma cells can confer resistance
to specific inhibitors, leading to differences in cell
treatment efficacy across patients.”’** Additionally, as
previously stated, TME plays a crucial role in modulating
drug efficacy, as BM stromal cells and immune
components, such as macrophages, secrete cytokines (e.g.,
IL-6, VEGE, TNF-a) that promote MM survival and alter
drug responses; the composition of the TME differs among
patients, affecting drug penetration and therapeutic
outcomes.” Macrophage polarization significantly
influences drug responses, as M2 macrophages support
MM survival while M1 macrophages promote apoptosis.
Differences in macrophage polarization between patients
may impact the effectiveness of PI3K inhibitors.”>®
Moreover, tumor heterogeneity, including the clonal
evolution of tumor cells during disease progression,
can give rise to subpopulations with distinct drug
sensitivities, further contributing to variability in
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treatment responses.” Epigenetic alterations, such as
DNA methylation, histone modifications, and microRNA
regulation, also contribute to MM heterogeneity and
resistance mechanisms.”*” Furthermore, the presence
of additional mutations or alterations in signaling
pathways can lead to variations in drug sensitivity
among different patients.'” Studies have highlighted
that mutations in drug target genes or dysregulation of
drug efflux pumps (e.g., ABC transporters) can reduce
intracellular drug accumulation, conferring resistance
to MM inhibitors."" Lastly, the pharmacokinetics and
drug penetration in 3D cultures, which better mimic
the in vivo microenvironment compared to traditional
2D cultures, may introduce additional complexities that
influence treatment responses.**®® Given these multiple
layers of wvariability, understanding the molecular
mechanisms underlying these differential responses is
crucial for developing personalized therapeutic strategies
and identifying predictive biomarkers to optimize MM
treatment outcomes. Ongoing research efforts continue to
explore these complexities to inform the design of more
effective and targeted treatment approaches.!®*'%
Macrophages are one of the most abundant and
highly flexible cells in the TME, which influence the net
response of microenvironment to therapeutics, especially
immunotherapies.'*'#%1% Qur results indicated that the
inhibitor treatment resulted into the dose-dependent
increase in the ratio of M1/M2 macrophages in treated
groups compared to the untreated control group, in
both 2D and 3D culture conditions, which correlated the
percentage of dead myeloma cells. PI3K signaling pathway
is one of the most important pathways involved in the
polarization of macrophages, which has been used for the
reprogrammingand cell fate control of macrophages.*>!%1”
It has been shown that some cytokines, such as CCL-2, 3,
and 14, with increased expression in myeloma cells, could
mediate macrophage migration into the TME, and by the
activation of PI3K and MAPK signaling pathways could
facilitate the polarization of macrophages into the M2
phenotype, resulting into the myeloma cell proliferation
and survival.'® Additionally, highly secreted factors in
myeloma microenvironment, including TGF-f, IL-10, and
BMP-7, could increase the macrophage polarization to the
M2 phenotype through the activation of PI3K signaling
pathway.'®!!! Moreover, some studies have shown that
suppressing the PI3K signaling pathway could increase
the M1 macrophage phenotype.”"** However, in a contrary
study, LY294002 and IC87114 reduced the activation of
inflammatory factors, including IL-6, MCP-1, TNF-q,
and iNOS in activated macrophages in the carrageenan-
induced paw oedema mouse model, by suppressing
the AKT phosphorylation."” Additionally, in another
study, the LY294002 treatment reduced the phagocytic
activity of macrophages in a dose-dependent manner.'
Moreover, the usage of this inhibitor led to the inhibition
of antibody-dependent cellular cytotoxicity (ADCC)

against B cell lymphoma in the 2D culture condition.'*

Notably, these contradictory results are obtained from
2D cultures of cell lines or animal models, and therefore,
the impacts of either cellular interactions, or genetic-
associated differences and disease stages on the response
to inhibitors are not considered. As mentioned previously,
the recapitulation of TME using patient-derived cells in
3D culture conditions has gained significant attention
and by considering the inter-individual differences, it is
suggested to present the outcomes of these therapeutic
approaches individually.!*>!' In this regard, we presented
the response of MM patient-derived primary cells to
PI3K signaling pathway inhibitor on an individual patient
basis, rather than averaging across multiple patients. This
substantial variability in cellular responses aligns with
previous studies highlighting the heterogeneous nature of
MM and its patient-specific treatment responses.'o*!7!18
While our approach may provide valuable insights into
patient-specific treatment responses, future studies
incorporating larger patient cohorts will be essential to
enable statistically robust analyses and further validate
our findings.

As one of the limitations of our study, we should
note that the down-stream effects of the treatment with
LY294002 were not evaluated, which requires future
mechanistic experiments to confirm the PI3K signaling
inhibition and to assess its probable cross-talks with other
pathways. Moreover, histological assessments of generated
3D structures are highly recommended for future studies
in order to follow the spatial localization of cells and to
evaluate the underlying mechanisms of the increase in the
M1/M2 ratio. Furthermore, mechanistic evaluations are
required to confirm the correlation between the M1/M2
ratio and the MM cell fate, using more patient samples.
Additionally, we utilized an L-glutamine-enriched
medium to optimize U266 MM cell proliferation, as it is
an essential nutrient that supports cell growth, survival,
and metabolic activity.'"*'>* This approach was based
on our previous research? to maintain optimal culture
conditions for MM cells in both 2D and 3D environments,
ensuring that differences in cell viability were primarily
due to the inhibitor rather than nutrient deprivation.
However, we acknowledge that L-glutamine can influence
PI3K/Akt signaling.!”® Although this interfering effect
might be mitigated by the presence of control groups, the
possibility that L-glutamine modulates drug sensitivity
cannot be entirely ruled out, potentially affecting cell
survival and apoptosis mechanisms in MM cells.

Conclusion

This study evaluated the effects of LY294002 treatment
on myeloma cell death and macrophage ratios under
different conditions, including mono-culture of cell
line versus primary culture of MNCs, and 2D versus 3D
culture conditions. While the treatment of cell line showed
the inhibitory effects of LY294002 on the MM survival,
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this homogenous pattern of cell death was not observed
in patient-derived MNCs, indicating patient-dependent
variability. Moreover, cell death responses differed
between 2D and 3D cultures, emphasizing the influence
of the microenvironment on treatment outcomes. These
findings highlighted the necessity of better replicating
the TME in experimental models and considering the
inter-individual differences for more accurate therapeutic
assessments.
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