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Abstract: Anti-CD20 monoclonal antibodies (MAbs) have revolutionized the treatment of B-cell
leukemia and lymphoma. However, many patients do not respond to such treatment due to either
deficiency of the complementary immune response or resistance to apoptosis. Other currently
available treatments are often inadequate or induce major side effects. Therefore, there is a constant
need for improved therapies. The prostaglandin E2 receptor 4 (EP4) receptor has been identified as a
promising therapeutic target for hematologic B-cell malignancies. Herein, we report that EP4 receptor
agonists PgE1-OH and L-902688 have exhibited enhanced cytotoxicity when applied together with
anti-CD20 MAbs rituximab, ofatumumab and obinutuzumab in vitro in Burkitt lymphoma cells
Ramos, as well as in p53-deficient chronic lymphocytic leukemia (CLL) cells MEC-1. Moreover, the
enhanced cytotoxic effects of EP4 receptor agonists and MAbs targeting CD20 have been identified ex
vivo on primary lymphocytes B obtained from patients diagnosed with CLL. Incubation of cells with
PgE1-OH and L-902688 preserved the expression of CD20 molecules, further confirming the anti-
leukemic potential of EP4 receptor agonists in combination with anti-CD20 MAbs. Additionally, we
demonstrated that the EP4 receptor agonist PgE-1-OH induced apoptosis and inhibited proliferation
via the EP4 receptor triggering in CLL. This work has revealed very important findings leading
towards the elucidation of the anticancer potential of PgE1-OH and L-902688, either alone or in
combination with MAbs. This may contribute to the development of potential therapeutic alternatives
for patients with B-cell malignancies.

Keywords: B-cell leukemia and lymphoma; chronic lymphocytic leukemia; prostaglandin EP4
receptor; selective EP4 receptor agonist; monoclonal antibodies; synergistic effects

1. Introduction

B-cell malignancies represent more than 85% of all non-Hodgkin lymphomas; and
their incidence has been rising steadily [1,2]. Aging of the population and increased life
expectancy of the elderly is expected to result in B-cell malignancies, CLL in particular,
becoming a progressively more common cause of morbidity and mortality in older indi-
viduals. Therapeutic MAbs against B-cell specific antigen CD20 are important players in
the treatment of B-cell leukemia and lymphoma [2]. Mabs exert anti-tumor activity by har-
nessing the body’s own natural immune response, especially antibody-dependent cellular
cytotoxicity (ADCC), complement-dependent cytotoxicity (CDC) requiring the activation
of the classical complement pathway, and/or inducing apoptosis [3]. The widespread
expression of CD20 on B-cells has resulted in the development of numerous antibodies.
The first was rituximab, a human/murine chimeric Mab against CD20 [2,4,5]. Targeting
CD20 in several hematologic malignancies proved to be an effective therapeutic approach
that, eventually, led to the development of several more potent anti-CD20 antibodies
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with additional built-in mechanisms of action. Namely, ofatumumab is a next genera-
tion fully human anti-CD20 MAb that induces more potent CDC than rituximab [6–8].
Obinutuzumab is a next generation of type II glyco-engineered humanized anti-CD20
monoclonal antibodies, characterized by increased ADCC and efficient induction of direct
non-apoptotic cell death [9].

Although the efficacy of MAbs is well established, many patients do not respond to
the first treatment and others experience relapse after initial response to the therapy [10,11].
Rituximab and ofatumumab-mediated CDC is challenged by complement depletion, while
patients with polymorphism of the Fcγ IIIa receptor on cytotoxic cells are less sensitive
to antibody-dependent cellular cytotoxicity. In addition, overexpression of anti-apoptotic
Bcl-2 proteins such as BCL-XL leads to resistance to rituximab-induced apoptosis [12–14].

Prostaglandin EP4 receptor is a negative feedback regulator of B-cell proliferation in
response to B-cell receptor (BCR)-signaling. Our previous studies have shown that the
EP4 receptor agonist 1-hydroxy prostaglandin E1 (PgE1-OH) induced selective cytotoxicity
toward malignant B-cells and inhibited the anti-apoptotic NF-κB-dependent signaling
pathways in B-cell lymphoma, resulting in a decrease in anti-apoptotic protein BCL-XL
and an increased caspase-mediated apoptosis of malignant B-cells [15–18]. Similarly,
the EP4 receptor agonist L-902688 induced selective cytotoxicity toward B-cell leukemia
and lymphoma cells, was shown to inhibit the NF-κB pathway, cell proliferation, and
induced apoptosis of CLL cells [19]. Moreover, in combination with ibrutinib, idelalisib
or venetoclax, L-902688 induced synergistic cytotoxic activity against patient-derived
CLL cells [19].

B-cell malignancies remain largely incurable; a significant proportion of patients are
non-responsive or relapse after initial therapy. In the search for innovative therapeutic
approaches for B-cell leukemia and lymphoma, we evaluated the potential synergism
of prostaglandin EP4 receptor agonists PgE1-OH and L-902688 with therapeutic MAbs.
Herein, we report enhanced cytotoxicity of anti-CD20 MAbs rituximab, ofatumumab
and obinutuzumab when applied together with PgE1-OH and L-902688, compared to
cytotoxicity of each agent alone. To evaluate molecular mechanisms, Ramos cells were
used as a well-established model. To mimic resistant CLL, fludarabine-resistant cell line
MEC-1 was utilized. The enhanced cytotoxic effects of EP4 receptor agonist PgE1-OH
combined with anti-CD20 MAbs were also confirmed on primary cells obtained from
patients diagnosed with CLL. This study reveals a substantial value of combining PgE1-OH
and L-902688 with anti-CD20 MAbs, which may contribute to the development of novel
therapies for patients with B-cell malignancies.

2. Results
2.1. Diverse Induction of Cell Death by Anti-CD20 MAbs

Rituximab, ofatumumab, and obinutuzumab are therapeutic anti-CD20 antibodies
exploited for the treatment in a variety of B-cell malignancies, including CLL. Unrespon-
siveness of patients to the antibodies includes the exhaustible complement system, as CDC
is one of the major mechanisms mediating MAbs tumoricidal activity in vivo. To address
the issue of resistance, the well-established B-cell lymphoma cell line Ramos, as well as the
p53-deficient CLL cell line MEC-1, were utilized.

To investigate the mode of cell death induced by therapeutic MAbs, growth media
was supplemented with human serum as a source of complement components. Ramos
and MEC-1 cell were, thus, incubated in the presence of up to 20% active human serum
and therapeutic concentration, i.e., 10 µg/mL. The three tested MAbs show diverse CDC
in vitro, which is furthermore cell dependent, since the responses varied significantly
between Ramos and MEC-1 cells.

In Ramos cells, all three MAbs induced serum-concentration dependent cytotoxic-
ity when compared to untreated control cells. Rituximab and ofatumumab completely
diminished viable cells in the presence of 20% active human serum. Obinutuzumab, how-
ever, was less potent in the presence of 20% human serum, as cell viability fell to 64%
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(Figure 1A). A striking difference in efficiency of MAbs was, however, observed in MEC-1
cells. The viability decreased to 72% in rituximab-, to 45% in ofatumumab- and to 61%
in Obinutuzumab-treated MEC-1 cells in the presence of 20% human serum (Figure 1B).
All three MAbs were shown to induce direct cell death in absence of serum in MEC-1
cell line, as evident in Figure 1B. The viability decreased to 80% in rituximab-, to 86% in
ofatumumab- and to 65% in Obinutuzumab-treated MEC-1 cells (Figure 1B). These effects
were less pronounced in Ramos cells and were in the range of 85% (Figure 1A).
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Figure 1. Anti-CD20 MAbs rituximab and ofatumumab induce CDC while obinutuzumab is less
effective. The effect of active human serum on MAbs induced CDC was evaluated in Ramos (A)
and MEC-1 (B) cells. The cells were incubated with a therapeutic concentration of 10 µg/mL of
rituximab, ofatumumab or obinutuzumab in the presence of 1%, 5% or 20% active human serum and
their metabolic activities were determined after 24 h. MAbs-induced CDC was assessed in Ramos
(C) and MEC-1 (D) cells. The cells were incubated in the presence of 20% active human serum,
heat deactivated human serum or 20% active human serum and eculizumab. Metabolic activity
was determined after 24 h. Red dotted line represents the relative metabolic activity of untreated
control cells. Data are presented as ratios relative to untreated control cells (mean ± SD of three
independent experiments performed in triplicate). ANOVA, with post hoc analysis using Tukey’s
multiple comparison, * p <0.05, *** p <0.001, **** p <0.0001.

Next, we assessed the viability of cells incubated with MAbs in conditions mimicking
deprived complement components in vitro, which are often the reason for ineffectiveness
of MAbs in vivo. Hence, heat-inactivated human serum containing denatured complement
components as well as MAb eculizumab, which inhibits terminal complement activation,
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were utilized. Our findings confirmed that CDC is a key cell death mechanism of type I
MAbs rituximab and ofatumumab (Figure 1C,D). Namely, only minor effects on cell viability
(maximal 18% reduction) were observed when MEC-1 cells were cultured with rituximab
and ofatumumab in the presence of heat-inactivated human serum, which is comparable
to the effects of MAbs in the absence of human serum (Figure 1D). Similar effects with
a trend for stronger cytotoxicity of both type I anti-CD20 MAbs were detected in Ramos
cells (Figure 1C). Likewise, inhibition of terminal complement activation by eculizumab
in the presence of 20% active human serum prevented CDC that is induced by rituximab
and by ofatumumab in MEC-1 and Ramos cells (Figure 1C,D). On the contrary, strong
cytotoxic effects were detected when MEC-1 cells were incubated with obinutuzumab in
the absence of active human serum (Figure 1B). The latter was comparable to the effects of
obinutuzumab incubated in the presence of 20% active human serum, in the presence of
inactivated human serum, as well as to those of eculizumab, indicating direct cell death
occurred (Figure 1D).

2.2. EP4 Receptor Agonists PgE1-OH and L-902688 Induce Time- and Concentration-Dependent
Cytotoxic Effects via EP4 Receptor Activation

The EP4 receptor was recognized as a prospective target in B-cell leukemia and
lymphoma. Hence, we evaluated the anticancer potential of PgE1-OH and L-902688 on
Ramos and MEC-1 cells. We first determined the IC50 of PgE1-OH and L-902688 on MEC-1
cells. A time- and dose-dependent decrease in metabolic activity was determined for both
compounds. Hence, IC50 values for PgE1-OH fell to 36.3 µM and 21.5 µM after 24 h and
48 h, respectively, whereas the IC50 values for L-902688 were 7.3 µM and 5.2 µM after
24 h and 48 h, respectively (Table 1). To confirm that the reduction in metabolic activity
was due to cell death, cells were stained with PI. IC50 values obtained by this method
were comparable to IC50 values determined by MTS assay. Next, the cytotoxic activities
for both compounds were further determined on Ramos cells (Table 1); both compounds
demonstrated time- and dose-dependent cytotoxicity also on Ramos cells, as expected and
previously published [18,19].

Table 1. EP4 receptor agonists PgE1-OH and L-902688 are cytotoxic for CLL cells MEC-1 and Burkitt
lymphoma cells Ramos. MEC-1 and Ramos cells were exposed to increasing concentrations of PgE1-
OH or L-902688 (i.e., 1, 5, 10, 25, 50, 100, 150 µM). The metabolic activity or viability of cells was
determined after 24 h or 48 h and the IC50 values were calculated (mean ± SD of three independent
experiments performed in triplicate). IC50 values represent half maximal inhibitory concentration for
the metabolic activity or viability of the cells.

EP4 Receptor Agonist Cell Line
Metabolic Activity Assay Propidium Iodide

IC50 (µM) 24 h IC50 (µM) 48 h IC50 (µM) 24 h IC50 (µM) 48 h

PgE1-OH MEC-1 36.3 21.5 35.6 25.6
Ramos 31.1 16.5 57.2 25.0

L-902688
MEC-1 7.3 5.2 7.0 5.6
Ramos 4.0 3.5 8.4 4.7

To further confirm the role of the EP4 receptor in malignant B-cells, we compared
the effects of selective EP4 receptor agonists PgE1-OH and L-902688 to the EP4 receptor’s
endogenous ligand prostaglandin E2 (PGE2), which binds to all 4 subtypes of prostaglandin
E2 receptors. This indicated that the cytotoxic effects of PgE1-OH and L-902688 are due to
selective agonism for the EP4 receptor, as PgE1-OH was 5-fold more cytotoxic and L-902688
was more than 22-fold more cytotoxic than the nonselective endogenous ligand PGE2
(Figure 2A). Thus, this supports our previous findings that the cytotoxic effects of PgE1-OH
and L-902688 are transduced exclusively via the prostaglandin EP4 receptor [19].
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Figure 2. The cytotoxic effects of PgE1-OH and L-902688 are transduced via EP4 receptor. (A) MEC-1
and Ramos cells were exposed to increasing concentrations of PGE2, PgE1-OH, L-902688 (i.e., 1, 5, 10,
25, 50, 100, 150 µM). After 24 h, the metabolic activity of cells was determined and the IC50 values
were calculated. Data are presented as ratios relative to untreated control cells (mean ± SD of three
independent experiments performed in triplicate). Student’s t-test, ****, p < 0.0001, ns, not significant.
(B) CD20 expression is preserved after EP4 receptor triggering. CD20 expression was determined in
MEC-1 and Ramos cells. Cells were treated with non-cytotoxic concentrations of PgE1-OH (5 µM) and
L-902688 (1 or 2.5 µM) for 24 h or left untreated (control cells). Median fluorescence intensity (MFI)
of CD20 antigen was evaluated by flow cytometry (mean ± SD of three independent experiments).
Student’s t-test, ns denotes p ≥ 0.05. (C) The expression of CD20 was determined by imaging flow
cytometer and the images of representative cells are presented. Scale bar indicates 7 µm.



Int. J. Mol. Sci. 2022, 23, 1599 6 of 19

Since CDC is a key mechanism leading to anti-CD20 MAbs’ tumoricidal activity,
binding of therapeutic MAbs to CD20 on tumor cells is a critical factor for effective treatment.
We next investigated whether EP4 receptor activation alters CD20 expression (Figure 2B,C).
The data revealed that there was no significant difference between CD20 expression, as
determined by flow cytometry on cells treated with PgE1-OH or L-902688 compared to
untreated control cells. This indicates that activation of the EP4 receptor refrains from
altering CD20 expression, thereby providing evidence for its beneficial, druggable profile
in combination with anti-CD20 MAbs.

Our previous research revealed that EP4 receptor agonist PgE1-OH is a potent in-
ducer of apoptosis and retains anti-proliferative activity in Burkitt lymphoma cells Ramos,
and that L-902688 inhibits proliferation and induces a caspase-mediated apoptosis in the
MEC-1 cell line [18,19]. Herein, we show that PgE1-OH triggers cell death by apoptosis.
Hence, MEC-1 cells were stained with Annexin V, which binds to membrane exposed phos-
phatidylserine, a marker of apoptotic cell death, as well as to Sytox Blue, a nucleic acid stain
that penetrates only the membranes of dead cells. PgE1-OH increased Annexin V single
positive, i.e., pro-apoptotic cells and Annexin V/Sytox Blue double positive, i.e., dead cells
at the expense of Annexin V/Sytox Blue double negative, i.e., live cells, when compared to
the untreated control (Figure 3A). The increases in the percentage of early apoptotic cells
treated with 10 µM, 25 µM or 50 µM PgE1-OH were 12.4%, 25.0% and 56.4%, respectively,
compared to 7.4% in the untreated control (Figure 3B). PgE1-OH triggered a significant
dose-dependent increase in the percentage of pro-apoptotic cells (p <0.05), confirming
apoptosis as a mode of programmed cell death in MEC-1 cells. Effects are representative
also for L-902688, which is in agrement with previously published results [19].

Since EP4 receptor activation triggered cell death, we next investigated whether
lower concentrations of PgE1-OH cause inhibition of cell proliferation. MEC-1 cells were
labelled with the CFSE probe and the transmission of the incorporated probe from parent
to daughter generation was monitored. CFSE-labelled cells were treated with subIC50
10 µM concentration of PgE1-OH for 24 h, 48 h or 72 h. PgE1-OH completely inhibited
the proliferative activity of MEC-1 cells (Figure 3C). PgE1-OH-treated cells were subjected
to one cell division, whereas untreated cells divided two times during 72 h. Overlapping
of the peaks after 24 h, 48 h and 72 h incubation led us to the conclusion that PgE1-OH
exhibits strong anti-proliferative activity even at subIC50 concentrations. This data further
confirms the potential of EP4 receptor agonist PgE1-OH in the treatment of B malignancies,
including CLL.

2.3. EP4 Receptor Agonists PgE1-OH and L-902688 Enhanced the Cytotoxic Potential of
Anti-CD20 MAbs Rituximab and Ofatumumab in Burkitt Lymphoma Cells Ramos

As evidenced herein, the MAbs-induced cell death is mainly dependent on the com-
plement availability (Figure 1). This is, however, often compromised in B-cell leukemia
and lymphoma patients due to exhausted complement components. It is, therefore, of
prime importance to find novel paths to amplify MAbs effectiveness. We have, therefore,
postulated that EP4 receptor agonists may augment MAbs activity.
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Figure 3. PgE1-OH induces apoptosis in CLL cells MEC-1. (A) Dose-dependent increases in
the percentage of cells undergoing early and late apoptosis as compared to the untreated con-
trol. Cells were stained with Annexin V and SytoxBlue. Cells in the lower left quadrant are An-
nexin V-negative/SytoxBlue-negative (viable), cells in the lower right quadrant are Annexin V-
positive/SytoxBlue-negative (pro-apoptotic), whereas cells in the upper right quadrant are Annexin
V-positive/SytoxBlue-positive (late apoptotic). (B) Percentage of cells undergoing early apoptosis
induced by PgE1-OH (mean ± SEM of two independent experiments). One-way ANOVA, with
post hoc analysis using Tukey’s multiple comparison, *, p <0.05, ** p <0.01. (C) Anti-proliferative
activity of PgE1-OH on MEC-1 cells. MEC-1 cells were stained with CFSE dye and incubated with
10 µM PgE1-OH or the vehicle treated control (0.1% DMSO) for 0, 24, 48 or 72 h. The proliferation of
PgE1-OH-treated and untreated (0.1% DMSO) cells was analyzed by flow cytometry. Peaks 0, 1, 2, 3
represent fluorescence of CFSE stained cells after incubation periods of 0, 24, 48 or 72 h, respectively.

First, the effects of PgE1-OH and L-902688 in combination with MAbs targeting CD20
were investigated in Burkitt lymphoma cells Ramos under conditions mirroring a deprived
complement system, i.e., in the presence of 1% human serum as a source of complement
components. Ramos cells were treated with different concentrations of anti-CD20 MAbs
rituximab, ofatumumab and obinutuzumab in therapeutic (10 µg/mL) and 10-fold lower
(1 µg/mL) concentration individually in the absence and presence of 10 µ PgE1-OH or
5 µM L-902688. Treatment of Ramos cells with PgE1-OH enhanced the cytotoxicity of
rituximab. As shown in Figure 4A, cell viability was reduced by 19% when Ramos cells were
treated with 10 µM PgE1-OH. Rituximab, in a clinically relevant concentration (10 µg/mL),
decreased cell viability by 11%, while the combination of both agents together further
reduced cell viability by 43%. Interestingly, a subtherapeutic concentration of rituximab
(1 µg/mL) achieved similar effects. To prove synergistic activity, the data were further
assessed by the CI method of Chou and Talalay using the CompuSyn software, where CI
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< 1 implies synergism, CI = 1 indicates additive effects and CI > 1 implies antagonism.
The calculated CIs were <0.6 for both combinations of PgE1-OH with rituximab, proving
synergism (Table 2). Similarly, the viability was assessed after treatment of Ramos cells
with L-902688 (5 µM,) rituximab (1 or 10 µg/mL) and their combinations (Figure 4B).
L-902688 reduced the viability of cells by 46%, rituximab in clinically relevant concentration
(10 µg/mL) by 7% and their combination by 66%. It is of importance to notice that 10-fold
lower rituximab concentration (1 µg/mL) induced similar effects. Synergistic effects were
observed also for PgE1-OH and ofatumumab (Figure 4C). The presence of a clinically
relevant concentration of ofatumumab (10 µg/mL) led to a reduction in cell viability by
17% and the presence of 10 µM PgE1-OH by 16%. The addition of 10 µM PgE1-OH to the
ofatumumab potentiated reduction in cytotoxic activities by 39%. The synergism between
ofatumumab and PgE1-OH was again confirmed by CompuSyn calculation, where CI
was <0.6 (Table 2). Moreover, L-902688, proved more potent than PgE1-OH and also
enhanced the cytotoxicity of ofatumumab (Figure 4D). Ofatumumab in a clinically relevant
concentration (10 µg/mL) reduced cell viability by 17%, the presence of 5 µM L-902688
by 46% and their combination by 78%. The additive effects of both agents together were
confirmed since the calculated CI were ±1.0 (Table 2).

Taken together, while both rituximab and ofatumumab significantly enhanced the
pharmacological effects of both EP4 receptor agonists, the synergistic effects were not
detected with obinutuzumab on Ramos cells (Figure 4E,F).

2.4. EP4 Receptor Agonists PgE1-OH and L-902688 Enhanced the Cytotoxic Potential of
Anti-CD20 MAbs in CLL Cells MEC-1

To delineate cell specific effects, we next investigated whether simultaneous activation
of the EP4 receptor by PgE1-OH or L-902688 and targeting of CD20 antigen by MAb
leads to an enhanced cytotoxic effect in p53-deficient CLL cells MEC-1. To mimic the
conditions of depleted complement components commonly occurring in CLL in vivo, one
percent human serum was added to the MEC-1 cell culture. The results revealed that
PgE1-OH and L-902688 treatments of MEC-1 cells synergistically enhanced rituximab´s
cytotoxicity (Figure 5A,B, Table 2). In agreement with results obtained on Ramos cells, the
subtherapeutic concentration of rituximab induced similar synergistic effects to 10-fold
higher than the therapeutic concentration; however, the effects of combined treatment
were less pronounced on MEC-1 cells compared to Ramos cells. The synergistic effects
of PgE1-OH and L-902688 with anti-CD20 monoclonal antibody ofatumumab were also
detected, as shown in Figure 5C,D.

The synergistic effects on MEC-1 cells were also proven when PgE1-OH was combined
with obinutuzumab, a novel anti-CD20 MAb designed for the treatment of CLL. Obinu-
tuzumab (10 µg/mL) decreased cell viability by 39%, the presence of 10 µM PgE1-OH by
6% and their combination by 55% (Figure 5E). These results were even more enhanced
when MEC-1 cells were incubated by increased concentration of PgE1-OH (25 µM), leading
to a 62% reduction in cell viability after treatment with a therapeutic concentration of obin-
utuzumab (data not shown). Very strong synergistic action of both agents was determined
in therapeutic as well as in a 10-fold lower concentration of obinutuzumab. Respective
synergy scores were high (CI < 0.1) (Table 2). Similarly, cell viability was assessed after
treatment of MEC-1 cells with L-902688 (5 µM), obinutuzumab (1 or 10 mg/mL) and their
combinations (Figure 4F). L-902688 reduced the viability of cells by 19%, the therapeutic
concentration of obinutuzumab (10 µg/mL) by 39% and their combination by 55%. The
synergism between obinutuzumab and L-902688 was confirmed by CompuSyn calculation,
since CI values were <0.4. Hence, combined treatment with EP4 receptor agonists and
anti-CD20 MAbs could greatly improve the outcomes in B-cell CLL.
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Figure 4. EP4 receptor agonists enhance the cytotoxicity of anti-CD20 MAbs against Burkitt lym-
phoma cell line Ramos. Cells were incubated with 10 µM PgE1-OH (A,C,E), 5 µM L-902688
(B,D,F) and 1 µg/mL or 10 µg/mL rituximab (A,B), ofatumumab (C,D) or obinutuzumab (E,F) in the
presence of 1% human serum. Metabolic activity was determined after 48 h. Red dotted line repre-
sents the relative metabolic activity of untreated control cells. Data are presented as ratios relative
to untreated control cells (mean ± SD of three independent experiments performed in triplicate).
ANOVA, with post hoc analysis using Tukey’s multiple comparison, *, p <0.05, ** p <0.01, *** p <0.001,
**** p <0.0001.
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Table 2. Combination indices (CI) of EP4 receptor agonists, PgE1-OH and L-902688, in combination
with anti-CD20 MAbs rituximab, ofatumumab and obinutuzumab. The CIs were determined for the
combination of 10 µM PgE1-OH or 5 µM L-902688 with the indicated concentrations of the anti-CD20
MAbs, using the CompuSyn software. CI < 1, synergistic; CI = 1, additive; CI > 1 antagonistic effect.

EP4 Receptor Agonist Mab (µg/mL) Concentration CI (Ramos) CI (MEC-1)

PgE1-OH

Rituximab
1 µg/mL 0.52 0.58
10 µg/mL 0.46 0.58

Ofatmumab
1 µg/mL 0.53 0.37
10 µg/mL 0.46 0.50

Obinutuzumab
1 µg/mL 0.97 0.10
10 µg/mL 0.94 0.08

L-902688

Rituximab
1 µg/mL 1.17 0.85
10 µg/mL 1.12 0.89

Ofatmumab
1 µg/mL 1.00 0.91
10 µg/mL 0.92 1.02

Obinutuzumab
1 µg/mL 1.40 0.38
10 µg/mL 1.40 0.36

2.5. Anti-CD20 MAbs and PgE1-OH Act Synergistically Cytotoxic in Primary CLL Cells

Despite the transformed cell lines representing a valuable in vitro model for studying
the efficacy of novel therapeutic options, their ability to simulate complex pathophysio-
logical conditions and heterogeneity representative of B-cell malignancies, such as CLL, is
limited. Thus, the effects of EP4 receptor agonists in a combination with MAbs targeting
CD20 were further investigated on primary CLL cells obtained from patients diagnosed
with CLL in an ex vivo assay.

To estimate the extent of CDC occurring ex vivo, primary CLL cells were exposed to
therapeutic concentrations of MAbs in the presence of 1%, 5% and 20% autologous serum
(n = 7). The increasing concentrations of autologous serum resulted in only moderate
induction of CDC, i.e., with viability exceeding 80% in the presence of 20% autologous
serum ex vivo (Figure 6A).

Since binding of therapeutic MAbs to CD20 on tumor cells is a critical factor for
effective treatment, we determined CD20 expression in primary CLL cells after incubation
with non-cytotoxic concentrations of PgE1-OH (10 µM) and L-902688 (2.5 µM) (Figure 6B).
The data revealed that PgE1-OH and L-902688 did not significantly affect the expression of
CD20 in several primary CLL samples. Hence, these results alleviate concerns about the
potential usefulness of combining EP4 receptor agonists with anti-CD20 MAbs in therapy
of B-cell leukemia and lymphoma.

As expected, patient-derived CLL cells possess large inter-individual variablity in
responses to both MAbs and EP4 receptor agonists. The cells obtained from four pa-
tients diagnosed with CLL were incubated with 10 µM PgE1-OH, rituximab (1 µg/mL,
10 µg/mL) or their combinations (Figure 6C). While inter-individual differences in response
to both agents were observed in all four CLL samples tested (Supplementary information,
Figure S1), the same trend for synergy was detected. Treatment with rituximab alone had
on average negligible effects on cell viability with only an 8% reduction observed. PgE1-OH
reduced cell viability on average by 39%, while both agents combined reduced the percent-
age of viable cells by 55%. Next, anti-CD20 MAb ofatumumab was assessed in combination
with PgE1-OH (Figure 6D). The same trend for synergy was detected in all four primary
CLL samples, while inter-individual differences in response to both agents were observed
(Supplementary information, Figure S2). Ofatumumab in a clinically relevant concentration
(10 µg/mL) decreased cell viability, on average, by 17%, while 10 µM PgE1-OH decreased
it by 54% and both agents together by 73%, clearly indicating synergistic action. Taken col-
lectively, this data shows that combining PgE1-OH with rituximab as well as ofatumumab
could provide a beneficial therapeutic effect in CLL patients. Under investigated exper-
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imental conditions, obinutuzumab did not show synergistic effects. Similar synergistic
effects with targeted therapy were observed also for L-902688 [19].
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Figure 5. EP4 receptor agonists enhance cytotoxicity of anti-CD20 MAbs against the CLL cell line
MEC-1. Cells were incubated with 10 µM PgE1-OH (A,C,E), 5 µM L-902688 (B,D,F) and 1 or 10 µg/mL
rituximab (A,B), ofatumumab (C,D) or obinutuzumab (E,F) in the presence of one percent human
serum. Metabolic activity was determined after 48 h. Red dotted line represents the relative metabolic
activity of untreated control cells. Data are presented as ratios relative to untreated control cells
(mean ± SD of three independent experiments performed in triplicate). ANOVA, with post hoc
analysis using Tukey´s multiple comparison, *, p <0.05, *** p <0.001.
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Figure 6. EP4 receptor agonist-induced cytotoxicity in primary CLL cells is augmented by anti-CD
20 MAbs rituximab and ofatumumab. (A) The degree of MAbs-induced CDC was evaluated in
primary CLL cells (n = 7). The impact of concentration of autologous human serum on MAbs-induced
CDC was determined by cultivating the cells at therapeutic concentrations of 10 µg/mL of rituximab,
ofatumumab and obinutuzumab in the presence of 1%, 5% and 20% autologous serum. Metabolic
activity was determined after 48 h. Data are presented as ratios relative to untreated control cells
(mean ± SD, from seven samples of unrelated CLL donors, performed in triplicate). (B) CD20
expression was determined in primary CLL cells (n = 9). Cells were treated with non-cytotoxic
concentrations of (10 µM) and L-902688 (2.5 µM) for 24 h or left untreated (control cells). Percentage
of CD20 antigen positive cells was evaluated by flow cytometry (mean ± SEM, from nine CLL
samples). Synergistic effects of PgE1-OH and (C) rituximab, (D) ofatumumab in primary CLL cells.
CLL cells were incubated with PgE1-OH (10 µM) and MAbs (1 µg/mL, 10 µg/mL) in the presence of
one percent autologous human serum. Metabolic activity was determined after 48 h. The experiments
were performed in triplicate. Red dotted line represents the relative metabolic activity of untreated
control cells. Data are presented as ratios relative to untreated control cells. Each sign denotes a
sample of a representative CLL donor (n = 4).

3. Discussion

Anti-CD20 MAbs provide a significant therapeutic benefit for patients with B-cell
disorders. Since the responses to the therapy vary and relapses are common, there is a
need for novel therapeutic approaches to bypass innate and acquired resistance. We have
previously shown that EP4 receptor agonists are potent inducers of apoptosis in malignant
B-cells [18,19].

The aim of this study was to evaluate the potential synergistic effects of therapeutic
MAbs and EP4 receptor agonists PgE1-OH and L-902688 in B-cell leukemia and lymphoma.
Herein, we describe, for the first time, the synergistic effects of the selective EP4 receptor
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agonists PgE1-OH and L-902688 and anti-CD20 MAbs, leading to enhanced cytotoxicity in
malignant B-cells in vitro and ex vivo.

PGE2 is a potent endogenous molecule that binds to four different G-protein coupled
prostaglandin receptors, EP1 to 4, each with distinct tissue localizations and different
signaling pathways. The EP4 receptor represents an important drug target with novel
EP4 receptor agonists and antagonists being evaluated in early phase clinical trials [17,20].
In line, PgE1-OH was previously assessed in clinical trial for the treatment of asthma
patients and was well tolerated, confirming its value as a potential safe therapeutic com-
pound [21,22]. L-902688 is a highly potent EP4 receptor agonist, which demonstrated
several favorable pharmacokinetic parameters in vivo and has been evaluated in preclinical
studies in ischemic stroke, pulmonary hypertension and asthma [23–29]. Our previous
studies identified that PgE1-OH and L-902688 induced selective cytoxicity toward B-cell
leukemia and lymphoma cells at low micromolar concentrations. EP4 receptor trigger-
ing decreased NF-κB activity, subsequently diminishing levels of anti-apoptotic protein
BCL-XL [15–19,30].

In this study we provide additional evidence that PgE1-OH- and L-902688-induced
cytotoxicity is transduced via EP4 receptor in malignant B-cells. Namely, the endogenous
ligand PGE2, which binds to four prostaglandin EP receptors, exhibited no cytotoxic effect
at the lower concentrations tested in MEC-1 and Ramos cells, while the same concentrations
of EP4 receptor agonists, PgE1-OH and L-902688, induced notable cytotoxicity. IC50 values
determined for PGE2 were approximately 5-fold higher and more than 22-fold higher
than those obtained for PgE1-OH and L-902688, respectively. In our previous study EP4
receptor antagonist CJ-042794 suppresed the L-902688-mediated inhibitory effects on CLL
cell viability [19]. The results obtained in this study, thus, support our previous findings
and indicate EP4 receptor triggering as the exclusive transducer of cytotoxic activity of
PgE1-OH and L-902688.

Herein, we demonstrate that the EP4 receptor agonist PgE1-OH also induced cell
death in primary B-cells obtained from patients diagnosed with CLL, as well as CLL cell
line MEC-1 via apoptosis. Moreover, we demonstrated that PgE1-OH completely inhibited
the proliferative activity of MEC-1 cells. This further endorses the potential of the EP4
receptor agonist in the B-cell malignancies, including CLL, since it elicits both cytotoxic
and anti-proliferative activities in MEC-1 cells.

MAbs, alone or in combination with chemotherapy, have revolutionized the treatment
of non-Hodgkin´s lymphoma and CLL. In spite of that, most B-cell malignancies remain
incurable and a significant proportion of the patients still relapse. In follicular lymphoma,
only half of these patients respond to initial treatment with single-agent rituximab [10]
and the majority of responders eventually become refractory [11,14]. The expression of
complement-defense molecules and complement exhaustion after anti-CD20 MAb infusions
are associated with its resistance [3,31,32]. Analyses of serum samples obtained from
63 CLL patients revealed that 38% were deficient in one or more complement components,
correlating with reduced CDC responses [3]. This notion was confirmed in our study, since
the presence of 20% autologous serum resulted in only minor induction of CDC by all three
MAbs tested in primary CLL cells. This corresponds with the fact that CLL patients are
often deprived of a functional complement system. In line, replacement of the consumed
components restores the activity of rituximab in ex vivo assays, which indicates CDC as
one of the key effector mechanisms [31–33]. Moreover, ofatumumab induced stronger CDC
compared to rituximab, which is in line with the fact that ofatumumab has novel epitope
binding side with improved binding to C1q, resulting in enhanced CDC [33].

Moreover, we demonstrated that all three MAbs exhibited no or notably attenuated
effects on the viability of Burkitt lymphoma cells Ramos upon deprivation of complement
components as compared to incubation with functional human serum. These data further
corroborate the facts that patients with exhausted complement system components or
higher expression of complement inhibitory proteins have lower response rates to anti-
CD20 MAbs, particularly to rituximab and ofatumumab [3,31,34].
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Using MEC-1 and Ramos cells, we confirmed that the therapeutic MAbs rituximab
and ofatumumab induced CDC in the presence of functional human serum, while obinu-
tuzumab is a strong inducer of direct cell death in vitro. To explain the observed differences
in MAbs activity, MEC-1 and Ramos cells were probed for expression of CD20. Higher
expression of CD20 molecules on Ramos than of MEC-1 cells resulted in augmented anti-
CD20 MAbs-mediated CDC. In line with this, CD20 expression levels are relatively low in
CLL compared with those in B-cell lymphomas and were shown to correlate linearly with
the lytic response of rituximab and ofatumumab [3,14]. This was confirmed in our study, in
which CD20 expression levels were higher on Burkitt lymphoma cells Ramos than on CLL
cells MEC-1 and on primary CLL cells.

Since CDC is a key mechanism responsible for MAbs´ tumoricidal activity, their
binding to CD20 on tumor cells is a critical factor for effective treatment. Recently,
gemcitabine-induced CD20 upregulation was reported to lead to enhanced rituximab-
mediated CDC [35]. On the contrary, BCR pathway inhibitor ibrutinib decreased CD20
expression in malignant B-cells, leading to decreased rituximab and ofatumumab-induced
CDC [36]. To address the impact of the EP4 receptor triggering on CD20 modulation, we de-
termined CD20 expression levels on Ramos, MEC-1 and primary CLL cells upon treatment
with PgE1-OH or L-902688. Compared to untreated control cells, flow cytometry analysis
revealed no significant differences in CD20 expression when all cells were incubated with
PgE1-OH. Similarly, treatment of Ramos and MEC-1 cells with L-902688 resulted in no
significant differences in CD20 expression, while the treatment of primary CLL cells with
L-902688 slightly increased the expression of CD20 in several primary CLL samples. This
observation further endorsed the potential of the EP4 receptor triggering in combination
with anti-CD20 MAbs. Along this line, the effects of PgE1-OH and L-902688, in combination
with therapeutic MAbs targeting of CD20, were investigated in Burkitt lymphoma and
CLL cells.

Indeed, the synergistic effects of MAbs with EP4 agonists were present in both MEC-1
and Ramos cells. Co-treatment of Ramos cells with PgE1-OH and L-902688, in combination
with rituximab and ofatumumab, led to augmented cytotoxic effects. The synergistic effects
may be the result of targeting important, yet different mechanisms in CLL cells, namely
induction of apoptosis by EP4 receptor agonists as well as CDC by anti-CD20 MAbs rit-
uximab and ofatumumab. Moreover, EP4 receptor-mediated BCL-XL down-regulation
may chemo-sensitize the cells to anti-CD20 MAbs induced apoptosis [18,19]. Moreover,
very strong synergism was detected when obinutuzumab was combined with PgE1-OH or
L-902688 in MEC-1 cells. This is in accordance with the fact that obinutuzumab is glyco-
engineered type II MAb registered for the treatment of CLL, triggering antibody dependent
cell cytotoxicity as well as direct non-apoptotic cell death [9,33,37]. In particular, the action
of obinutuzumab in causing cell death lies in the induction of homotypic aggregation,
a novel type of actin-dependent and lysosome-induced cell death, associated with actin
rearrangement and lysosome cathepsin release. Due to the lack of characteristic markers
of apoptosis, such as caspase-dependence or BCL2 expression, this type of cell death can
bypass the mechanism of resistance to apoptosis [9]. The synergistic effects identified in
our study could, therefore, be the result of two independent, yet complementary cell death
mechanisms, one induced by EP4 receptor triggering and the other by binding of therapeu-
tic antibody to CD20 antigen, simultaneously causing apoptotic and direct non-apoptotic
cell death, respectively.

Consequently, we validated the potential synergistic effects of simultaneously target-
ing CD20 antigen and EP4 receptor ex vivo, using primary lymphocytes B isolated from
patients diagnosed with CLL. This represents a valuable insight into the pathophysiological
conditions and heterogeneity of CLL. The results revealed that the addition of therapeutic
anti-CD20 MAbs synergistically augmented PgE1-OH-induced cytotoxicity to primary CLL
cells. While inter-individual differences were observed in response to PgE1-OH, as well
as to rituximab and ofatumumab, the trend for greater efficiency when the EP4 receptor
agonist and anti-CD20 MAb were combined was persistent in all samples tested. Treatment
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of primary CLL cells with PgE1-OH and rituximab or ofatumumab enhanced cytotoxicity
through synergistic interactions. Moreover, for the first time, the anti-leukemic potential of
EP4 receptor agonist PgE1-OH was confirmed in primary CLL cells.

Taken together, PgE1-OH and L-902688 increased the ability of rituximab and of ofatu-
mumab to induce cell death in Ramos and MEC-1 cells. Furthermore, the synergistic effects
of the EP4 receptor agonist PgE1-OH and anti-CD20 MAbs were verified on primary CLL
cells. Our results are in line with numerous clinical and pre-clinical studies, confirming
beneficial anti-cancer effects of ant-CD20 MAbs in combination with therapeutic com-
pounds [38]. As MAbs are often used in combination with targeted therapies, we next aim
to investigate how the addition of EP4 receptor agonist complements these combinations.
What is even more important and needs to be addressed in the future is whether EP4
receptor agonists can overcome resistance of CLL cells to targeted therapy.

Our findings are thus of significant importance, as combining agents with synergistic
action often results in favorable therapeutic outcomes for the patient. Moreover, intro-
duction of two or more compounds with synergistic action may reduce therapeutic doses,
which may in turn lead to less side effects. In addition, such combined therapy can protect
patients from drug resistance [19,38].

In conclusion, our in vitro/ex vivo study highlights the benefits of combining anti-
leukemic action induced by triggering of EP4 receptor and targeting of CD20 antigen in
B-cell leukemia and lymphoma.

4. Materials and Methods
4.1. Materials

PgE1-OH, L-902688 and PgE2 were obtained from Cayman Chemical, Ann Arbor, MI,
USA. Rituximab (MabThera) was obtained from Roche, Basel, Switzerland, ofatumumab
(Arzzera) from Novartis, Basel, Switzerland, obinutuzumab (Gazyva) from Genentech,
South San Francisco, CA, USA and eculizumab (Soliris) from Alexion, Cheshire, CT, USA.

4.2. Cell Culture

Ramos cell line (ATCC No.: CRL-1596) was purchased from ATCC (American Type
culture Collection, Manassas, VA, USA) and was maintain:ed in an RPMI 1640 medium
(SigmaAldrich, St. Louis, MO, USA) supplemented with 10% heat-inactivated fetal bovine
serum (Gibco, Grand Island, NY, USA), 2 mM L-glutamine, 100 U/mL penicillin, 100 µg/mL
streptomycin and 50 mM 2-mercaptoethanol (all from SigmaAldrich, St. Louis, MO, USA).

CLL cell line MEC-1 (DSMZ No.: ACC 497) was obtained from DSMZ (Deutsche
Sammlung von Mikroorganismen und Zellkulturen, Braunschweig, Germany). MEC-1 cells
were cultured in an IMDM medium (Sigma-Aldrich, St. Louis, MO, USA) supplemented
with 10% heat-inactivated fetal bovine serum (Gibco, Grand Island, NY, USA), 100 U/mL
penicillin and 100 µg/mL streptomycin.

All experiments were performed in accordance with the Declaration of Helsinki and
approved national ethical guidelines. After obtaining informed consent in accordance
with the ethical approval of the Republic of Slovenia National Medical Ethics Committee
(Nr. 93/12/10, approved: 27 December 2010 and Nr. 0120-136/2019/4, approved: 19
March 2019), 5 mL of peripheral blood was collected from patients diagnosed with CLL at
the University Medical Centre, Ljubljana, Slovenia. CLL patients were diagnosed on the
basis of peripheral blood clonal lymphocytes with a concentration > 5 × 109/L and im-
munophenotyping. Lymphocytes B from peripheral blood samples from CLL patients were
isolated using the RosetteSep Ficoll-Paque (StemCell Technologies, Vancouver, Canada)
procedure. Isolated CLL cells were washed in phosphate buffer saline (PBS) and counted.
Isolated CLL cells were cultured in RPMI 1640 medium (Sigma-Aldrich, St. Luis, MO,
USA) supplemented with 10% heat-inactivated fetal bovine serum (Gibco, Grand Island,
NY, USA), 2 mM L-glutamine, 100 U/mL penicillin, 100 µg/mL streptomycin and 50 mM
2-mercaptoethanol. All cells were cultured at 37 ◦C in a humidified atmosphere with
5% CO2.
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4.3. Metabolic Activity Assay

The metabolic activities of the cell lines were assessed by measuring MTS reduction
to a colored formazan dye in viable cells using the CellTiter 96® Aqueous One Solution
Cell Proliferation Assay (MTS reagents, Promega, Madison, WI, USA) according to the
manufacturer’s instructions. Prior to each experiment, Ramos and MEC-1 cells were
counted and diluted to a concentration of 3.0 × 105 cells/mL. The cells were treated with
appropriate amounts of the compounds of interest or the corresponding vehicle (vehicle
control). Assays were performed in triplicate in 96-well plates. Absorbance was measured
at 492 nm on an automated microplate reader Synergy™ HTX Multi-Mode Microplate
Reader (BioTek Instruments, Inc., Winusky, VT, USA). Relative cell viability of treated
cells was calculated by subtracting the absorbance values of the blank (medium) and by
normalizing to the absorbance of vehicle-treated controls.

The metabolic activities of primary CLL cells were assessed by means of highly-
sensitive resazurin-based assay using the PrestoBlue® Cell Viability Reagent (ThermoFisher
Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. Prior to each
experiment, CLL cells were counted and diluted to the concentration of 4.0 × 105 cells/mL.
The cells were treated with appropriate amounts of the compounds of interest or the
corresponding vehicle (vehicle control). Assays were performed in triplicate in 96-well
black plates. Fluorescence was measured at 590 nm on an automated microplate reader.
Relative cell viability of treated cells was calculated by subtracting the fluorescence values
of the blanks (medium), which contained no cells, and normalizing to the fluorescence of
the vehicle-treated controls.

4.4. Viability Assessment Using Propidium Iodide (PI Exclusion Assay)

Propidium iodide (PI) staining followed by flow cytometric analysis was used to
confirm the cytotoxicity of PgE1-OH and L-902688 on Ramos and MEC-1 cells, as observed
using the metabolic activity assay MTS. Cells (3 × 105 cells/mL) were treated with PgE1-
OH, L-902688, 0.1% DMSO (control vehicle) or left untreated (control) and seeded in a
duplicate, in a 96 well plate. After 48 h incubation, to each 100 µL of cell suspension 0.5 µL
of PI (final concentration 5 µM) was added, followed by analysis using an Attune Nxt flow
cytometer connected to Autosampler (Invitrogen, Waltham, MA, USA). Cells that stain
positive for PI are considered dead. The result shows the viability which was normalized
to that of vehicle-treated control cells, to produce relative viability (%).

4.5. CFSE Assay

The proliferation of MEC-1 cells was assessed using the CellTrace™ Cell Prolifera-
tion Kit (Invitrogen Molecular Probes, Carlsbad, CA, USA), following the manufacturer’s
instructions. Cells were washed and resuspended in PBS at 1.0 × 106 cell/mL and incu-
bated with CFSE (final concentration 5 µM) for 15 min at 37 ◦C. Cells were washed and
resuspended in fresh culture medium and incubated for 30 min at 37 ◦C for complete
modification of the probe. After the final wash step, cells were resuspended in culture
medium at 3 × 105 cells/mL and treated with 10 µM PgE1-OH for 0, 24, 48, and 72 h.
At the indicated time points, samples were examined using flow cytometry (Attune NxT,
Invitrogen, Waltham, MA, USA).

4.6. Analysis of Apoptosis with Annexin V/Sytox Blue Staining

Apoptosis of MEC-1 cells treated with PgE1-OH was assessed using Annexin V,
conjugated with R-phycoerythrin (R-PE) (R-PE Annexin V; Molecular Probes™, Eugene, OR,
USA) and the DNA staining reagent Sytox Blue (Sytox™ Blue Dead Cell Stain; Molecular
Probes™, Eugene, OR, USA). Prior to the experiment, cells were washed twice with PBS
(5 min, 1000 rpm), and resuspended in culture medium at 3 × 105 cells/mL concentration.
Cells were incubated with PgE1-OH for 24 h (37 ◦C, 5% CO2). After 24 h, cells were washed
twice with cold PBS (0 ◦C) and resuspended in Annexin-binding buffer (10 mM HEPES,
140 mM NaCl, 2,5 mM CaCl2, pH 7.4) to produce 1.0 × 106 cells/mL. To each sample
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(100 µL), 2.5 µL R-PE Annexin V and 1 µL 10x diluted Sytox Blue (final concentration 1 µM)
was added. Samples were incubated at room temperature for 15 min. After the incubation
period, 200 µL of Annexin-binding buffer was added to each sample, followed by gently
mixing and putting samples on ice. Apoptosis was measured by flow cytometry (Attune
NxT, Invitrogen, Waltham, MA, USA). Cells that stained negative for both R-PE Annexin V
and Sytox Blue were considered alive. Cells that stained positive only for R-PE Annexin V
were considered in early apoptosis. Cells that stained positive for both R-PE Annexin V
and Sytox Blue have a permeable membrane, and were, thus, designated as late apoptotic,
i.e., dead. Cells staining positive only for Sytox Blue were undergoing primary necrosis.

4.7. CDC Assay

For analysis of CDC, cells were incubated with or without 10 µg/mL MAb for 48 h in
the presence of 1%, 5% or 20% active human serum (Sigma Aldrich, St. Louis, MO, USA) as
a source of complement. The proportion of lysed cells was assessed by MTS assay.

To inhibit CDC, cells were pre-treated for 1 h with 200 µg/mL eculizumab in the
presence of 20% active human serum or incubated in 20% heat-inactivated human serum.
Denaturation of complement components was performed by incubating human serum for
1 h at 56 ◦C. Cells were incubated with 10 µg/mL MAb for 48 h. The proportion of lysed
cells was assessed by MTS assay.

4.8. Evaluation of CD20 Antigen Expression

CD20 mean fluorescence intensity (MFI) values were obtained from untreated (control
cells) and PgE1-OH- and L-902688-treated Ramos, MEC-1 and primary CLL cells. For the
purpose of CD20 analysis, treated cells were incubated with non-cytotoxic concentrations
of PgE1-OH or L-902688 for 24 h. Briefly, cells were washed with 0.5 mL of PBS and
resuspended in 100 µL of PBS. Cells were incubated in the dark for 15 min with 5 µL of
purified mouse anti-human CD20 antibody conjugated with FITC (555622, BD Biosciences,
San Jose, CA, USA). Cells were then centrifuged (200× g, 5 min) and resuspended in
200 µL of PBS. Cells were analyzed by flow cytometry using Attune Nxt (Invitrogen,
Carlsbad, CA, USA) and FlowJo software (TreeStar, Ashland, OR, USA). Alternatively,
the expression of CD20 was measured on Amnis® ImageStream®X Mk II imaging flow
cytometer (Luminex Corporation, Austin, TX, USA). A minimum of 10,000 events in focus
was collected per sample.

4.9. Combination Index Calculation

Combination index (CI) values were calculated according to the Chou and Talalay
mathematical model for drug interactions [39]. Dose-response curves, dose-effect analysis
and CI for the combination treatment groups were generated using the equations reported by
Chou and Talalay, using the CompuSyn software (freely available at: www.combosyn.com
(accessed on 20 October 2020). CI < 1 implies synergism; CI ± 1 indicates additive effects;
and CI > 1 implies antagonism.

4.10. Data Analysis

Statistical analysis was performed using the GraphPad Prism software (GraphPad
Software, Inc., La Jolla, CA, USA). Data were analyzed by Student’s t-tests and one-way or
two-way analysis of variance (ANOVA); differences between treatments were established
via Tuckey´s post hoc multiple comparison test. Means were considered statistically
significant for p < 0.05 and highly significant for p < 0.01 and p < 0.001.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms23031599/s1.
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17. Markovič, T.; Jakopin, Ž.; Dolenc, M.S.; Mlinarič-Raščan, I. Structural features of subtype-selective EP receptor modulators. Drug

Discov. Today 2017, 22, 57–71. [CrossRef]

http://doi.org/10.3322/caac.21262
http://www.ncbi.nlm.nih.gov/pubmed/25651787
http://doi.org/10.1007/s12325-017-0612-x
http://www.ncbi.nlm.nih.gov/pubmed/28983798
http://doi.org/10.1038/leu.2014.146
http://www.ncbi.nlm.nih.gov/pubmed/24787488
http://doi.org/10.1182/asheducation-2004.1.163
http://www.ncbi.nlm.nih.gov/pubmed/15561682
http://doi.org/10.1016/j.molimm.2007.06.151
http://doi.org/10.1002/ajh.25595
http://doi.org/10.3324/haematol.2008.001628
http://doi.org/10.1016/j.ctrv.2012.10.008
http://doi.org/10.2147/DDDT.S212500
http://doi.org/10.1200/JCO.1998.16.8.2825
http://doi.org/10.1200/JCO.2000.18.17.3135
http://www.ncbi.nlm.nih.gov/pubmed/10963642
http://doi.org/10.1038/sj.onc.1210365
http://www.ncbi.nlm.nih.gov/pubmed/17530016
http://doi.org/10.1016/j.beha.2011.02.009
http://www.ncbi.nlm.nih.gov/pubmed/21658619
http://doi.org/10.3960/jslrt.56.89
http://doi.org/10.1111/j.2042-7158.2012.01499.x
http://doi.org/10.1016/j.prostaglandins.2011.04.001
http://doi.org/10.1016/j.drudis.2016.08.003


Int. J. Mol. Sci. 2022, 23, 1599 19 of 19
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