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Abstract

Our investigation uncovers that nanomolar concentrations of salinomycin, monensin, nigericin, and narasin (a group of po-
tassium/sodium cation carriers) robustly enhance surface expression of CD20 antigen in B-cell-derived tumor cells, includ-
ing primary malignant cells of chronic lymphocytic leukemia and diffuse large B-cell lymphoma. Experiments in vitro, ex
vivo, and animal model reveal a novel approach of combining salinomycin or monensin with therapeutic anti-CD20 mono-
clonal antibodies or anti-CD20 chimeric antigen receptor T cells, significantly improving non-Hodgkin lymphoma therapy.
The results of RNA sequencing, genetic editing, and chemical inhibition delineate the molecular mechanism of CD20 up-
regulation, at least partially, to the downregulation of MYC, the transcriptional repressor of the MS4A7 gene encoding CD20.
Our findings propose the cation carriers as compounds targeting MYC oncogene, which can be combined with anti-CD20
antibodies or adoptive cellular therapies to treat non-Hodgkin lymphoma and mitigate resistance, which frequently depends
on the CD20 antigen loss, offering new solutions to improve patient outcomes.

Introduction

The CD20 antigen, a membrane-spanning protein prevalent in
over 90% of B-cell lymphomas, serves as a primary target for
therapeutic monoclonal antibodies (mADb), bispecific antibod-
ies, and chimeric antigen receptor (CAR)-based therapies!-3
Standard care for patients suffering from B-cell-derived ma-
lignancies, such as diffuse large B-cell lymphoma (DLBCL),
Burkitt lymphoma, follicular lymphoma, and high-grade B-cell
lymphoma involves anti-CD20 monoclonal antibodies,** e.g.,
rituximab, combined with a cocktail of chemotherapeutics!
While chemoimmunotherapy yields long-term benefits, the

emergence of relapsed or refractory malignancies post-treat-
ment necessitates further investigation into resistance mech-
anisms, notably altered antigen expression and CD20 antigen
escape.®®

The expression of CD20 is highly variable between different
tumor types. For example, in conditions like chronic lym-
phocytic leukemia (CLL), characterized by low CD20 levels,®
the efficacy of anti-CD20 mAb is constrained!*" Therefore,
new therapeutic approaches combining the compounds aug-
menting CD20 surface expression with the anti-CD20 mAb or
adoptive cellular therapies emerge as potential strategies for
optimizing anticancer therapies. To address these challenges,
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specific agents enhancing the expression and/or the levels of
surface CD20 have already been reported, with some currently
being evaluated in clinical trials;' however, they have yet to
be included in the standard therapeutic regimens.

Our previous studies underlined the role of the AKT signaling
axis as a critical player in the transcriptional regulation of the
MS4AT7 gene encoding CD20.%® Therefore, we further explored
the anticancer agents capable of stimulating AKT, with a par-
ticular focus on salinomycin (SAL);* initially recognized for its
efficacy in eradicating breast cancer stem cells (CSC)*® and
later reported as a compound with a variety of anticancer
properties;®® and ability to suppress numerous cancer- or
CSC-associated signaling pathways!® SAL is also a cation
carrier that can transport monovalent cations (mainly K* and
Na* ions) through lipid bilayers, such as cellular membranes.
SAL may perform the cation transport in at least two ways: i)
exchange of cations for protons across the membrane in an
electrically silent way (non-electrogenic cation/H* exchange),
often leading to alterations in the intracellular and mitochon-
drial pH gradient or ii) transport of cations in an electrogenic
manner (without transport of protons), leading to changes
in electrical potential on cellular membranes.?° However, the
prospective link between the cation carrier and anticancer
properties of SAL is currently unclear. Of note, extensive re-
search efforts toward introducing new drug delivery systems?
are ongoing worldwide to reduce the potential toxicity of SAL,
partially related to dysregulation of ion concentration followed
by inhibition of oxidative phosphorylation.?? Additionally, to
make the cation carriers clinically applicable, various SAL
analogs with different chemical modifications have been syn-
thesized and reported to improve the anticancer properties
of the original SAL.?°

Presenting novel insights, we demonstrate for the first time
that SAL upregulates CD20 antigen, enhancing the efficacy
of anti-CD20 immunotherapies both in vitro and in vivo. Fur-
thermore, our study identifies a whole group of potassium/
sodium cation carriers as inducers of CD20 upregulation and
attributes their mechanism of action to the simultaneous in-
hibition of two repressors of MS4A7 expression, namely FOXO1
and MYC oncogene. Although the direct association between
cation carrier and cellular signaling-modifying properties of
SAL has not been delineated, these findings underscore a
fundamental basis for repurposing SAL and advancing other
cation carriers as future pharmaceuticals for augmenting the
surface levels of CD20 and enhancing the efficacy of current
lymphoma treatments.

Methods

Natural killer cell-mediated cytotoxicity and CAR T-cell-
mediated killing assays

Target Burkitt lymphoma or DLBCL cell lines (1x10° cells) were
pretreated with SAL or monensin (MON) for 24 hours (h),
labeled with carboxyfluorescein succinimidyl ester (CFSE),
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according to the manufacturer’s recommendations, followed
by further treatment with SAL or MON for the next 24 h. Nat-
ural killer (NK) and T-effector cells were isolated from healthy
donors’ peripheral blood mononuclear cells with EasySep
Human NK Cell Enrichment Kit (STEMCELL Technologies,
cat. #19055) and Human T Cell Enrichment Kit (STEMCELL
Technologies, cat. #19051), respectively. CFSE-labeled target
cells were seeded in 96-well plates (3x10*) together with
effector NK cells (1.2x10°) for 3 h in the presence or absence
of rituximab (RTX) (0.03 ug/mL) and subsequently stained
with propidium iodide (PI). The viability of the CFSE-positive
population (target cells) was analyzed using flow cytometry
and presented as a percentage of controls (target cells treated
with cation carriers but not incubated with NK cells).

For the generation of chimeric antigen receptor (CAR) T
cells, the isolated human T cells were cultured in RPMI me-
dium supplemented with 5% human serum (Sigma-Aldrich,
cat. #H3667) and interleukin-2 (IL-2; 100 U/mL; Peprotech,
cat. #200-02), and were activated with anti-CD3/CD28 Dy-
nabeads (bead-to-cell ratio of 1:1; Thermo Fisher Scientific,
cat. #11161D) for 3 days. The expanded T cells were trans-
duced with the lentivirus (10 TU/cell) encoding the second
generation anti-CD20 CAR (BPS Bioscience, cat. #78606) in
the presence of Polybrene (5 ug/mL; Sigma-Aldrich, cat. #
TR-1003-G). During the following 1-3 weeks, the CAR T-cell
activities were tested in the killing assays by co-incubation
with the SAL- or MON-pretreated and CFSE-labeled Raji cells
at the effector-to-target ratio of 4:1 for 24 h. The viability of
Raji cells was presented as a percentage of controls (Raji
cells pretreated with cation carriers but not incubated with
T cells).

Genome editing using CRISPR/Cas9 technology

For the stable knock-out of CD20, the sgMS4A1 was generated
with the following oligonucleotide pair (CACCGCAGCAACG-
GAGAAAAACTCC and AAACGGAGTTTTTCTCCGTTGCTGC) and
cloned into pLenti-CRISPRv2 (CRISPR/Cas?9 system, gift from
Feng Zhang; Addgene plasmid # 52961; RRID: Addgene_52961).
The presence of the cloned sequence was confirmed by
sequencing using the CRISPR-seq primer (GTACAAAATACGT-
GACG). HEK 293T cells (3x10°) seeded into 10 cm plates were
used to produce a replication-incompetent lentivirus. Cells
were first co-transfected with 8.6 ug of pLenti-CRISPRv2
and components of second generation of packaging vectors,
namely 8.6 ug of psPAX2 and 5.5 ug of pMD2.G, using standard
calcium chloride method; 48-72 hours post-transfection, the
lentiviruses-containing medium was collected and added to
target Raji cells at the volume ratio 1:1. Two days later, pu-
romycin (2 ug/mL) was added to Raji cells for the following
week. Single clones were obtained from resistant cell pools
by limiting dilution. Three clones with a confirmed lack of
CD20 expression were mixed for the animal study.

For the generation of transient knock-out in Raji cells, the
Cas9 nuclease (cat. #1081058), tracrRNA (cat. #1072533), and
the following Alt-R CRISPR-Cas9 crRNA were purchased from
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Integrated DNA Technologies: MYC1.AC, MYC1.AB, SGK1.1.AC,
and SGK1.1.AT. The single guide RNA (sgRNA) for the ablation
of each gene was generated separately by annealing crRNA
and tracrRNA at an equimolar ratio (015 nmol each). Next, the
ribonucleoprotein (RNP) complexes were prepared by adding
Cas9 nuclease (12.5 ug) and incubating for 20 minutes (min) at
room temperature. The electroporation enhancer (015 nmol),
purchased from Integrated DNA Technologies, was added to
the RNP complexes, followed by mixing with 1x108 Raji cells
suspended in 100 uL of the Resuspension Genome Editing
Buffer (Thermo Fisher Scientific, cat. #N10025). Cells were
electroporated using the Neon NXT machine (Thermo Fisher
Scientific, cat. #NEON1S2YR), set at 1500V, 30 ms, one pulse.

Surfaceome analysis

Raji cells were treated with either SAL (0.25 uM) or vehicle for
48 h, followed by isolation of membrane fractions using the
Mem-PER™ Plus Membrane Protein Extraction Kit (Thermo
Fisher Scientific, cat. #89842) according to the manufactur-
er’s recommendations. Five ug of protein per sample were
trypsinized, followed by chromatographic separation using
nano-UHPLC (nanoElute, Bruker) coupled with the Cap-
tiveSpray ion source of the ESI-Q-TOF mass spectrometer
(Compact, Bruker). The collected spectra were analyzed and
calibrated in DataAnalysis (Bruker), followed by ProteinScape
4.2 (Bruker) identification using the MASCOT server. Proteins
were identified using the online SwissProt and NCBI_prot
databases.

Human chronic lymphocytic leukemia and diffuse large
B-cell lymphoma patient samples

The primary CLL cells were isolated from whole blood, while
the primary DLBCL cells were isolated from lymph nodes of
patients using Histopaque 1077, according to manufacturer’s
recommendations (Sigma-Aldrich). Approvals for the study
were obtained from the Institutional Review Boards of the
Medical University of Warsaw, Poland (KB/65/2023) and the
Catholic University Hospital, Rome, Italy (14563/15), and con-
ducted according to the Declaration of Helsinki. Each patient
signed an informed consent for the procedures. The primary
cells (2x10%/well) were maintained in 96-well plates in IMDM
medium (supplemented with 10% FBS), treated with either
SAL, MON, or vehicle for 48 h, and stained with a mix of an-
ti-CD19, anti-CD20 antibodies, and Zombie-NIR. The mean
fluorescence intensity (MFI) of CD20 was estimated in the
CD19-positive/ Zombie-NIR-negative cell population.

Results

Sodium/potassium cation carriers strongly upregulate
CD20 levels

We found that 48 h-long incubation of Raji cells with sub-
toxic doses of sodium/potassium cation carriers (group of
polyether ionophores; Figure 1A), namely SAL, MON, nigericin
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(NIG), and narasin (NAR) significantly increased the levels of
surface antigen CD20 (2.2-4-fold increase; Figure 1B; Online
Supplementary Figure S1A). The maximum upregulation of both
the surface and the total CD20 protein levels were achieved
with cation carrier concentrations as low as 0.25-0.5 uM in
the case of SAL, NIG, NAR, and 0.01-0.05 uM in the case of
MON (Figure 1B; Online Supplementary Figure S1A, B). At the
same time, the viability of Raji cells was affected at much
higher concentrations, 2.49, 2.6, 2.77, and 0.73 uM, respec-
tively (Figure 1C). Other cation carriers were less efficient in
CD20 antigen upregulation (Online Supplementary Figure S2),
with lasalocid and A23187 exhibiting maximum CD20 upreg-
ulation at concentrations as high as 1-2.5 uM. At the same
time, ionomycin, the selective calcium carrier, upregulated
CD20 to a much lesser extent. Therefore, we concluded that
sodium/potassium cation carriers are the most efficient
stimulators of CD20 antigen upregulation. Notably, 48 h-long
exposure to the subtoxic doses of either SAL (0.25-1 uM) or
MON (0.025-0.25 uM) significantly and dose-dependently
upregulated CD20 antigen also in human B-cell-derived
primary tumor cells, such as CLL cells (cohort treated with
SAL, N=24, and cohort treated with MON, N=13; Figure 1D;
Online Supplementary Figure S3; Online Supplementary Table
S5) and DLBCL cells (cohort treated with SAL, N=10; Figure
1E; Online Supplementary Figure S3A; Online Supplementary
Table S3) cultured ex vivo.

Salinomycin and monensin increase the efficacy of anti-
CD20 monoclonal antibodies and CAR T cells

Since the CD20 antigen is an essential therapeutic target in
B-cell-derived malignancies, we further studied the thera-
peutic outcomes and the molecular mechanisms of CD20
upregulation. We found that both SAL and MON potentiated
the cytotoxic efficacy of the therapeutic anti-CD20 antibodly,
RTX, in the presence of human complement (Figure 2A). Since
the effectiveness of therapeutic mAb in the complement-de-
pendent cytotoxicity (CDC) assays also depends on the lev-
el of membrane-bound complement-regulatory proteins
(mCRP),%2* we assessed surface levels of CD46 and CD55 in
Raji cells incubated with selected cation carriers. We found
that both SAL and MON significantly downregulated CD55
(Online Supplementary Figure S4A) and, to a lesser extent also
CD46 (Online Supplementary Figure S4B). Collectively, our
results suggested that cation carriers sensitize cancer cells
to complement-dependent killing by both upregulation of
CD20, the target antigen for RTX, and downregulation of
complement-inhibitory mCRP, particularly CD55.

Besides CDC, many therapeutic anti-CD20 mAb eliminate
cancer cells by activating NK cell-dependent cytotoxicity.
We found that the cation carriers significantly increased the
cytotoxicity of human NK cells toward SAL- or MON-pre-
treated target Raji cells and increased the efficacy of RTX
in antibody-dependent cell-mediated cytotoxicity assays
(ADCC; Figure 2B). We noticed that the improvement of NK
cells cytotoxicity toward SAL- or MON-pretreated target
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cells was not only the result of CD20 upregulation in Raji
cells since the effect was evident even in the absence
of anti-CD20 mAb, RTX (Figure 2B; bars “Raji+NK”). We,
therefore, performed a global analysis of surface proteins
of target Raji cells upon 48 h-long exposure to SAL. In
addition to CD20, numerous surface proteins were up-
regulated, including the proteins known to interact with
activating or inhibitory receptors on NK cells (Figure 2C).
Using the specific antibodies and flow cytometry analysis,
we confirmed that SAL and MON upregulated the proteins
known to positively regulate the immune effector cell’s
function, such as the co-stimulatory molecules TNF5 (CD40)
and ICAM1 (Online Supplementary Figure S4C, D) as well as
numerous HLA molecules. Surprisingly, the CD47 antigen
(“do not eat me” molecule) was also upregulated, however,
only by the lower concentrations of SAL and MON (Online
Supplementary Figure S4E). Numerous other cell surface
proteins have been previously reported to stimulate NK
cell’s activity.?® We found that SAL and MON upregulated
CD80, CD155, ULBP2/5/6, and to a lesser extent also CD86
(Online Supplementary Figure S4F). Collectively, these
results suggest that the treatment of cancer cells with
cation carriers results in upregulation of numerous surface
antigens, which may allow target cells to be recognized
and killed by NK cells more efficiently.

Since adoptive cellular therapies based on T cells engi-
neered to express the CAR cells have recently been used
in the treatment of B-cell-derived malignancies, we tested
the cytotoxic activity of anti-CD20 CAR T cells towards
SAL- and MON-treated target cells (Figure 2D). We found
that in suboptimal conditions the CAR T cells exhibited
significantly higher efficacy towards Raji cells with cation
carrier-mediated upregulation of the target antigen CD20
when compared to control cells.

As most of the results presented above were obtained
using the Raji model cell line, we next confirmed our find-
ings in a broad panel of established tumor cell lines of
B-cell origin. For each cell line, including Burkitt lympho-
ma (CA46, Daudi, Ramos, and BL41; Online Supplementary
Figure S5) and DLBCL cell lines, both germinal center B
cell (GBC) subtype (OCI-Ly1 and OCI-Ly7; Figure 3A) and
activated B-cell (ABC) subtype (HBL-1 and U2932; Figure
3B) we determined concentrations of SAL and MON able
to induce significant upregulation of CD20 (left panels),
and confirmed that these cation carriers potentiate the
efficacy of RTX in CDC assays (right panels).

Additionally, we confirmed that another therapeutic an-
ti-CD20 antibody, ofatumumab (OFA), exhibited significantly
higher efficacy toward SAL- or MON-treated cells in the
presence of complement (Figure 3C). Moreover, the im-
provement of NK cells cytotoxicity toward SAL-pretreated
target cells (demonstrated for Raji in Figure 2B) was addi-
tionally confirmed in the case of other Burkitt lymphoma
(CA46 and Ramos) and DLBCL (OCI-Ly1 and HBL1) cell lines
(Figure 3D). Collectively, these data confirm that sodium/
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potassium cation carriers exhibit numerous beneficial ef-
fects on the therapeutic efficacy of both anti-CD20 mAb
and CAR T cells when studied in vitro.

Salinomycin and monensin improve the anti-tumor
activity of rituximab in vivo

Since the cation carriers improve RTX-mediated CDC and
ADCC in cell culture studies, we further aimed to assess
the anti-tumor efficacy of the combination treatment (RTX
plus cation carrier) in vivo (Figure 4). We used a model of
SCID mice, inoculated subcutaneously (s.c.) with Raji cells.
In this model, eliminating tumor cells with the therapeutic
RTX relies on both the NK cells and the complement, as
both components are present in the SCID mouse strain
(Charles River Laboratories). RTX as a single agent only
partially delayed Raji lymphoma cells’ growth as tumors.
Noteworthy, the combined therapy of RTX with either SAL
or MON remarkably limited tumor growth, as estimated by
both the tumor measurement over 27 days upon inocu-
lation of cells (Figure 4A) and tumor weight at the end of
experiments (Figure 4B). In parallel experiments we also
monitored the tumor growth upon inoculation of either
control Raji cells (mix of clones transduced with empty
vector) or cells with depletion of CD20 (mix of Raji clones
with disrupted MS4A1 locus; Online Supplementary Figure
S6A). The Raji cells with depletion of CD20 were remark-
ably resistant to RTX treatment in CDC assays, except
for the highest RTX concentration (Online Supplementary
Figure S6B) and entirely resistant for RTX in ADCC assays
(Online Supplementary Figure S6C), retaining however, the
SAL-induced sensitization to NK-cell-mediated lysis. In the
experiments in vivo, the lack of CD20 abolished the ben-
eficial effect of SAL on tumor growth as documented by
the photos of isolated tumors or by the measurement of
tumor weight (Figure 4C). Together, these results provide
strong support for the conclusion about the improvement
of anti-tumor activity of RTX by sodium/potassium cation
carriers in vivo.

Cation carriers stimulate the transcription of the MS4A1

gene encoding CD20

To get insight into the molecular mechanisms of CD20
upregulation, we first tested whether it might result from
inflammasome activation since some cation carriers, par-
ticularly NIG, are known activators of NLRP3 signaling.
We found, however, that preincubation of Raji cells with
MCC950 (NLRP3 inhibitor) did not affect the CD20 upregu-
lation induced by NIG, SAL, or MON (Online Supplementary
Figure S7).

Next, we tested SAL and MON for their influence on the
expression of the MS4A7 gene encoding CD20. Quantitative
real-time polymerase chain reaction (RT-PCR) revealed a
significant increase in MS4A7 mRNA levels, first detected
at 12 h upon the treatment with either SAL or MON and
reaching a 2-fold increase at 18 h upon the treatment
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Figure 2. Salinomycin and monensin enhance the complement-dependent and natual killer cell-dependent cytotoxicity of rituximab
and the anti-CD20 CAR T-cell cytotoxic activity. (A) Complement-dependent cytotoxicity (CDC) assays showing the improved kill-
ing of Raji cells pretreated with either salinomycin (SAL) (0.25-0.5 pM; left graph) or monensin (MON) (0.05-0.1 uM; right graph) for
48 hours (h) followed by treatment with rituximab (RTX; 1-100 pg/mL) for 1 h, in the presence of human serum as a source of com-
plement. The viability of cells was assessed with propidium iodide (PI) staining followed by flow cytometry analysis. The results
were presented as a percentage of alive control cells (untreated with RTX). (B) Antibody-dependent cellular cytotoxicity (ADCC)
assays showing improved cytotoxicity of natural killer (NK) cells towards Raji cells pretreated with either SAL (0.25 pM; left panel)
or MON (0.05 pM; right panel) for 48 h, followed by staining of Raji cells with carboxyfluorescein succinimidyl ester (CFSE) and
co-incubation with unstained donor-derived NK cells for 3 h, in the absence or presence of RTX (0.03 pg/mL). The survival of
CFSE-positive Raji cells was assessed with PI, as above, and presented as a percentage of control cells (Raji not incubated with NK
cells). Graphs show data from 3 experiments (NK cells isolated from 3 donors). (C) The heat map presents the log2 fold change in
the levels of surface proteins in Raji cells treated with either SAL (0.25 uM) or vehicle for 48 h (6 samples of each treatment were
analyzed). The list includes only the proteins potentially implicated in regulating NK cell activity. The changes in CD20 were also
included to serve as a positive control. (D) Anti-CD20 CAR T-mediated killing assays showing improved cytotoxicity of CAR T cells
towards CFSE-stained Raji cells pretreated with either SAL (left panel) or MON (right panel) for 48 h. For these cytotoxicity assays,
Raji cells were co-incubated with the unstained effector cells, either T cells or CAR T cells, for 24 h. Survival of Raji cells was as-
sessed with Pl staining followed by flow cytometry analysis of CFSE-positive cells. Results were presented as a percentage of

control cells (Raji not incubated with T cells). Graphs summarize data from 3 experiments.

(Figure 5A). As the existence of different MS4A7 mRNA
variants has been documented,® we tested the variants
1 and 3, most commonly expressed by Raji cells. We
found that both variants were upregulated by SAL and
MON (Online Supplementary Figure S8). A conventional
inhibitor of transcription, actinomycin D, incubated with
cells for up to 24 h (more prolonged exposure was tox-
ic), revealed that in the context of the transcriptional
blockade, SAL does not upregulate either MS4A7 mRNA
(Figure 5B, left panel) nor surface CD20 (Figure 5B, right
panel). Therefore, we concluded that the observed cation
carrier-induced upregulation of CD20 occurs mainly at
the transcriptional level.

Transcriptional profiling of Raji cells incubated for 18 h
with either 0.5 uM SAL or 0.1 uM MON was carried out
to characterize molecular changes induced by the cat-
ion carriers. The differential expression analysis of RNA
sequencing (RNA-seq) (g value cutoff <0.05) revealed
65 significantly changed genes in cells incubated with
SAL (Figure 5C; Online Supplementary Table S6) and 896
genes in cells treated with MON (Figure 5C and record
GSE282862 deposited in the Gene Expression Omnibus
repository). Overall, the magnitude of changes in gene
expression (log2 fold change [FC]) varied between +1.63
and -1.33 or between +2.46 and -1.61in the case of SAL-
and MON-regulated genes, respectively. Noteworthy, all
17 genes downregulated and 48 upregulated by SAL were
also down- and upregulated by MON, respectively, con-
firming the reproducibility of acquired data. Since cation
carriers upregulate CD20 transcriptionally, we sought
transcription factors/microRNA (miRNA) responsible for
this effect. We ran the gene set enrichment analysis
(GSEA; based on gene target predictions) and identified
six and 101 transcription factors/miRNA altered by SAL
and MON, respectively (Figure 5D). The activity of four
of them, namely Forkhead family (FOX0O), MYC, NF-Y, and
mir181 appeared to be commonly altered by both cation
carriers.

Downregulation of MYC is sufficient to upregulate
CD20 in response to cation carriers’ treatment

The transcriptional profiling of Raji cells revealed that
SGK1T mRNA, encoding a kinase known to inhibit both
FOXO and MYC transcription factors,?® was remarkably
increased by the treatment with either SAL or MON (log2
FC=1.37 and log2 FC=1.87, respectively). Additionally, the
transcriptional target of FOXO, /IL7R mRNA was among the
most strongly downregulated transcripts by SAL and MON
(log2 FC=-1.33 and log2 FC=-1.59, respectively), suggesting
that the cation carriers may affect the activity of FOXO
transcription factors. Therefore, we validated the changes
in MRNA encoding SGK7 and /L7R using gRT-PCR (Figure
6A) and further studied the FOXO signaling using west-
ern blotting. Indeed, we found that both SAL and MON
increased the levels of two upstream negative regulators
of FOXO, namely the active phosphorylated AKT?" and
SGK1,%8 leading ultimately to the increase in phosphory-
lated FOXO1 at Ser256 (Figure 6B). The phosphorylation
of FOXO1 implicates its exclusion from the nucleus and
block of its activity as a transcription factor.2:3°
Besides the changes in FOXO signaling, we also noticed
the downregulation of MYC mRNA upon the treatment
with MON (log2 FC=-0.53) in RNA-seq data. Indeed, using
qRT-PCR, we confirmed the significant drop in the ex-
pression of MYC mRNA (Figure 7A) and MYC protein levels
(Figure 7B; Online Supplementary Figure S9A) upon the
treatment with the cation carriers. The GSEA analysis
of RNA-seq data revealed numerous MYC target genes
among MON-downregulated genes (Figure 7C; hallmarks
- MYC targets, version 1 and version 2; P=21 e and
P=5.88 e, respectively). The significant downregula-
tion of the MYC-dependent gene, PLK1, was additionally
confirmed with qRT-PCR (Figure 7D, left panel). At the
same time, TNFAIP3, known to be repressed by MYC,*
was significantly upregulated by the treatment with SAL
and MON (Figure 7D, middle panel). Among known MYC
transcriptional targets in Burkitt lymphoma,®** PTPN6
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Figure 4. Salinomycin and monensin potentiate the antitumor activity of rituximab in vivo. SCID mice (CB17/Icr-Prkdcs¢¢/IcricoCrl)
were inoculated subcutaneously (sc.) with Raji cells. Mice were then injected intraperitoneally (ip.) with either salinomycin (SAL)
(2.5 mg/kg), monensin (MON) (1 mg/kg), or vehicle on days 5 and 7. The ip. administration of rituximab (RTX) (10 mg/kg) started
on day 9 and has been applied every second day, together with injections of SAL, MON, or vehicle. (A) The graph presents the
volume of tumors measured every 3-4 days. (B) The tumors were post-mortally isolated on day 30 and weighed (N=6-11 tumors/
group). (C) The SCID mice were inoculated sc. with a mix of 3 clones (in proportion 1:1:1) of Raji cells transduced with either
empty vector (v.) or sgMS4A1. Mice were then injected ip. with either SAL or vehicle, followed by injections of RTX, as described
above. The photos (left panel) and the weight (right panel) of tumors (isolated post-mortally on day 32) were documented (N=5-

6 tumors/group).

MRNA was one of the most strongly upregulated genes
in our RNA-seq data by both SAL and MON (log2 FC=1.63
and log2 FC=2.04, respectively), suggesting that PTPNGE is
probably a transcript repressed by MYC. Indeed, we con-
firmed the remarkable upregulation of PTPN6 mRNA upon
the treatment with the cation carriers (Figure 7D, right
panel). Using the enzyme-linked immunosorbant assay
(ELISA), detecting specific binding of MYC to its consensus
DNA binding motif E-box, we confirmed that the treatment
with either SAL or MON leads to a significant drop in the
levels of MYC transcription factor bound to DNA (Online
Supplementary Figure S9B).

Consistently with the known role of MYC in regulating the
cell cycle, the GSEA analysis of RNA-seq data revealed the
MON-induced downregulation of numerous G2/M check-

point genes (Online Supplementary Figure S9C; P=2.31
e?). Indeed, the incubation with either SAL or MON for 48
h decreased the percentage of Raji cells in the G1 phase
(from 58-60% to 41-44%) while increasing the rate of cells
in the G2/M phase (from 20-23% to 30-32%; Online Sup-
plementary Figure S9D).

To get insight into the relationship between the expression
of MYC and CD20, we employed the P493-6 lymphoblastoid
cell line with the MYC Tet-OFF system, where treatment
with tetracycline or doxycycline (DOX) switches off the ex-
pression of MYC.23 Using the flow cytometry, we confirmed
that the expression of MYC protein was repressed during
24 h of incubation with DOX, and it was also remarkably
downregulated by the treatment with SAL (Figure 7E,
left panel). Confirming the hypothesis about MYC being a
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Figure 5. Salinomycin and monensin regulate the MS4A7 gene transcription. (A) Analysis of mRNA levels of MS4A7 (estimated by
quantitative real-time polymerase chain reaction [QRT-PCR]; 2 minus & CT method) in Raji cells treated with either salinomycin
(SAL) (0.5 pM), monensin (MON) (01 pM), or corresponding vehicles (Veh.) for 12-18 hours (h). (B) The analysis was performed like
in (A), using Raji cells pretreated with transcription inhibitor actinomycin D (ActD; 5 ug/mL) for 2 h. SAL (0.5 uM) or Veh. was then
added for the next 18 h (estimation of MS4A7 mRNA level; left panel) or 24 h (analysis of the surface level of CD20; right panel).
(C) The differential expression heatmap (left panel) shows the comparison of gene expression profiles (estimated by RNA se-
quencing [RNA-seq]; log2 fold change; g value cutoff <0.05) in Raji cells treated with either Veh., SAL (0.5 uM), or MON (0.1 uM)
for 18 h (in 2 biological replicates). The volcano plot (right panel) depicts the number of significantly upregulated (red dots) and
downregulated (green dots) mRNA upon the treatment of Raji cells with SAL. (D) The Venn diagram represents the prediction of
transcription factor/miRNA binding sites in the regulatory elements of the differentially expressed target genes (analyzed with
GSEA/MSigDB website v6.3). SAL and MON affected 6 (the small dark blue circle) and 101 (the big bright blue circle) transcription
factors/microRNA (miRNA), respectively. The activity of 4 transcription factors/miRNA (FOXO, MYC, NF-Y, and mir181) appeared to
be commonly affected by both SAL and MON.

negative regulator of CD20 expression, the DOX-induced
repression of MYC led to an almost double increase in the
level of surface CD20 during a 48 h-long treatment (from
55.5x10° to 99.2x10° CD20 molecules/cell; Figure 7E, right
panel). Of note is that the lower the expression of MYC, the
higher the level of surface CD20, with the highest levels
achieved by the treatment with DOX plus either SAL or MON

(Figure 7E; Online Supplementary Figure S10). On the other
hand, the treatment with SAL alone induced higher CD20
upregulation than the one observed upon the DOX-initiated
repression of MYC alone (from 55.5x10° to 150.5x10° CD20
molecules/cell; Figure 7E, right panel). This fact suggests
that the overall effect of SAL and MON on the regulators
of CD20 expression is broader than just the repression of
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Figure 6. The cation carriers affect FOXO signaling pathways. (A) Quantitative real-time polymerase chain reaction (QRT-PCR) (2
minus 6 CT method) validation of changes in mRNA levels of selected genes, namely SGK7 (left panel) and /IL7R (right panel), up-
on treatment with either salinomycin (SAL) or monensin (MON) for 12-18 hours (h). (B) Western blotting analysis of both phos-
phorylated and total protein levels of AKT and FOXO1, as well as the total level of SGK1 kinase in Raji cells, pretreated with either
SAL (0.25 and 0.5 pM), MON (0.05 and 01 pM) or vehicle (-) for 18 h. The level of GAPDH was used as a loading control. Western
blotting images are presented in the top panel, while the quantification of phosphorylated AKT (p-AKT; Ser473 residue), phos-
phorylated FOXO1 (p-FOXO1; Ser256 residue) and SGK1 from 3-4 images are presented in the bottom panel.
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MYC levels.

In summary, these results indicated that cation carriers
inhibit the activity of the FOXO1 transcription factor and
downregulate the levels of MYC, which correlates with
the upregulation of CD20. This suggests that these tran-
scription factors may be the MS4A7 repressors. To further
validate this hypothesis, we synthesized five derivatives
of SAL, which lack the CD20-upregulating ability despite
exhibiting a high similarity in the chemical structure to
the original SAL (Figure 8A; Online Supplementary Figure
S71A, B). The changes in the chemical structures of SAL
included modifications in positions C1 or C20 (Online Sup-
plementary Figure S11A; positions marked in red and blue,
respectively). Knowing that these modifications lead to a
complete loss of CD20-upregulating ability, we hypothesized
that the derivatives of SAL also lost the ability to increase
the phosphorylated AKT and FOXO1 and downregulate
the MYC transcription factor. Surprisingly, we discovered
that SAL derivatives 1, 2, 4, and 5 retained the ability to
stimulate either phosphorylation of AKT, FOXO1, or both
(Online Supplementary Figure S11C). In contrast, MYC was
downregulated exclusively by the original SAL but not by
the derivatives (Figure 8B). Similarly, the kinase SGK1, a
potential upstream negative regulator of MYC,?%** was up-
regulated exclusively by the original SAL but not by the SAL
derivatives (Figure 8B). We, therefore, hypothesized that
the signaling axis SGK1-MYC might be the key regulator of
CD20 expression in response to cation carriers treatment.
Using the CRISPR/Cas9 genome editing, we transiently
ablated either MYC or SGK1. We measured the basal lev-
el of CD20 two days after the nucleofection (Figure 8C),
followed by the treatment with cation carriers and the
measurement of CD20 levels again 48 h later (Online Sup-
plementary Figure S12B-D). The basal levels of CD20 were
increased exclusively upon the knockout of MYC with two
tested single guide RNA (sgRNA) sequences (Figure 8C, right
panel; sgMYC #1 and sgMYC #2), even though the ablation
was just partial (Figure 8C, left panel; Online Supplementary
Figure S12A). The lowest levels of MYC obtained upon the
ablation of MYC plus the treatment with cation carriers
correlated with the highest levels of CD20 antigen (Online
Supplementary Figure S12B), confirming again that MYC
is a negative regulator of CD20 expression. Similarly, MYC
inhibitor, 10058-F4, induced an equally significant upreg-
ulation of CD20 as the incubation with SAL (Figure 8D).
Additionally, using the CUT&RUN protein-DNA interaction
assays, we found that MYC was bound to MS4A7 promoter
in control cells, but the binding was significantly reduced
by the treatment with SAL (Figure 8E).

In contrast to MYC, the ablation of SGK7 did not change
the basal levels of either CD20 (Figure 8C, right panel) or
MYC (Figure 8C, left panel). Ablation of SGK1 did not affect
the SAL- or MON-induced upregulation of CD20 (Online
Supplementary Figure S12C,D), nor the downregulation of
MYC by cation carriers (Figure 8C, left panel), suggesting

A. Torun et al.

a lack of signaling connection between SGK1 and MYC as
well as SGK1 and CD20. Moreover, an inhibitor of SGK1,
EMD638683, did not affect the SAL- or MON-induced up-
regulation of CD20 antigen (Online Supplementary Figure
S12E). Together, our results uncover the role of MYC as
the key player and the negative transcriptional regulator
of CD20 antigen expression.

Discussion

The understanding of molecular mechanisms leading to
the CD20 antigen escape in the therapies with either mAb
or CAR is crucial for refining treatment strategies, foster-
ing the development of new combinatorial therapeutic
approaches, and ultimately enhancing the efficacy of an-
ti-CD20 therapies in overcoming resistance and improving
the clinical outcomes for patients suffering from B-NHL.
We and others have previously reported that upregulation
of surface CD20 leads to more effective treatments in
preclinical lymphoma models™3%2¢ and clinical cases of
leukemia.*” Here, we provide a new combinatorial strategy
for fully exploiting the therapeutic potential of anti-CD20
mAb and CAR T cells.

In this study, we initially explored the potential of SAL to
upregulate CD20 antigen, as this particular anticancer com-
pound has been reported to activate AKT signaling,* one of
the critical pathways controlling the expression of CD20.2"3
Indeed, we found that SAL strongly upregulated CD20 an-
tigen in numerous B-NHL cell lines and patients-derived
malignant cells. The cation carriers are natural products
with antimicrobial and anticancer properties. Importantly,
SAL and another functionally similar compound, MON, with
potassium/sodium cation carrier properties, have previously
been revealed in unbiased screens as compounds explic-
itly targeting CSC™3 and chemo-resistant cancer cells.*®
Therefore, this group of compounds is worth exploring as
potential therapeutic agents. The anticancer efficacy of
SAL and MON toward certain types of leukemia has been
reported;*°-*2 however, their ability to upregulate CD20 an-
tigen at low doses and serve as potential drug candidates
combined with anti-CD20 mAb or CAR T-cell therapies is
a novel concept.

In this study, we tested many members of the cation carrier
group of compounds. We concluded that the monovalent
cation carriers specific for transporting potassium and so-
dium, namely SAL, MON, NAR, and NIG, are most efficient
in upregulating the CD20 antigen. We also delineated the
molecular mechanisms of the cation carrier’s action on
CD20 to the transcriptional regulation of its gene, MS4AT.
Based on the initial expectations, SAL and MON appeared
to activate the AKT pathway, leading to the phosphoryla-
tion of the FOXO1 transcription factor. The phosphorylation
of FOXO implicates their exclusion from the nucleus and
blocks their activity as transcription factors.?® We have
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Figure 8. Derivatives of salinomycin unable to downregulate MYC are also unable to upregulate CD20. (A) Comparison of the
changes in surface CD20 induced by increasing concentrations of either salinomycin (SAL) or selected SAL derivatives (derivatives
1 and 5). Raji cells were treated with either vehicle (Veh.) at low (L), medium (M), or high (H) concentrations or SAL derivatives
(concentration range, 0.01-2.5 yM). The mean fluorescence intensity (MFI) values of anti-CD20-PE detected in the case of SAL
derivative-treated cells were normalized to the MFI values corresponding to vehicle-treated cells and were presented as fold
change. The chemical structures of SAL derivatives 1 and 5 are shown in the corresponding graphs, with modifications of the SAL
structure marked in red and blue, respectively. (B) Western blotting analysis of MYC and SGK1 in Raji cells, pretreated with either
SAL, its derivatives, or vehicle (-) for 18 h. Levels of MYC (graph in the middle) and SGK1 (right graph) were quantified from 3
experiments and presented as a fold change of protein levels in SAL- or derivatives-treated cells versus levels in vehicle-treated
cells. (C) Western blotting analysis of MYC and SGK1 (left panel) in Raji cells nucleofected with RNP complexes consisting of
single guide RNA (sgRNA) targeting either MYC (sgMYC) or SGK7 (sgSGK1) and Cas9 nuclease followed by treatment with MON for
18 hours (h). For the mock nucleofection, the ribonucleoprotein (RNP) lacked sgRNA. Forty-eight hours upon nucleofection, the
MFI of CD20-PE (right panel) was quantified in Raji cells nucleofected with RNP consisting of sgRNA targeting either MYC (sgMYC
#1 and sgMYC #2) or SGK7 (sgSGK1 #1 and sgSGK1 #2) and was normalized to MFI in mock-nucleofected cells. (D) Comparison of
the upregulation of surface CD20 in Raji cells pretreated with either SAL, MYC inhibitor (10058-F4; 100-150 pM) or corresponding
vehicles for 48 h. (E) Results of the CUT&RUN protein-DNA binding assay show the binding of MYC to the MS4A7 promoter in ei-
ther vehicle- or SAL-treated Raji cells (18 h of the treatment). The reverse transcription polymerase chain reaction (RT-PCR)-am-

plified fragment of the MS4A7 promoter (from -313 to -198). *P< 0.05; "P< 0.01; **P< 0.001; **P< 0.0001

previously reported that FOXO1 (activated by the BCR sig-
naling inhibitors) acts as a negative regulator of the MS4A7
expression.® Importantly, our RNA-seq data revealed addi-
tional molecular targets of cation carriers. We demonstrate
that besides activation of the AKT kinase, SAL and MON
remarkably increase the expression of SGK1, the alternative
kinase previously reported to inhibit FOXO transcription
factors via phosphorylation.?® Thus, we demonstrate that
cation carriers simultaneously activate two negative reg-
ulators of FOXO, kinases AKT and SGK1.

Of particular interest is, however, our finding that the
treatment with SAL and MON leads to a significant drop
in the levels of MYC and a reduction in the binding to its
consensus DNA motif, E-box, which inversely correlates
with the expression of MS4A7. Indeed, we and others con-
firmed that MYC can bind to the promoter of MS4A7, where
it represses the expression of CD20.3"%43 For example,
the PIM kinase inhibitors, which decreased levels of MYC,
could upregulate CD20 antigen in a MYC-dependent fash-
ion.*® Murine primary lymphomas and immortalized human
lymphocytes upregulated CD20 upon inactivation of MYC.*3
Here, using the CUT&RUN protein-DNA binding assay, we
show that MYC binds to the MS4A7 promoter, and this bind-
ing is significantly reduced upon incubation with SAL. The
reverse transcription (RT)-PCR-amplified fragment of the
MS4A1 promoter contains the E-box-like motif sequence
CACCTG (-244 to -239 bp), which might be responsible for
the MYC binding.

We also present additional evidence of the signaling con-
nection between MYC and CD20. We found that the de-
rivatives of SAL, which cannot upregulate CD20, can also
not downregulate MYC. However, the link between MYC’s
downregulation and SAL’s or MON’s cation carrier function
is unclear. The sodium/potassium cation carriers can per-
form either non-electrogenic exchange of K* or Na* ions
for protons or serve as an electrogenic ion carrier. The
chemical modification of SAL by synthesizing ester or am-
ide derivatives can eliminate the possibility of protonation/

deprotonation of the C1 carboxylic group (COOH).** Although
some of the SAL derivatives used in this study retain the
ability to form complexes with monovalent cations, similar
to the original SAL (data not shown), they are expected to
have a reduced ability to induce cation/H* exchange and
non-electrogenic fluxes on lipid bilayers. For example,
the ester derivative of MON can transport cations mainly
in an electrogenic manner,** and the amide derivative of
SAL can also bind some divalent cations.?® Therefore, we
cannot exclude the possibility that the non-electrogenic
transport (cation/H* exchange) or binding to monovalent
cations specifically might be necessary to initiate the SAL-
and MON-induced downregulation of MYC followed by the
upregulation of CD20 antigen.

In this study, we also provided genetic evidence for MYC-de-
pendent regulation of CD20, showing that only partial
knockout of MYC is sufficient to increase the surface levels
of CD20 in Raji cells. Moreover, in the engineered P493-6
cells with Tet-OFF system for MYC regulation, CD20 antigen
can be significantly upregulated by either the treatment
with SAL and MON or by the tetracycline/doxycycline-in-
duced elimination of MYC expression. However, the fact
that SAL or MON upregulates CD20 to a higher level than
the MYC removal alone (initiated by DOX treatment) favors
the hypothesis that MYC is not the only factor responsible
for cation carrier-induced upregulation of CD20.

Overall, we reveal here that cation carriers have a unique
ability to simultaneously inhibit the activity of two essential
repressors of MS4A71 expression, namely FOXO1 and MYC.
Besides MYC and FOXO1, our RNA-seq data suggested that
SAL and MON induce changes in the activity of two other
transcription regulators, namely NF-Y and mir-181. However,
their involvement in the regulation of MS4A7 expression
requires further investigation. This study documented the
upregulation of CD20 antigen by sodium/potassium-spe-
cific cation carriers in both lymphoma cell lines and pa-
tient-derived primary CLL and DLBCL cells. The low level
of CD20 antigen on malignant cells, such as CLL cells, is a
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common problem in anti-CD20 immunotherapy. Therefore,
the employment of compounds that increase the levels of
CD20 in the therapeutic regimen could be beneficial for the
outcome of anti-CD20 mAb and CAR T-cell therapy. Here,
we validated the RTX plus cation carrier combination in
the preclinical model and reported its superior efficiency in
reducing the growth of Burkitt lymphoma in vivo. Since the
therapeutic mAb act via different molecular mechanisms,*®
we also tested the efficacy of RTX plus cation carriers in
various in vitro assays. The two main mechanisms of tumor
cell eradication by RTX, namely CDC, and ADCC, are known
to depend on the CD20 expression level.*” We demonstrate
here that SAL and MON increase the efficacy of RTX via both
mechanisms. New anti-CD20 mAb, such as OFA or obinu-
tuzumab,*® and bispecific antibodies, such as mosunetu-
zumab, epcoritamab, or glofitamab have been introduced to
the clinic. Therefore, in addition to RTX, we also tested OFA
and provided evidence for its increased cytotoxicity toward
SAL- or MON-treated tumor cells in CDC assays. However,
in our hands, the cation carrier-mediated improvement of
mAb efficacy was more evident in the case of RTX than OFA.
Additionally, we found that the beneficial effects of cat-
ion carriers are not limited only to the increase of surface
CD20. Based on the previous reports demonstrating that
the mechanisms of resistance to anti-CD20 mAb include
the increased expression of CRP, namely CD55, CD46, and
CD59, which impair the efficacy of RTX by inhibiting CDC,***°
we tested the levels of surface CD55 and CD46 (while CD59
was not expressed in Raji). Importantly, we found that SAL
and MON consistently and significantly decreased surface
CD55, which can be considered an additional therapeutic
benefit of the cation carrier’s action. In addition, our unbiased
proteome profiling of surfaceome revealed the cation carri-
er-mediated upregulation of many HLA molecules, ICAM1 and
CD40, which play an essential role in antigen presentation
and recognition of cancer cells by T or NK cells. Overall, we
concluded that cation carriers can potentially induce a more
robust immunogenicity in B-cell-derived malignancies via
upregulation of HLA molecules® and improve the cytotoxic
activity of immune cells via better recognition of cancer cells
with upregulated levels of ICAM1 or CD40. As the cytotoxic
NK cells are the executors in the ADCC mechanism of the
therapeutic mAb, we also tested other surface molecules
of cancer cells known to influence the activity of NK cells.?®
Numerous proteins known to interact with activating recep-
tors of NK cells®? were upregulated, namely CD80, CD155,
ULBP2/5/6, and CD86. This may also explain why, in our
ADCC assays, the SAL- or MON-pretreated cells, compared
to control Raji cells, were more efficiently eliminated by NK
cells, even in the absence of RTX.

In summary, due to the broad spectrum of interesting bi-
ological and pharmacological properties exhibited by SAL
and other cation carriers, nanotechnology has recently been
employed to provide SAL-based nanocarriers with increased
accumulation in tumor tissue and reduced toxicity toward

A. Torun et al.

healthy cells.?” Additionally, the natural research direction is
a chemical modification of cation carriers, which can lead to
the synthesis of unique derivatives with significantly better
biological activity and lower toxicity than those of unmodi-
fied antibiotics.?*** With the ultimate goal of bringing these
compounds to the clinic, the derivatives of SAL with chemical
modifications in positions C-1, C-20, and a few others have
already been synthesized and tested for their selective tox-
icity towards malignant cells and CSC%2%4 However, these
compounds still need to be tested for CD20-upregulating
activity, and their safety needs to be thoroughly evaluated
in preclinical and clinical models.
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