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We suggest that p38 MAPK, especially p389, activation is associated with rituximab resistance,
and deferasirox may be a candidate to overcome rituximab resistance.

Conclusion

Background/Aims: Although rituximab, an antiCD20 monoclonal antibody, has dramatically improved the clinical out-
comes of diffuse large B-cell lymphoma, rituximab resistance remains a challenge.

Methods: We developed a rituximab-resistant cell line (RRCL) by sequential exposure to gradually increasing concentrations
of rituximab in a rituximab-sensitive cell line (RSCL). When the same dose of rituximab was administered, RRCL showed a
smaller decrease in cell viability and apoptosis than RSCL. To determine the differences in gene expression between RSCL
and RRCL, we performed next-generation sequencing.

Results: In total, 1,879 differentially expressed genes were identified, and in the over-representation analysis of Consensus-
PathDB, mitogen-activated protein kinase (MAPK) signaling pathway showed statistical significance. MAPK13, which encodes
the p386 protein, was expressed more than four-fold in RRCL. Western blot analysis revealed that phosphop38 expression
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was increased in RRCL, and when p38 inhibitor was administered, phosphop38 expression was significantly decreased.
Therefore, we hypothesized that p38 MAPK activation was associated with rituximab resistance. Previous studies have sug-
gested that p38 is associated with NF-kB activation. Deferasirox has been reported to inhibit NF-kB activity and suppress
phosphorylation of the MAPK pathway. Furthermore, it also has cytotoxic effects on various cancers and synergistic effects
in overcoming drug resistance. In this study, we confirmed that deferasirox induced dose-dependent cytotoxicity in both
RSCL and RRCL, and the combination of deferasirox and rituximab showed a synergistic effect in RRCL at all combination
concentrations.

Conclusions: We suggest that p38 MAPK, especially p386, activation is associated with rituximab resistance, and defera-

sirox may be a candidate to overcome rituximab resistance.
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INTRODUCTION

Diffuse large B-cell lymphoma (DLBCL) is the most common
type of non-Hodgkin lymphoma (NHL), accounting for over
40% NHL cases in Korea [1]. DLBCL is an aggressive lym-
phoma, and appropriate treatment is required at the time
of diagnosis. Rituximab, a monoclonal antibody that targets
the CD20 B-cell antigen, was developed, and the combi-
nation of rituximab with other cytotoxic drugs, such as cy-
clophosphamide, doxorubicin, vincristine, and prednisone
(R-CHOP) resulted in a dramatic improvement in therapeutic
outcomes [2]. Therefore, the R-CHOP regimen is currently
the standard first-line treatment for DLBCL. Although over
60% of DLBCL patients can be cured with R-CHOP chemo-
therapy, 30-40% of patients are still refractory to therapy or
relapse after the initial response [3]. Despite various salvage
treatment options, including salvage chemotherapy and
autologous hematopoietic stem cell transplantation, these
patients exhibit poor prognosis, and this is a major unmet
medical need [4,5].

Rituximab resistance is defined as overt disease progres-
sion, insufficient response to a rituximab-containing regi-
men, or progression within 6 months after treatment with
rituximab. Because rituximab is usually used with other cy-
totoxic drugs, and the contribution of rituximab cannot be
clearly assessed, it is difficult to determine the true incidence
of rituximab resistance. Nevertheless, a significant propor-
tion of patients with relapsed refractory DLBCL are thought
to be resistant to rituximab [6].

Previous studies have demonstrated several potential mech-
anisms of rituximab resistance: downregulation of CD20
expression, resistance to complement-dependent cytotox-
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icity, resistance to antibody-dependent cellular cytotoxici-
ty, and resistance to apoptosis [6-11]. However, the exact
mechanism of rituximab resistance has not yet been clearly
elucidated, and additional agents for overcoming rituximab
resistance have not yet been presented.

Deferasirox, an orally administered iron chelator, showed
anticancer effects in various cancers, and our previous study
demonstrated that deferasirox induced apoptosis in lym-
phoma cell lines [12,13].

Based on these results, we attempted to elucidate the
mechanism of rituximab resistance using a rituximab-resis-
tant cell model and present candidate substances to over-
come rituximab resistance.

METHODS

Cell line and the development of rituximab-
resistant cell line (RRCL)

This study was conducted using the rituximab-sensitive hu-
man activated B-cell-like-DLBCL cell line, NU-DUL-1. The
NU-DUL-1 cell line was purchased from American Type
Culture Collection (Manassas, VA, USA). The cells were
maintained in the Roswell Park Memorial Institute Medium
1,640 supplemented with 10% fetal bovine serum and pen-
icillin-streptomycin (100 U/mL) at 37°C and 5% CO, in a hu-
midified incubator. Human serum, a source of complement,
was purchased from Sigma-Aldrich (St. Luis, MO, USA).

To develop resistant cell lines, the naive cell line was grad-
ually exposed to an escalating dose of rituximab (0.1-128
ug/mL). After 24 h of incubation with a specific dose of rit-
uximab and human serum, cells were centrifuged and main-
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Figure 1. Cell viability analysis of rituximab-sensitive and ritux-
imab-resistant cell lines (treated with rituximab). The rituximab-re-
sistant cell line, which was gradually exposed to an escalating
dose of rituximab, showed statistically less decreased cell viability
than the rituximab-sensitive cell line at the same concentration of
rituximab (p < 0.0001).
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tained in fresh growth medium for several days. Once the
log phase of growth was reached, the same process was
repeated with an escalating dose of rituximab 10 times [9].

Drugs and reagents

AntiCD 20 monoclonal antibody, rituximab (Mabthera), was
provided by Roche (Basel, Switzerland). Deferasirox and SB
203580 were purchased from Sigma-Aldrich. BIRB 796 was
purchased from MedChemExpress (Princeton, NJ, USA).
Primary antibodies were purchased from Cell Signaling
Technology (Beverly, MA, USA; antibodies against Erk1/2,
phosphokrk1/2, SAPK/INK, phosphoSAPK/INK, p38 mito-
gen-activated protein kinase [MAPK], phosphop38 MAPK,
phosphoNF-kB, antipoly [ADP-ribose] polymerase [PARP],
and Bcl-2) and BD Biosciences (San Jose, CA, USA; antibody

104 §

1277

1089 ..

102

10" = et
Q3
e 2.41
100 :
DL B R e m kLl |
100 10 102 10% 10*
104 3
—: Q1 Q2
10.93 6.41
1033 7
102 = i b .L} '.

10" =

Q3
1.29

SR, INIES F R ———
100 10' 102 10° 104

»
o

Annexin V-FITC

Figure 2. Early and late apoptosis in rituximab-sensitive and rituximab-resistant cell lines. Cell lines were treated with rituximab (10 pg/
mL) for 48 hours and annexin V/PI staining was analyzed using flow cytometry. (A) Rituximab-sensitive cell line, before administration of
rituximab (left), 48 hours after administration of rituximab (right). (B) Rituximab-resistant cell line, before administration of rituximab (left),
and 48 hours after administration of rituximab (right). FITC, fluorescein 5(6)-isothiocyanate; PI, propidium iodide.
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against B-actin). The secondary antibodies were purchased
from Jackson ImmunoResearch (West Grove, PA, USA; an-
ti-mouse immunoglobulin (Ig)G and anti-rabbit IgG).

Cell viability test

Cell viability was evaluated using the EZ-cytox Cell Viability
Assay Kit (Water water-soluble tetrazolium salt, 4-[3-(4-io-
dophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1, 3-benzene
disulfonate) (Daeillab service, Seoul, Korea). Cells were
seeded in 96-well plates (2.0 x 10 cells per well), and var-
ious concentrations of rituximab (0-80 pg/mL), deferasirox
(0-25 pM), or rituximab and deferasirox were administered
with 20% human serum. After 48 hours of incubation, 10
uL of the kit reagent was added to each well, and the cells

Color key
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were further incubated for 4 hours. Absorbance was mea-
sured at 450 nm using a SpectraMax 190 Microplate Reader
(Molecular Devices, San Jose, CA, USA).

Apoptosis analysis

Rituximab-resistant cells were treated with the same con-
centration of rituximab (10 pg/mL) and human serum.
Treated cells were stained with a FITC-conjugated Annex-
in V apoptosis detection kit (BD Biosciences) and analyzed
through flow cytometry using a Navios EX Flow Cytometer
(Beckman Coulter, Pasadena, CA, USA).

Next-generation sequencing (NGS)
Total RNA was extracted from previously collected ritux-
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Figure 3. Heat map of the one-way hierarchical clustering. In total, 1,897 genes satisfied with Ifold changel > 2 and p < 0.05 using

z-score for normalized value.
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imab-sensitive cell line (RSCL) and RRCL using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA). The library was construct-
ed using the TruSeq Stranded Total RNA LT Single Prep Kit
(Gold) and mapped to the reference genome (GRCh37)
using HISAT version 1.10 and Bowtie2 aligner 2.3.4.1.
Transcript assembly was performed using StringTie, version
2.1.3b. The fragment counts were measured in units of
reads per kilobase of transcript per million mapped reads
(RPKM). The values of log,(RPKM+1) were calculated for
differentially expressed gene (DEG) analysis, and DEG was
analyzed using DESeq_2.

Western blot analysis

Whole cells were solubilized in mammalian protein ex-
traction reagent (ThermoFicher Scientific, BRIMS, Camb-
dridge, MA, USA) supplemented with protease inhibitor
cocktail tablets (Roche®, Indianapolis, IN, USA). The super-

Table 1. Over representation analysis of ConsensusPathDB

Pathway

Alzheimers disease

Alzheimer disease - Homo sapiens (human)
Glycosphingolipid biosynthesis - lactoseries
Scavenging of heme from plasma
Legionellosis - Homo sapiens (human)
Clathrin-mediated endocytosis

Signaling events mediated by PRL

Pertussis - Homo sapiens (human)

MAPK signaling pathway

Glycosphingolipid biosynthesis - lacto and neolacto series -
Homo sapiens (human)

Photodynamic therapy-induced unfolded protein response
Triacylglycerol biosynthesis

Vesicle-mediated transport

Classical antibody-mediated complement activation
Tuberculosis - Homo sapiens (human)

GnRH signaling pathway - Homo sapiens (human)
Monoamine transport

Hematopoietic cell lineage - Homo sapiens (human)
Vitamin D receptor pathway

Creation of C4 and C2 activators

PRL, prolactin.
Twenty signaling pathways showed statistically significance
(p < 0.05).
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natant was collected after centrifugation (15,000 x g, 4°C,
15 min), and protein concentrations were measured using
a BCA Protein Assay Kit (Thermo Scientific, Rockford, IL,
USA). Equal quantities of protein were electrophoresed on
a Novex WedgeWell Trisglycine gel (ThermoFicher Scientific,
BRIMS) and transferred onto nitrocellulose membranes (Bio-
Rad Laboratories, Richmond, CA, USA). The membranes
were blocked with phosphate-buffered saline containing
0.2% Tween 20 and 5% nonfat dry milk and incubated
overnight at 4°C with primary antibodies against the follow-
ing proteins: ERK1/2, phosphoERK1/2, SAPK/INK, phospho-
SAPK/INK, p38 MAPK, phosphop38 MAPK, phosphoNF-«B,
PARP, Bcl-2, and [B-actin. The membranes were then incu-
bated with the following horseradish peroxidase-conjugat-
ed secondary antibodies: antirabbit IgG and antimouse IgG.

Table 2. Differentially expressed genes related to MAPK
pathway

Gene

Smie) Description

CACNATF Calcium voltage-gated channel subunit alphat F

CACNB3 Calcium voltage-gated channel auxiliary subunit
beta 3

GADD45A  Growth arrest and DNA damage inducible alpha

DDIT3 DNA damage inducible transcript 3

FGFR4 Fibroblast growth factor receptor 4

FLT3 Fms related tyrosine kinase 3

FLT3LG Fms related tyrosine kinase 3 ligand

FOS Fos prot.o-oncogene, AP-1 transcription factor
subunit

HSPAS Heat shock protein family A (Hsp70) member 8

IL1B Interleukin 1 beta

MAPT Microtubule associated protein tau

MAPK13 Mitogen-activated protein kinase 13

RASGRE2 Ras protein specific guanine nucleotide releasing
factor 2

RPS6KA2 Ribosomal protein S6 kinase A2

RRAS RAS related

TNFRSFIA TNF receptor superfamily member 1A

PLA2G4C Phospholipase A2 group IVC

MAP3K6 Mitogen-activated protein kinase kinase kinase 6

MAPKSIP2 M;’trcz)%eeig-;ctivated protein kinase 8 interacting

CACNA2D4  Calcium voltage-gated channel auxiliary subunit

alpha2delta 4
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The immunoblots were visualized using enhanced chemilu-
minescence solution (DoGenBio, Seoul, Korea) and exposed
to X-ray film.

Statistical analysis

Data analysis was performed using GraphPad Prism 5.0
(GraphPad Software, San Diego, CA, USA). The data were
analyzed using student’s t-test, and statistical significance
was defined as a p value < 0.05.

RESULTS

Development of rituximab-resistant cell line
We developed a RRCL by sequential exposure to rituximab
in human serum. To determine whether rituximab resistance
was obtained, cell viability was confirmed after administra-
tion of various concentrations of RSCL and RRCL. Rituximab
caused a dose-dependent reduction in the viability of both
cell lines. After treatment with rituximab 8 ug/mL, the viabil-
ity of RRCL cells was reduced to 60%, whereas that of RSCL
cells was reduced to 8.7%. Cell viability was significantly
reduced in RSCL compared to RRCL at all concentrations
(p < 0.0001) (Fig. 1). Analysis of apoptosis using annex-
in V/PI staining also showed similar results. Both cell lines
were treated with rituximab (10 pg/mL) and human serum
(20%) for 48 hours, and RRCL showed decreased early and
late apoptosis compared with RSCL (Fig. 2). These results
revealed that the cells that were gradually exposed to an
escalating dose of rituximab acquired rituximab resistance.

Differences in gene expression and protein
expression between rituximab-sensitive and
rituximab-resistant cell lines

To determine the differences in gene expression between
RSCL and RRCL, we performed NGS. A total of 1,879 DEGs
were identified in RRCL compared to RSCL (Ifold changel >
2 and p < 0.05) (Fig. 3). Subsequently, we applied Consen-
susPathDB (CPDB) to the 1,879 genes to determine which
functional signaling pathway was associated with rituximab
resistance. In the over-representation analysis of CPDB, 20
pathways showed statistical significance (g-value < 0.1)
(Table 1). As the MAPK signaling pathway is known to be
associated with cell survival and tumorigenesis, we identi-
fied DEGs related to the MAPK signaling pathway (Table 2).
MAPK13, which encodes the p38& protein, was expressed
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more than four-fold in RRCL.

We then performed western blot analysis for the major
proteins of the MAPK pathway and found that phosphop38
expression was increased in RRCL (Fig. 4). There were four
isoforms of p38 MAPK (o, B, y, and &), which are known
to be different MAPK subgroups, so we performed west-
ern blot analysis after administration of two kinds of p38
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Figure 4. The phosphop38 MAPK expression was activated in
rituximab-resistant cell line. Western blot analysis revealed that
phosphop38 expression was increased in rituximab-resistant cell
line. B-actin was used as the loading control.
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Figure 5. Western blot analysis of rituximab-resistant cell line
treated with p38 inhibitor. (A) When SB205380 was administered,
the phosphop38 expression was slightly decreased compared
to control, which was not administered with any drugs. (B) The
phosphop38 expression was significantly decreased when BIRB
796 was administered, and the Bcl-2 expression was decreased
when rituximab-resistant cell line was treated with rituximab and
BIRB 796.
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inhibitors: SB205380, an o and B selective p38 inhibitor
and BIRB 796, a panp38 inhibitor. When SB205380 was
administered, phosphop38 expression slightly decreased
compared to that in controls, who were not administered
any drugs. However, phosphop38 expression significantly
decreased when BIRB 796 was administered (Fig. 5). There-
fore, we elucidated that p38 & expression was increased in
RRCL, and that p38 MAPK activation was associated with
rituximab resistance.
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Figure 6. Cell viability analysis of rituximab-sensitive cell line and
rituximab-resistant cell line, treated with deferasirox. Both ritux-
imab-sensitive cell line and rituximab-resistant cell line showed a
dose-dependent reduction in cell viability with deferasirox, and
there was no significant difference between the two cell lines
(p = 0.4481).
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Figure 7. Cell viability analysis of rituximab-resistant cell line,
treated with rituximab and deferasirox. rituximab-resistant cell
line was treated with gradually increasing concentrations of rit-
uximab (0-10 pg/mL) with 10 uM deferasirox. Cell viability of
rituximab-resistant cell line was significantly reduced at all of the
combination concentrations when rituximab and deferasirox were
coadministered than when rituximab was administered alone
(p < 0.0001).

https://doi.org/10.3904/kjim.2023.134

KJIM™

Cotreatment with deferasirox and rituximab
reduced cell viability in rituximab-resistant
cell line

Since deferasirox, an orally administered iron chelator, is also
known to suppress phosphorylation of the MAPK pathway
and inhibit NF-kB activity, we hypothesized that deferasirox
could be a candidate for overcoming rituximab resistance.
Deferasirox caused a dose-dependent reduction in cell via-
bility in both RSCL and RRCL, and there were no significant
differences between the two cell lines (p = 0.4481) (Fig. 6).
To determine the combined effects of deferasirox and ritux-
imab, RRCL was treated with gradually increasing concentra-
tions of rituximab (0-10 pg/mL) alone or in combination with
10 uM deferasirox. When RRCL was treated with 1.25 ug/
mL rituximab only, 56.6% of the cells survived, but when
treated with 1.25 pg/mL rituximab and 10 pM deferasirox,
only 28.3% of the cells survived. Cell viability of RRCL was
significantly reduced at all of the combination concentra-
tions when rituximab and deferasirox were coadministered
compared to when rituximab was administered alone
(p <0.0001) (Fig. 7).

To determine whether there was a synergistic effect of
the two drugs, the Chou-Talalay combination index (Cl)
was performed using CompuSyn software. The Cl for defer-
asirox and rituximab was < 1 (0.43-0.68) at all combination
concentrations, indicating that the combination of defera-
sirox and rituximab had a synergistic effect.

DISCUSSION

The acquisition of rituximab resistance is a major unmet
medical need in patients with DLBCL. Potential mechanisms
of rituximab resistance have been presented, including
downregulation of CD20 expression, resistance to comple-
ment-dependent cytotoxicity, resistance to antibody-depen-
dent cellular cytotoxicity, and resistance to apoptosis [6-11];
however, despite its importance, the exact mechanism of
resistance to rituximab has not yet been clarified. Several
previous studies have attempted to elucidate the mecha-
nisms of rituximab resistance using B-cell lymphoma cells
that acquired rituximab resistance. They presented that rit-
uximab resistant cells showed hyperactivation of p38 MAPK,
NF-kB, ERK 1/2, and AKT pathway and overexpression of
antiapoptotic proteins, and that eventually led to rituximab
resistance [14,15].
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In this study, we developed a RRCL by exposure to grad-
ually increasing concentrations of rituximab and attempted
to elucidate the mechanism of rituximab resistance. NGS
results showed that gene expression related to the MAPK
pathway was activated, and phosphop38 protein expres-
sion was increased in RRCL. Phosphop38 protein expression
was decreased when the panp38 inhibitor was administered
compared to when the a, B selective p38 inhibitor was ad-
ministered. Therefore, we suggest that acquired rituximab
resistance is associated with p38 MAPK pathway activation,
especially that of p385, in vitro.

The MAPK pathway is associated with cell survival, and
hyperactivation of the p38 MAPK pathway has been ob-
served in various tumors, including hematological malignan-
cies. Vega et al. [16] demonstrated that rituximab inhibited
the p38 MAPK pathway in NHL cell lines, and Pederson et al.
[17] also reported that rituximab-induced apoptosis was de-
pendent on p38 MAPK pathway activation in B-cell chron-
ic lymphocytic leukemia. Several studies have shown that
constitutive activation of p38 MAPK in DLBCL cells or tissue
biopsy samples is associated with lymphomagenesis [18].
Patients with tumor tissues with high phosphop38 MAPK
expression showed poor prognosis, and the expression of
phosphop38 was revealed as an independent prognostic
risk factor [19].

Vega et al. reported that rituximab inhibited p38 MAPK
and NF-kB activity, and that the p38 MAPK pathway was re-
lated to the activation of NF-kB and acted as a chemoresis-
tant factor. They also demonstrated that rituximab inhibits
cell survival through the p38 MAPK and NF-kB pathways in
a xenographic model, suggesting that these pathways are
targets for overcoming rituximab resistance. Subsequently,
they reported that p38 MAPK inhibitors augmented apop-
tosis and induced chemosensitization in rituximab-resis-
tant B-NHL cells by the combination of antiCD20-hITN-a
[16,19-21]. Furthermore, sustained NF-kB activation was
well known to be associated with various hematologic ma-
lignancies, including DLBCL, and was related to resistance to
chemotherapy [22-24]. These results support our hypothe-
sis that acquired rituximab resistance is associated with p38
MAPK pathway activation and linked to the NF-kB pathway.

Previous studies identified that deferasirox, an orally ad-
ministered iron chelator, inhibit NF-kB activity and suppress
the phosphorylation of the MAPK pathway [21,22]. Iron
is an essential element for DNA synthesis and cell prolifer-
ation, and several studies have shown that iron chelators
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have anticancer effects, and induce hematologic improve-
ment in hematologic diseases, such as myelodysplastic
syndrome and myeloid leukemia [12,25-27]. Our previous
study showed that deferasirox induced apoptosis in human
lymphoma cell lines [13]. Furthermore, in our previous stud-
ies, we developed tyrosine kinase resistant chronic myeloid
leukemia (CML) cell lines by sequential exposure to gradual-
ly increasing concentrations of drug, and demonstrated that
cotreatment with deferasirox and imatinib downregulated
NF-kB activity and exerted a synergistic effect in imatinib-re-
sistant CML cell line [28,29].

Deferasirox is widely used to reduce iron overload in he-
matologic malignancy patients with high transfusion re-
quirements in clinical practice and is easily taken orally and
well tolerated. Therefore, we assumed that deferasirox could
be used relatively safely in combination with other drugs.

Based on these results, we attempted to confirm the cy-
totoxic effects of deferasirox in our cell lines. Deferasirox
induced dose-dependent cytotoxicity in both RSCL and
RRCL, and the combination of deferasirox with rituximab
showed a synergistic effect in RRCL at all combination con-
centrations. Therefore, we suggest that deferasirox may be
a candidate for overcoming rituximab resistance. However,
although deferasirox showed dose-dependent cytotoxicity
in RRCL and a synergistic effect with rituximab, p38 and
NF-kB expression did not change after the administration of
deferasirox, and the exact mechanism was not elucidated.

A limitation of this study is that we did not clearly iden-
tify the exact mechanism of synergistic effects of the two
drugs. Therefore, further experiments are required to de-
fine the detailed up- and downstream signaling pathway
components. Since several studies have also suggested that
altered iron metabolism leads to modification of the tu-
mor microenvironment, including the anti-tumor immune
response, further evaluation of pro-inflammatory markers
and oxidative stress associated with iron overload might be
considered.

KEY MESSAGE

1. We suggest that p38 MAPK, especially p386, acti-
vation is associated with rituximab resistance, and
deferasirox may be a candidate to overcome ritux-
imab resistance.
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