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Activation of unfolded protein response overcomes Ibrutinib
resistance in diffuse large B-cell lymphoma
Xiao-tuan Zhang1,2, Xiao-bei Hu1, Han-lin Wang1,2,3, Wei-juan Kan1, Lei Xu1,2,4, Zhi-jia Wang1,5, Yu-qi Xiang1,2,4, Wen-biao Wu1,2,6,
Bo Feng1,5, Jia-nan Li1, An-hui Gao1, Tian-cheng Dong1, Chun-mei Xia1, Yu-bo Zhou1,2 and Jia Li1,2,4

Diffuse large B-cell lymphoma (DLBCL) is the most widespread type of non-Hodgkin lymphoma (NHL). As the most aggressive form of
the DLBCL, the activated B-cell-like (ABC) subtype is often resistant to standard chemotherapies. Bruton’s tyrosine kinase (BTK) inhibitor
ibrutinib provides a potential therapeutic approach for the DLBCL but fails to improve the outcome in the phase III trial. In the current
study, we investigated the molecular mechanisms underlying ibrutinib resistance and explored new combination therapy with
ibrutinib. We generated an ibrutinib-resistant ABC-DLBCL cell line (OCI-ly10-IR) through continuous exposure to ibrutinib. Transcriptome
analysis of the parental and ibrutinib-resistant cell lines revealed that the ibrutinib-resistant cells had significantly lower expression of
the unfolded protein response (UPR) marker genes. Overexpression of one UPR branch-XBP1s greatly potentiated ibrutinib-induced
apoptosis in both sensitive and resistant cells. The UPR inhibitor tauroursodeoxycholic acid (TUDCA) partially reduced the apoptotic rate
induced by the ibrutinib in sensitive cells. The UPR activator 2-deoxy-D-glucose (2-DG) in combination with the ibrutinib triggered even
greater cell growth inhibition, apoptosis, and stronger calcium (Ca2+) flux inhibition than either of the agents alone. A combination
treatment of ibrutinib (15mg·kg−1·d−1, po.) and 2-DG (500mg/kg, po, b.i.d.) synergistically retarded tumor growth in NOD/SCID mice
bearing OCI-ly10-IR xenograft. In addition, ibrutinib induced the UPR in the sensitive cell lines but not in the resistant cell lines of the
DLBCL. There was also a combined synergistic effect in the primary resistant DLBCL cell lines. Overall, our results suggest that targeting
the UPR could be a potential combination strategy to overcome ibrutinib resistance in the DLBCL.

Keywords: DLBCL; BTK inhibitor; ibrutinib resistance; UPR; TUDCA; 2-DG

Acta Pharmacologica Sinica (2021) 42:814–823; https://doi.org/10.1038/s41401-020-00505-3

INTRODUCTION
Diffuse large B-cell lymphoma (DLBCL) is the most common type
of non-Hodgkin lymphoma (NHL), accounting for ~30%–40%
of NHL worldwide [1]. Although DLBCL is classified into activated
B-cell–like (ABC), germinal-center B-cell–like (GCB), and primary
mediastinal B-cell lymphoma (PMBL), an additional 15%–30%
of cases remain unclassified. These subgroups have distinct
gene expression profiles, oncogenic aberrations, and clinical
outcomes [2]. ABC-DLBCL is characterized by chronically active
B-cell receptor (BCR) signaling that can be modulated by
Bruton’s tyrosine kinase (BTK) activity. A phase I/II clinical trial
of the single-agent ibrutinib, the first-in-class orally available
covalent BTK inhibitor for relapsed and refractory DLBCL
patients, led to a complete or partial response in 37% of
ABC-DLBCL patients [3]. Despite these encouraging results,
combination therapy of ibrutinib with rituximab plus cyclopho-
sphamide, doxorubicin, vincristine, and prednisone (R-CHOP)
used in a phase III clinical trial failed to meet the criteria by the
primary endpoint to be considered a frontline treatment for
patients with newly diagnosed DLBCL [4].

Ibrutinib has demonstrated clinical efficacy in several B-cell
malignancies, including chronic lymphocytic leukemia (CLL),
mantle cell lymphoma (MCL), and Waldenström’s macroglobuli-
nemia (WM) [5, 6]. The overall response rate of ibrutinib in older
patients was 90.5%, 68%, and 71% for WM, MCL, and CLL/small
lymphocytic lymphoma (SLL), respectively [7]. Since ibrutinib was
approved as a first-line treatment for patients with CLL in 2016,
most patients have shown primary resistance or developed
secondary resistance. Resistance mechanisms against ibrutinib
were also identified in DLBCL. The different compositions of the
CD79A/B and MYD88 mutation types led to different clinical
responses to ibrutinib therapy [3]. Ibrutinib resistance was induced
by CD79B overexpression via the activation of the AKT and/or
MAPK pathway(s) [8] or downregulation of FOXO3a and PTEN
levels and activation of AKT [9]. Higher BCL2 gene expression [10]
or upregulated PIM1 expression [11] was also related to ibrutinib
resistance in ABC DLBCL. Unfortunately, ibrutinib is not currently
approved for the treatment of DLBCL. Moreover, the intrinsic
mechanisms of ibrutinib resistance in the clinical treatment of
DLBCL remain largely unknown.
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To further explore ibrutinib resistance mechanisms in DLBCL, an
ibrutinib-resistant ABC-DLBCL cell line was generated by pro-
longed exposure to ibrutinib. We compared the cDNA microarray
profile of parental sensitive and derived resistant cells to identify
the key gene signature relevant to ibrutinib resistance in DLBCL.
These results provide, for the first time, a rationale for combining
BTK inhibition and UPR activation in the treatment of DLBCL.
Targeting the UPR-related pathway might be a novel strategy to
kill malignant B cells and overcome ibrutinib resistance in DLBCL.

MATERIALS AND METHODS
Reagents
Ibrutinib (HY-10997), acalabrutinib (ACP-196, HY-17600), LBH589
(HY-10224), SAHA (HY-10221), AZD7762 (HY-10992), 2-deoxy-D-
glucose (2-DG, HY-13966), tunicamycin (TM, HY-A0098), baricitinib
(HY-15315), ruxolitinib (HY-50856), and MLN120B (HY-15473) were
purchased from MedChemExpress (MCE.) The following antibodies
were used: anti-CHOP (NB600-1335, Novus), anti-XBP1s (A1731,
ABclonal), anti-BCL2 (3498s, CST), anti-BCLXL (2764, CST), anti-
MCL1 (39224S, CST), anti-PARP (9542s, CST), anti-GAPDH (2118s,
CST), anti-β-actin (AM1021b, ABGENT), goat anti-mouse secondary
antibodies or goat anti-rabbit secondary antibodies (926–32211,
Odyssey), goat anti-human IgM (109-006-129, Fc5µ fragment
specific, Jackson ImmunoResearch Laboratories), and Fluo-4 NW
Calcium Assay Kits (36206, Invitrogen).

Cell lines and culture conditions
OCI-ly10, an ABC-DLBCL cell line, was obtained from the American
Type Culture Collection (ATCC) (Manassas, VA, USA) and main-
tained at 37 °C in Iscove’s modified Dulbecco’s medium supple-
mented with 20% fetal bovine serum (FBS) (GIBCO) and 100 U/mL
penicillin and 100 µg/mL streptomycin. The SU-DHL-2, Toledo, SU-
DHL-8, and Pfeiffer DLBCL cell lines were obtained from ATCC and
cultured in RPMI-1640 medium supplemented with 10% FBS, 100
U/mL penicillin, and 100 µg/mL streptomycin (Invitrogen, USA).
The TMD8 and HBL1 DLBCL cell lines were generously provided by
Dr Lynn Wang (University of Chicago). In addition, all cell lines
were frequently tested and determined to be mycoplasma-free
(Shanghai Life iLab Biotechnology Co., Ltd.). All human cell lines
were authenticated using STR profiling (Shanghai Genesky
Biotechnology Co., Ltd.).

Induction of ibrutinib-resistant ABC-DLBCL cells
Ibrutinib-resistant (IR) cells were derived from an original parental
cell line (OCI-ly10) by continuous exposure to gradually increased
ibrutinib concentrations (1–400 nM). This development period was
carried out for ~12 months. Vials of the treated cells were frozen
after each increase in drug concentration. Before subsequent
experiments, the cells were maintained in drug-free growth
medium for at least 1 week. The cell line identities were confirmed
using a short tandem repeat DNA analysis.

Cell viability assay
Briefly, 90 μL of cells (2 × 104 cells/well) were seeded into 96-well
plates. After 2 h of incubation, the cells were treated with 10 μL of
0.01% DMSO or varying concentrations of the test compounds for
72 h. Cell viability was measured using the CellTiter 96® AQueous

nonradioactive cell proliferation assay (MTS; Promega, Madison,
WI). The combined solution of MTS/PMS (20 μL) was pipetted into
each well of the 96-well plates and incubated at 37 °C for 2–4 h.
Optical density was determined at 490 nm (background values
measured at 690 nm were subtracted) using a SpectraMax 340
microplate reader (Molecular Devices, Sunnyvale, CA, USA). The
growth inhibition ratio was calculated as follows:
Growth inhibition ratio= (ODcontrol−ODsample)/ODcontrol.
The IC50 values were derived from a nonlinear regression model

(curve fit) based on a sigmoidal dose-response curve (variable

slope) and computed using GraphPad software. The results are
presented as the mean ± SEM from at least three separate assays
performed in triplicate.

DNA sequencing and analysis
Qualified genomic DNA from the OCI-ly10 and OCI-ly10-IR cells
was prepared for whole-exome sequencing (WES) by Novogene
Co., LTD. Briefly, 0.6 μg of genomic DNA per sample was used as
input material for the DNA sample preparation. Sequencing
libraries were generated using the Agilent SureSelect Human All
Exon kit (Agilent Technologies, CA, USA) following the manufac-
turer’s recommendations. They were sequenced on an Illumina
HiSeq platform, and 150 bp paired-end reads were generated.
SAMtools [12] mpileup and BCFtools were used for variant calling
and identifying single-nucleotide polymorphism (SNPs) and
insertion–deletion (Indels). Somatic single-nucleotide variant
(SNVs) were detected with muTect [13] and somatic indels with
Strelka [14]. The control-FREEC tool [15] was used to detect
somatic copy-number variation (CNVs).

Microarray hybridization and analysis
Total RNA from the OCI-ly10 and OCI-ly10-IR cells was extracted
using TRIzol reagent (TaKaRa, #9109) according to the manufac-
turer’s instructions. The RNA quality was assessed on an Agilent
2100 Bioanalyzer. To ensure biological confidence, three indepen-
dent experiments were performed. Amplified RNA was prepared
with an Affymetrix GeneChip 3′ IVT expression kit according to the
kit protocol. Amplified RNA was purified, fragmented, and
hybridized with a microprobe. After hybridization, the GeneChip
PrimeView Human array (Affymetrix, 901838) was washed, dyed,
and finally scanned to obtain pictures and original data. Gene sets
that differed by age groups were considered significant at a false
discovery rate (FDR) < 0.05. Pathway analysis of the selected genes
was performed using a fold-change > 1.5 (or <−1.5). Pathway
relationships were determined using Ingenuity Pathway Analysis
(IPA) software (Ingenuity Systems). Upstream regulator analysis
based on the IPA results was used to identify any molecule that
affects the expression or function of the measured downstream
target genes. Gene set enrichment analysis (GSEA) [16] was
performed using the entire list of genes.

RNA isolation and reverse transcription reaction
Total cellular RNA was isolated from transfected cells using TRIzol
reagent (Invitrogen) according to the manufacturer’s instructions.
RNA was reverse transcribed by PrimeScript™ RT master mix
(TaKaRa, #RR037A) according to the manufacturer’s protocol. The
RNA concentration and integrity were tested using a NanoDrop
1000 UV/VIS spectrophotometer (Thermo Scientific, Wilmington,
DE, USA). Total RNA (2.5 μg) was reverse transcribed using
PrimeScript Reverse Transcriptase (TaKaRa, Dalian, China).

Real-time quantitative PCR
Real-time quantitative PCR was performed on an Mx3005P system
(Agilent, CA, USA) following the manufacturer’s instructions.
Amplification was initiated at 95 °C for 5min followed by 40 cycles
of denaturation at 95 °C for 30 s, annealing at 60 °C for 30 s, and
extension at 72 °C for 30 s using AceQ® Universal SYBR quantitative
PCR master mix (Vazyme, #Q511-02). Samples were analyzed in
duplicate and normalized to actin expression using the 2−ΔΔCt

method [17]. Primer sequences are listed in Supplementary Table 1.

Western blotting
Briefly, cells were washed with ice-cold PBS and lysed with RIPA
buffer for 30 min. Protein-matched lysates were boiled in Laemmli
sample buffer (Bio-Rad, #161-0747). Equal amounts of protein
were separated using SDS-PAGE and subsequently transferred
onto a nitrocellulose membrane. The membranes were blocked
with TBST buffer with 5% nonfat dry milk and incubated with
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primary anti-human antibody followed by secondary antibody.
The proteins of interest were visualized using the LI-COR infrared
imaging system (Odyssey).

Adenovirus transduction
OCI-ly10 and OCI-ly10-IR cells were seeded into a 24-well plate
(1 × 106 cells/well) and transfected with a spliced XBP1 recombi-
nant adenovirus vector (Ad-XBP1s) and negative green fluorescent
protein (GFP) control adenovirus (Ad-GFP) in suspension. The
adenovirus was a kindly gift from Professor Yong Liu (Wuhan
University) [18]. The plates were sealed tightly and centrifuged at
the low speed of 800 × g for 90 min in a flat fillet centrifuge. After
centrifugation, the transduced cells were incubated at 37 °C for
24 h. GFP expression was examined 2 days after transduction
using fluorescence microscopy. The transduced cells were used for
cell growth inhibition or apoptosis assays.

Quantification of apoptosis
After drug treatment, the cells were washed twice with ice-cold
PBS. Annexin V-APC reagent (Apoptosis Detection Kit; KeyGen)
was diluted with Annexin V binding buffer at a ratio of 1:100 and
added to each sample. After 5–15min of incubation on ice in the
dark, propidium iodide (PI) solution was added to each sample
and immediately analyzed using flow cytometry (BD FACSCalibur).
Data were analyzed using FlowJo software (Tree Star, Inc.).

Drug synergy analysis
Drug synergy was assessed online (https://synergyfinder.fimm.fi/
synergy) using a Bliss independence model [19].

Calcium flux assay
Cells (1 × 105 cells/well) in a 384-well plate were incubated with the
vehicle (dimethyl sulfoxide) or the indicated drug and 2 μM Fluo-4
NW solution for 30min with 5% CO2 at 37 °C and for an additional
30min at room temperature. While cells were incubated at room
temperature, the agonist anti-IgM was diluted with assay buffer to
10 μg/mL. Assay buffer without anti-IgM was used for the control.
Finally, the signal was captured using FDSS7000 (Hamamatsu A115)
with excitation at 494 nm and emission at 516 nm wavelengths.
After BCR stimulation with the anti-IgM treatment, fluorescence
measurements were captured for an additional 4min. The calcium
(Ca2+) release signal was quantified using GraphPad software.

Xenograft study
Female NOD/SCID mice (17–19 g and 6–8 weeks old) were
purchased (Jihui Laboratory Animal Care Co., Ltd, Shanghai,
China) and used for tumor xenografts. The Institutional Animal
Care and Use Committee (IACUC) of the Shanghai Institute of
Materia Medica approved this project. The research was con-
ducted in compliance with the Animal Welfare Act. The mice were
maintained at the Shanghai Institute of Materia Medica Animal
Facility. the OCI-ly10 cells (1 × 107) and OCI-ly10-IR cells (1 × 107) at
a 1:1 PBS/Matrigel ratio were injected subcutaneously into the
NOD-SCID mice. The mice were monitored closely for tumor
growth through palpation and visual examination. When the
tumor sizes were ~100mm3, either the control vehicle (0.1%
sodium dodecyl sulfate+ 0.4% Kolliphor+ 0.5% methylcellulose,
q.d., p.o., no.= 6 mice), ibrutinib alone (5 or 15 mg/kg, q.d., p.o.,
no.= 6 mice), 2-DG alone (500 mg/kg, bid, p.o., no.= 6 mice), or a
combination of ibrutinib and 2-DG was orally administered to the
mice for 20 days. Xenograft tumor volume was measured as a
function of tumor growth. Tumor volume was measured with a
digital caliper and calculated as (length × width2) × 0.5. The
animals were weighed every three days for 20 days.

Statistical analysis
The results were presented as means ± SEM. One-way analysis of
variance (ANOVA) or the unpaired two-tailed Student’s t-test was

used to determine the statistical significance for comparisons of
two or more groups. Statistical analyses were performed using
GraphPad Prism software (GraphPad Software, La Jolla, CA, USA).
P < 0.05 was considered statistically significant (*P < 0.05, **P <
0.01, ***P < 0.001).

RESULTS
Generation of ibrutinib-resistant ABC-DLBCL cells
OCI-ly10 cells with ibrutinib resistance (OCI-ly10-IR cells) were
derived from the OCI-ly10 cell line, an aggressive ABC subtype of
DLBCL and sensitive to BTK inhibition by ibrutinib, by continuous
exposure to ibrutinib [20] (Fig. 1a). After evaluating the prolifera-
tion rate, the OCI-ly10-IR cells showed a higher proliferation rate
than shown by the OCI-ly10 cells (Fig. 1b). To verify the resistance
of the OCI-ly10-IR cells to the BTK inhibitor, the cells were treated
with ibrutinib and ACP-196 at a specified concentration. Both
ibrutinib and ACP-196 showed lower efficacy in the OCI-ly10-IR
cells than in the OCI-ly10 cells (Fig. 1c, d). In addition, other small
molecular inhibitors that do not target BTK, such as baricitinib,
MLN120B, LBH589, and AZD762, showed inhibition rates very
similar to those of the OCI-ly10 or OCI-ly10-IR cells (Supplementary
Fig. 1). This finding suggested that the OCI-ly10-IR cells were
specifically resistant to BTK inhibitors. To further explore the
cellular response to BCR downstream signaling, we performed
real-time cytosolic calcium measurements to measure the Ca2+

flux in the OCI-ly10 and OCI-ly10-IR cells using a fluorescent
calcium indicator (Fluo-4). We observed that the peak-rise or peak-
decay time of Ca2+ flux was delayed in the OCI-ly10-IR cells
compared with that in the OCI-ly10 cells, and the amplitude of
Ca2+ flux in the OCI-ly10-IR cells was lower than that in the OCI-
ly10 cells (Fig. 1e). We also noted that ibrutinib showed a weaker
ability to inhibit Ca2+ flux in the OCI-ly10-IR cells than in the OCI-
ly10 cells (Fig. 1f). Tumor growth and ibrutinib resistance were
evaluated in vivo, and the results showed that the OCI-ly10-IR cells
were resistant to 5 mg/kg ibrutinib treatment (Fig. 1g, h). We
found that the OCI-ly10-IR cell line was specifically resistant to
treatment with BTK inhibitors in vitro or in vivo.

UPR suppression correlated closely with acquired ibrutinib
resistance of DLBCL cell lines
The WES sequencing data showed that BTK and its related
pathway-specific genes were not mutated in resistant cells
(Supplementary Fig. 2). To analyze the underlying mechanism of
drug resistance that might be involved in the established
ibrutinib-resistant cells, a transcriptome microarray analysis was
performed. The upstream regulation analysis showed that, in the
OCI-ly10-IR cells, 523 genes were significantly upregulated with
691 genes significantly downregulated compared with the levels
in the parental cells (Fig. 2a). The GSEA analysis with expression-
altered genes showed that the UPR gene signature was down-
regulated (Fig. 2b). The three major mediators of the UPR
pathways, ATF4, ATF6, and XBP1, were analyzed. While the ATF6
or ATF4 gene signatures were not markedly changed (Fig. 2c, d),
the XBP1 signature was remarkably reduced (Fig. 2e). XBP1, an
upstream transcription factor, and its 18 downstream genes were
significantly downregulated according to the IPA analysis (Fig. 2f).
To verify the transcriptome data, quantitative PCR validation was
performed. The results showed that the expression of BIP, XBP1s,
CHOP, DNAJB9, and other UPR marker genes was significantly
downregulated (Fig. 2g), a finding similar to that of the XBP1 gene
and its typical downstream genes S1PR1, MCFP2, FAS, and IL24
(Fig. 2h).

Overexpression of XBP1s potentiated ibrutinib-induced cell
growth inhibition and apoptosis
The UPR gene signature, especially the XBP1s gene signature, was
downregulated in the ibrutinib-resistant DLBCL cells. To investigate
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the role of XBP1s in the ibrutinib-resistance mechanism of ABC-
DLBCL cells, the XBP1s gene was overexpressed by transducing
OCI-ly10-IR cells with spliced XBP1-GFP adenovirus (Ad-XBP1s).
Quantitative PCR (Fig. 3a) and Western blot (Fig. 3b) analyses
demonstrated that the mRNA and protein level of XBP1s was
markedly increased after Ad-XBP1s transduction.

The overexpressed XBP1 OCI-ly10-IR cells were treated with the
recommended concentration of ibrutinib. After ibrutinib treat-
ment for 48 h, cell apoptosis was detected using flow cytometry.
With 1 μM ibrutinib treatment, the cell apoptosis rate was
increased in the XBP1s overexpression group compared with
that of the control group (Fig. 3d). Similarly, the same function
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Fig. 1 Generation of the DLBCL ibrutinib-resistant OCI-ly10-IR cell line. a A schematic diagram of DLBCL ibrutinib-resistant cell line
generation. b The OCI-ly10-IR cell growth rate was determined by proliferation assay; cells were counted for 7 days and the growth rates
were compared to those of the parental OCI-ly10 cell line. c, d Parental and resistant cell lines were treated with the recommended doses of
ibrutinib and acalabrutinib for 72 h and then assessed by MTS assay. e Differences in the Ca2+ kinetic traces of the OCI-ly10 and OCI-ly10-IR
cells. f Ca2+ flux inhibition rate of ibrutinib in the OCI-ly10 and OCI-ly10-IR cells. Data are presented as the means ± SEM of the fluorescence
ratios. g, h Growth curves of the xenograft tumors derived from OCI-ly10 cells and OCI-ly10-IR cells and treated with vehicle or ibrutinib alone
(n= 6). *P < 0.05, **P < 0.01, ***P < 0.001 compared with the vehicle group. Standard error means (SEM) are indicated as error bars.
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P-value: 0.03

P-value: 0.16 P-value: 0.05

P-value: 0.001

Fig. 2 UPR suppression correlated closely with acquired ibrutinib resistance in the DLBCL cell lines. a Hierarchical clustering analysis of
normalized log2-transformed total gene expression profiles in the OCI-ly10-IR cells compared with those of the OCI-ly10 parental cells
(red, high; green, low). GSEA of the UPR gene signature (b), ATF6 gene signature (c), ATF4 gene signature (d), and XBP1 gene signature (e) in the
OCI-ly10-IR cells compared with those of the OCI-ly10 cells; the false discovery rate (FDR) and P-values are indicated. f Ontological analysis of
differentially expressed probes using IPA. g UPR marker genes BIP, IRE1, XBP1s, PERK, ATF4, ATF6, CHOP, and DNAJB9 were examined using qRT-
PCR. h qRT-PCR validation of the differentially modified mRNAs involved in XBP1 downstream target genes. Data are represented as the
means ± SEM of three separate experiments. *P < 0.05, **P < 0.01 compared with the DMSO-treated group.
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attributed to overexpressed XBP1s was found in the OCI-ly10 cells
(Fig. 3c). Additionally, TUDCA, an inhibitor of the UPR, significantly
reduced the apoptosis rate induced by ibrutinib in the OCI-ly10
cells. The percentage of apoptotic cells was 7.03%, 6.58%, 21.23%,
and 14.61% in the DMSO, 100 μM TUDCA, 200 nM ibrutinib, and
200 nM ibrutinib+ 100 μM TUDCA groups (Fig. 3e, f), respectively,
which showed that the induction of apoptosis by ibrutinib can be
reversed by TUDCA.

Chemical activation of the UPR with 2-DG synergistically enhanced
ibrutinib-induced anticancer effects in vitro and in vivo
To improve ibrutinib efficacy through combination therapy,
we combined the UPR activator 2-DG with ibrutinib. The
combination enhanced the gene expression of XBP1, XBP1s,
PERK, and CHOP (Fig. 4a). A combination of the two drugs
resulted in a mean Bliss score of 31.384 (Fig. 4b). The addition of
0.5 mM 2-DG resulted in a nearly 5-fold decrease in the IC50 of
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Fig. 3 Overexpression of XBP1s potentiated ibrutinib-induced apoptosis. a Gene expression validation of the OCI-ly10-IR genes after
transduced with XBP1s-overexpressing adenovirus. b Protein expression validation of the OCI-ly10-IR cells transduced with XBP1s-
overexpressing adenovirus. Apoptosis rate was determined by propidium iodide (PI) and Annexin V-APC staining of the transduced OCI-ly10
(c) and OCI-ly10-IR (d) cells following treatment with 1 μM ibrutinib or DMSO. e OCI-ly10 cells were pretreated with TUDCA for 4 h and
incubated at 37 °C in 200 nM ibrutinib. After 48 h, the cells were collected for Annexin V-PI analysis using flow cytometry. f Data are reported
as ratios of the mean percentage of Annexin V-positive cells in three different experiments. Data are presented as the means ± SEM of three
separate experiments. *P < 0.05 compared with the DMSO-treated group.
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ibrutinib (Fig. 4c). The cell viability percentage was 83.57%,
96.35%, and 51.60% for the ibrutinib-alone group, 2-DG-alone
group, and ibrutinib+ 2-DG combination group (Fig. 4d),
respectively. The apoptotic rate was 6.9%, 11.93%, 8.79%, and
23.56% for the DMSO control group, 2-DG alone group, ibrutinib
alone group, and ibrutinib+ 2-DG combined group, respectively
(Fig. 4e). The drug combination increased CHOP protein
expression, downregulated MCL1, and enhanced PARP cleavage
in vitro (Fig. 4f), and it significantly inhibited Ca2+ flux in
the OCI-ly10-IR cells (Fig. 4g). To explore the combined
effect of the ibrutinib+ 2-DG combination and 2-DG groups

in vivo, we established a xenograft model by transferring OCI-
ly10-IR cells into NOD/SCID mice. A combination treatment of
ibrutinib and 2-DG caused significant tumor regression in the
OCI-ly10-IR-cell-bearing mice (Fig. 4h). The tumor weight in the
mice of the combined treatment group was significantly
reduced compared with that in the single treatment groups
(P < 0.001) (Fig. 4i). All the mice with <20% body weight loss in
each group tolerated both the single and combined treatments
(P > 0.05). None of the mice died prematurely, suggesting
that the lack of the combination correlated with systemic
toxicity (Fig. 4j).
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Fig. 4 Combined effect of 2-DG and ibrutinib on DLBCL cells in vitro or in vivo. a Fold changes of the XBP1, XBP1s, PERK, ATF6, and
CHOP genes are shown as indicated by qRT-PCRs performed 8 h after the treatment of the OCI-ly10-IR cells with 1 μM ibrutinib or 2-DG.
b–d Percent cytotoxicity was measured by MTS assay, and percent of synergy was assessed using the Bliss independence method. Bliss
scores denote the means of triplicate concentration matrices. Growth inhibition curves were derived from these data. e Percentages of
early and late apoptotic cells 48 h after the OCI-ly10-IR cells were treated with IC50 concentrations of ibrutinib and 2-DG as measured by
flow cytometry with Annexin V-FITC and PI staining. f Protein expression of CHOP, BCL2, BCLXL, MCL1, and PARP 48 h after the OCI-ly10-IR
cells were treated with IC50 concentrations of ibrutinib and 2-DG, with β-actin used as the loading control. g Combined effect of ibrutinib
and 2-DG on Ca2+ flux in the OCI-ly10-IR cells. h Growth curves of the xenograft tumors derived from the OCI-ly10-IR cells and treated with
vehicle, ibrutinib alone (15 mg/kg, q.d.), 2-DG alone (500 mg/kg, bid), or a combination of ibrutinib and 2-DG (n= 6). i Tumor weight at the
end of the 20-day period of different treatments. j Body weight measurements for every group. SEM is indicated as an error bar. *P < 0.05,
**P < 0.01, ***P < 0.001. ##P < 0.01.
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DISCUSSION
The responses of various B-cell malignancies to ibrutinib are often
limited by the ability of the cells to bypass the target via
alternative pathways or the acquired mutations in BTK or a
component in its pathway, such as the alternative activation of the
NF-κB pathway or mutation of CD79A/B or MYD88 [21]. Although
ibrutinib is critically more effective in ABC DLBCL than GCB DLBCL,
it has limited efficacy as a single agent. The underlying primary or
acquired resistance mechanisms of DLBCL to ibrutinib remain
largely unknown.
Here, we generated the ibrutinib-resistant OCI-ly10-IR cell line,

which was also resistant to the second-generation BTK inhibitor
ACP-196 but was not resistant to inhibitors against other targets,
such as JAK, HDAC, NF-κB, or CHK1 inhibitors (Supplementary
Fig. 1). The OCI-ly10-IR cells showed a higher proliferation rate
in vitro and in vivo (Fig. 1) and did not have BTK Cys481 or other
BTK pathway-related reported mutations (Supplementary Fig. 2).
Moreover, the transcriptional differences between the parental
and resistant cells were explored. The UPR, especially the products
of XBP1s-related genes, were downregulated significantly in the
resistant cells. Previously, several analyses of specific ibrutinib-
resistance mechanisms in CLL, MCL, and WM were studied
[21–23]. It was shown that resistance to ibrutinib in some CLL or
MCL patients was mostly due to mutations in BTK and PLCγ2
following prolonged treatment [24, 25]. BTK and PLCγ2 mutations
can be drivers of ibrutinib resistance but are not necessary for
acquired resistance because nearly 10%–20% of patients relapse
without any detectable mutations in these genes [26]. After the
introduction of the BTK C418S mutation into DLBCL cells [10, 27],
either the subsequent increase in BCL2 expression or the
reactivation of BTK-PLCγ2-ERK1/2 signaling led to resistance to
ibrutinib. However, no remarkable loss of UPR- or XBP1s-related
genes were found among the genes expressed in these cell lines,
which were carrying the BTK C418S mutation.
Spliced XBP1 mRNA encodes the active 54 kDa form of the

XBP1s basic leucine zipper transcription factor, which is involved
in multiple signaling pathways, including MHC II gene regulation,
plasma cell differentiation, angiogenesis, and endoplasmic reticu-
lum (ER) stress [28]. Previously, it was reported that XBP1 splicing
mediated a major adaptive pathway and was upregulated in
various cancers, sustained the growth and survival of tumor cells
[29] as a synthetic lethal partner of Myc, promoted tumorigenesis
and progression in Myc-driven cancers [30], and induced
immunosuppressive activity [31] related to tamoxifen-treated
drug resistance in breast cancer [32, 33]. Thus, pharmacologically
targeting the IRE1/XBP1 pathway may be a strategy against
cancer, such as multiple myeloma (MM) [34, 35], CLL [36], Ewing’s
sarcoma [37], and breast cancer [30].
However, it was also reported that lower XBP1 levels predicted a

poorer response to the proteasome inhibitor bortezomib both
in vitro and in MM patients [38], and decreased XBP1 activity may
be associated with bortezomib resistance [39]. Similarly, XBP1s
activity was suppressed in bortezomib-refractory primary MM,
which may have induced bortezomib resistance by blocking
commitment to plasma cell differentiation and lowering ER stress
[40]. Previous studies showed that GCB-DLBCL tumors had
significantly lower XBP1 gene signature expression than ABC-
DLBCL tumors taken from clinical samples [41]. The overexpres-
sion of XBP1s in a GCB-DLBCL cell xenograft model significantly
suppressed tumor growth [42]. We confirmed a decrease in the
expression of XBP1s and its regulated genes in the BTK inhibitor-
induced resistant cells, and the overexpression of XBP1s poten-
tiated ibrutinib-induced cell growth inhibition and apoptosis
(Fig. 3c–e). Furthermore, TUDCA, the chemical chaperone hamper-
ing UPR activation [43], significantly alleviated ibrutinib-induced
apoptosis of sensitive ABC-DLBCL cells (Fig. 3f). Ibrutinib-induced
UPR activation in sensitive cell lines but was not acquired for
activation of the primary resistant DLBCL cell lines (Fig. 4a, b).

Overall, these results suggested that UPR activation might be
involved in ibrutinib-induced anti-DLBCL activity. Ibrutinib atte-
nuated the development of acute lymphoblastic leukemia by
driving ER stress-induced cell death [44]. However, the activation
of the ER stress response is associated with the malignant
progression of CLL. XBP1 deficiency decelerates the malignant
progression of CLL-associated disease [36]. Furthermore, partial
UPR activation promotes CLL survival, and the antitumor activity
of ibrutinib might be partially due to inhibition of UPR activation
[45]. Taken together, the function and role of the UPR or XBP1s
might markedly differ in different hematological malignancies.
Published studies together with our current findings demon-

strated that activating the UPR might enhance ibrutinib-induced
anti-DLBCL activity. The UPR activator 2-DG [46] has shown
sufficient safety in clinical trials but has limited efficacy. Its
combination with berberine [47], a pan-UPR inhibitor [48], and a
BCL2 antagonist [49] was shown to significantly reduce tumor
growth, but nothing has been reported on the combination
efficacy of ibrutinib and 2-DG. According to our results, a
combination of ibrutinib and 2-DG synergistically inhibited cell
proliferation and Ca2+ flux, induced cell apoptosis in vitro, and
impeded tumor growth in the xenograft model. The primary
mechanism showed that CHOP, a trigger of ER stress-induced
apoptosis [50], was increased, the anti-apoptotic MCL1 protein
was decreased, and PARP cleavage was increased upon admin-
istration of the combination treatment (Fig. 4f). Moreover, we
found that the anticancer effect of the BTK inhibitor in primary
resistant DLBCL cells was enhanced by 2-DG (Supplementary
Fig. 3c–e). Although we initially found the loss of UPR in only one
resistant cell line, the combined potential of ibrutinib and UPR
activation in additional primary resistant cell lines suggests that a
loss of UPR can be the general mechanism underlying ibrutinib
resistance in diffuse large B-cell lymphoma, especially in the
presence of wild-type BTK.
Chronic active BCR signaling is required for cell survival in ABC-

DLBCL [20]. PLCγ2, downstream of BTK, influenced the Ca2+ flux in
the ER via IP3 binding to the Ca2+ channel IP3 receptor, releasing
Ca2+ from the ER [51]. Thus, ibrutinib inhibited Ca2+ flux through
BTK inhibition. We demonstrated that the ibrutinib-induced Ca2+

flux change was significantly less profound in the resistant cells
than it was in the sensitive cells (Fig. 1f). Previous studies indicated
that the disruption of Ca2+ signaling can trigger ER stress [52]. An
unknown mechanism is suggested to be critical for Ca2+ flux
homeostasis tolerance in OCI-ly10-IR cells, which might contribute
to the UPR signature in resistant cells.
To date, no evidence has revealed whether targeting of UPR-

related pathways can potentiate the sensitivity of DLBCL to
ibrutinib. In our study, the downregulation of UPR-related gene
expression was linked to resistance to single-agent ibrutinib
therapy, suggesting that UPR activation can drive cells to undergo
apoptosis. Although the effect of other UPR pathways, such as
ATF4 and ATF6, on ABC-DLBCL cell sensitivity to ibrutinib is
unclear, we provide evidence herein that activation of the UPR via
2-DG can potentiate the activity of ibrutinib in both sensitive and
resistant DLBCL cells. Based on findings from both the in vitro and
in vivo models, a combination of ibrutinib and 2-DG is promising
as a treatment for DLBCL and should be applied in further clinical
trials.
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