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Efficacy of retreatment with polatuzumab vedotin in combination with 
rituximab in polatuzumab vedotin-resistant DLBCL models

Natsumi Kawasaki# , Mayu Tomita# , Yoriko Yamashita-Kashima , Yasushi Yoshimura and   
Shigeki Yoshiura 

Product Research Department, Chugai Pharmaceutical Co., Ltd., Kanagawa, Japan

ABSTRACT
Polatuzumab vedotin (Pola) was approved for first-line and relapsed/refractory (r/r) diffuse large 
B-cell lymphoma (DLBCL) in many countries. This means that retreatment with Pola for r/r DLBCL 
could be considered after first-line Pola treatment; however, there is currently no evidence on the 
effectiveness of Pola-retreatment. To address this, we established two Pola-resistant cells from 
DLBCL cells (SU-DHL-4 and STR-428) and evaluated the combination efficacy of Pola plus rituximab 
(Rit), the key component of DLBCL therapy. MDR1 overexpression and decreased Bim expression 
were suggested to be the resistant mechanisms to Pola in Pola-resistant SU-DHL-4 and 
Pola-resistant STR-428, respectively. In these cells, Pola significantly increased Rit-induced CDC 
sensitivity either with increased MAC formation or reduced Mcl-1 expression. Additionally, 
treatment with Pola + Rit significantly enhanced antitumor activity in Pola-resistant STR-428 
xenograft mouse models. Based on these results, Pola + Rit retreatment could have preserved 
efficacy because of the effect of Pola on sensitizing cells to Rit.

Introduction

Diffuse large B-cell lymphoma (DLBCL) is the most 
common type of aggressive non-Hodgkin lymphoma 
[1]. Although DLBCL is curable in the majority of cases, 
∼40% of patients are either refractory or will relapse 
after first-line R-CHOP (rituximab, cyclophosphamide, 
doxorubicin, vincristine, and prednisone) or a similar 
regimen [2]. As a result of years of research, the treat-
ment landscape for patients with relapsed/refractory 
(r/r) DLBCL has been evolving with the development 
of targeted therapies including CD19-directed chimeric 
antigen receptor (CAR) T-cell therapy, the anti-CD19 
monoclonal antibody, and the anti-CD79b antibody 
drug conjugate (ADC) [3–6]. However, it is not yet 
clear which drugs are appropriate for individual 
patients.

Polatuzumab vedotin (Pola) is a first in class ADC 
targeting CD79b, a transmembrane protein expressed 
on the surface of B cells [7,8]. On binding to CD79b, 
Pola is internalized and releases microtubule-disrupting 
agent, monomethyl auristatin E (MMAE) to cause a 
G2/M phase arrest and apoptosis [9]. In the 

randomized open-label phase Ib/II study (GO29365), 
Pola in combination with bendamustine and rituximab 
(Pola + BR) showed a significant improvement in the 
complete response rate at end of treatment compared 
to BR in patients with r/r DLBCL. Based on these 
results, Pola + BR was approved for use in r/r DLBCL 
[4,10,11]. In the phase III POLARIX study, Pola-R-CHP 
achieved a significantly improved progression-free sur-
vival compared to R-CHOP in previously untreated 
DLBCL [12], and Pola-R-CHP recently also received reg-
ulatory approvals in first-line DLBCL. This means that 
after administration of Pola in first-line treatment, 
retreatment with Pola would be considered as a treat-
ment option for r/r DLBCL. However, there is currently 
no evidence on the effectiveness of retreatment with 
Pola for patients who relapse after initial Pola treat-
ment, since Pola-R-CHP was only recently approved 
and the data on the use of Pola at the time of relapse 
is lacking. This is an important issue to develop the 
next-line treatment to follow Pola-containing therapy.

To address this issue, in this study, we established 
two types of cells resistant to Pola with different resis-
tance mechanisms using Pola-sensitive human DLBCL 
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cell lines (SU-DHL-4 and STR-428) by long-term expo-
sure to Pola in vitro. We then evaluated the combina-
tion efficacy of Pola plus rituximab (Rit), the key 
component in the treatment of r/r DLBCL, to deter-
mine the efficacy of retreatment with Pola in these 
Pola-resistant cells. Our current study provides insights 
into the molecular mechanisms underlying the efficacy 
of retreatment with Pola with respect to acquired 
Pola-resistant DLBCL with two different resistance 
mechanisms.

Materials and methods

Reagents

Monomethyl auristatin E and AZD5991 were purchased 
from Selleck Chemicals. Verapamil hydrochloride was 
purchased from Sigma-Aldrich. Anti-human CD79b 
antibody (SN8) was purchased from BD Biosciences.

Cell cultures

SU-DHL-4 cells were obtained from the American Type 
Culture Collection, and were maintained in RPMI-1640 
(Sigma-Aldrich) with 10% fetal bovine serum (FBS; 
Nichirei Biosciences or Corning), 10 mM HEPES 
(Sigma-Aldrich), 0.45% D-glucose (Sigma-Aldrich), and 
1 mM sodium pyruvate (Thermo Fisher Scientific). 
STR-428 cells were obtained from the Japanese 
Collection of Research Bioresources Cell Bank and were 
cultured in RPMI-1640 ATCC modification (Thermo 
Fisher Scientific) with 10% FBS. All cells were cultured 
in a humidified atmosphere of 5% CO2 at 37 °C.

Establishment of Pola-resistant cells

SU-DHL-4 cells were pretreated with 100 μg/mL of the 
mutagen N-ethyl-N-nitrosourea (Sigma-Aldrich) for 24 h 
to introduce random mutations in order to more rap-
idly establish Pola-resistant clones [13]. SU-DHL-4 cells 
were then treated with polatuzumab vedotin (Chugai 
Pharmaceutical Co., Ltd.) at a dose sequentially increas-
ing from 0.02 μg/mL to 1.62 μg/mL for 9 weeks. Cells 
that regrew in the Pola (1.62 μg/mL)-containing 
medium were single cell cloned, and established 
SU-DHL-4-Pola-R-2 and −8 cells. SU-DHL-4-Pola-R cells 
were cultured in the same medium as the parental 
SU-DHL-4 cells. STR-428 cells were treated with Pola at 
a dose sequentially increasing from 0.02 μg/mL to 
0.5 μg/mL for 4 weeks. Cells that could grow under the 
Pola concentration of 0.5 μg/mL were single-cell 
cloned, and established STR-428-Pola-R-5 and −9 cells. 
STR-428-Pola-R cells were cultured in the same medium 

as the parental STR-428 cells. Pola concentration was 
increased as much as possible in our experimental set-
tings to establish Pola-resistant cells.

Cell cytotoxicity assay

Cells were cultured with Pola in varying concentrations 
for 3 days. After cultivation, Cell Counting Kit-8 solu-
tion (Dojindo Laboratories) was added to the cells in 
each well and absorbance at 450 nm was measured 
using a Varioskan LUX Multimode Microplate Reader 
(Thermo Fisher Scientific) or CLARIOstar (BMG Labtech).

Immunoblotting

Cells were lysed with cell lysis buffer (Cell Signaling 
Technology) containing protease inhibitor cocktail 
(Sigma-Aldrich). Total lysates were analyzed by SDS 
polyacrylamide gel electrophoresis (SDS-PAGE) or Jess 
system (ProteinSimple). Immunoblotting was carried 
out using anti-caspase-3, anti-Bim, anti-Bcl-xL, 
anti-Mcl-1, anti-pERK1/2 (Thr202/Tyr204), anti-ERK1/2, 
anti-pAKT (Ser473), anti-AKT and anti-β-actin antibod-
ies (Cell Signaling Technology). For SDS-PAGE, second-
ary antibodies were purchased from Cell Signaling 
Technology. Imaging for SDS-PAGE was performed 
with a ChemiDoc Touch imaging system (Bio-Rad 
Laboratories).

Complement-dependent cytotoxicity (CDC) assay

Target cells were prelabelled with calcein-AM 
(FUJIFILM Wako Pure Chemical Corporation) for 1 h at 
37 °C. Specific cell lysis was assessed 4 h after incuba-
tion with 15% normal human serum (Complement 
Technology) and the indicated concentration of Rit at 
37 °C. The total fluorescence intensity was determined 
using a Varioskan LUX Multimode Microplate Reader 
or EnVision 2105 Multimode Reader (PerkinElmer). 
%CDC was calculated as follows: (experimental release 
of calcein − background)/(maximum lysis − background)  
× 100. Here, ‘background’ means labeled Pola- 
pretreated cells with 15% normal human serum (with-
out Rit) and ‘maximum lysis’ means labeled 
Pola-pretreated cells lysed with 1% Triton X-100 
(Sigma-Aldrich).

Flow cytometry

Cells were stained with indicated antibodies. Anti-CD20 
antibodies (clone: 2H7), IgG1κ isotype control (clone: 
MOPC-21), IgG2aκ isotype control (clone: G155-178), 
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and IgG2bκ isotype control (clone: 27–35) were 
obtained from BD Biosciences. Anti-CD79b antibodies 
(clone: CB3-1) were purchased from Thermo Fisher 
Scientific. Anti-CD243 (anti-MDR1) antibodies (clone: 
UIC2) were purchased from BioLegend. For the analysis 
of MAC (C5b-9 complex), cells were incubated with Rit 
for 30 min and then with 15% normal human serum 
for 10 min at 37 °C. Cells were then washed and labeled 
with anti-C5b-9 antibody (clone: aE11) (Novus) or 
IgG2aκ isotype control (clone: MG2a-53) (BioLegend), 
and a secondary phycoerythrin-labeled antibody 
(clone: RMG2a-62) (BioLegend). Stained cells were ana-
lyzed with a BD LSRFortessa X-20 cell analyzer (BD 
Biosciences) and FlowJo v10 software (BD Biosciences). 
Mean fluorescence intensity (MFI) was calculated by 
subtracting the MFI value of the respective isotype 
control-stained cells from the observed MFI of 
labeled cells.

Lentivirus infection

Control or human Bim shRNA lentiviruses were pur-
chased from VectorBuilder. The shRNA target sequence 
was control: CCTAAGGTTAAGTCGCCCTCG; Bim: TACTA 
TGCAAGGAGGGTATTT. The cells were exposed to lenti-
virus for 1 day (MOI > 10), and then switched back into 
normal culture medium containing 500 μg/mL G418 
(Nacalai Tesque).

Animals

Female 5-week-old C.B-17/Icr-scid/scidJcl (SCID) mice 
were obtained from CLEA Japan. All animal experi-
ments were reviewed and approved by the Institutional 
Animal Care and Use Committee at Chugai 
Pharmaceutical Co., Ltd., which is an institute accred-
ited by AAALAC international and conformed to the 
Guide for the Care and Use of Laboratory Animals 
published by the Institute for Laboratory Animal 
Research.

In vivo xenograft experiments

Indicated tumor cells (5 × 106 per mouse) were sub-
cutaneously inoculated into SCID mice. After inocula-
tion, mice were randomized by tumor volume and 
assigned to indicated study groups. To evaluate the 
antitumor activity of the test agents, tumor volume 
was evaluated as described previously [14]. Control 
human IgG (HuIgG, MP Biomedicals), Pola, Rit, or 
Pola plus Rit was administered intravenously 
on Day 1.

Statistical analysis

Differences between two groups were analyzed with 
Student’s t-test. Dunnett’s test was used for multiple 
comparisons where the control group was compared 
with experimental groups. For tumor xenograft experi-
ments, p-values were adjusted for the Wilcoxon rank 
sum test by the Holm–Bonferroni method. All statisti-
cal analyses were performed in JMP 15.0.0 software 
(SAS Institute).

Results

High-level expression of MDR1 is the mechanism 
of resistance in SU-DHL-4-Pola-R cells

The Pola-resistant cells established from human 
DLBCL SU-DHL-4 cells (SU-DHL-4-Pola-R-2 and −8) 
had IC50 values 2.3- and 2.8-fold higher than those of 
the parental cells (Figure 1(A)). Interestingly, treating 
the Pola-resistant SU-DHL-4-Pola-R cells with 1 µg/mL 
of Pola for 1 week further increased their IC50 values 
(16.8- and 48.0-fold) (Figure 1(B)). However, this incre-
mental Pola resistance in SU-DHL-4-Pola-R cells by 
additional 1 week treatment with Pola was partially 
released after cells were rested for 4 weeks in Pola-free 
culture media (Figure 1(C)). To determine the mecha-
nisms underlying resistance to Pola in SU-DHL-4-Pola-R 
cells by comparing the parental SU-DHL-4 cells and 
SU-DHL-4-Pola-R cells with or without additional 
1 week treatment with Pola, we analyzed the expres-
sion of known Pola-resistance factors; CD79blow, 
Bcl-xLhigh, and MDR1high. The expression of surface 
CD79b, the target of Pola, was retained in 
SU-DHL-4-Pola-R-2 cells (Figure 1(D)). The expression 
levels of Bcl-xL, a member of the Bcl-2 anti-apoptotic 
family proteins, has been reported to be correlated 
with reduced sensitivity to anti–CD79b ADC [18], but 
the expression of Bcl-xL was not elevated in 
SU-DHL-4-Pola-R-2 cells (Supplementary Figure S1). 
On the other hand, there was an 1.8-fold increase in 
the expression of MDR1, a multidrug resistance pump 
that mediates MMAE efflux [15], in SU-DHL-4-Pola-R 
cells without additional Pola treatment compared 
with parental cells, and treatment with Pola for 
1 week further increased the expression of MDR1 
(3.6-fold) in SU-DHL-4-Pola-R-2 cells (Figure 1(E)), as 
with the IC50 values. Also, the MDR1 specific inhibi-
tor verapamil increased the sensitivity to Pola in 
SU-DHL-4-Pola-R-2 cells treated with Pola for addi-
tional 1 week, indicating that overexpression of MDR1 
is one of the mechanisms of resistance to Pola in 
these cells (Figure 1(F)).

https://doi.org/10.1080/10428194.2023.2243531
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Figure 1. P ola-resistant SU-DHL-4 cells were resistant due to increased expression of MDR1. A, Sensitivity to Pola at the indicated 
concentrations was assessed in SU-DHL-4 and SU-DHL-4-Pola-R cells. Data points represent mean value + SD. n = 3 B, Sensitivity 
to Pola at the indicated concentrations was assessed in SU-DHL-4 cells and SU-DHL-4-Pola-R cells cultured in Pola-free media for 
1 week following treatment with Pola (1 µg/mL) for 1 week. Data points represent mean value + SD. n = 3 C, Sensitivity to Pola was 
assessed at the indicated concentrations in SU-DHL-4 cells and SU-DHL-4-Pola-R cells cultured in Pola-free media for 4 weeks fol-
lowing the treatment with Pola (1 µg/mL) for 1 week. Data points represent mean value + SD. n = 3 D, E, Surface expression of 
CD79b (D) or MDR1 (E) on SU-DHL-4 cells, SU-DUL-4-Pola-R-2 cells, and SU-DUL-4-Pola-R-2 cells treated with Pola (1 µg/mL) for 
1 week was analyzed by flow cytometry. F, SU-DUL-4-Pola-R-2 cells treated with Pola (1 µg/mL) for 1 week. Sensitivity to Pola was 
then assessed at the indicated concentrations in cells treated with verapamil. Data points represent mean value + SD. n = 3.
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Pola enhances anti-tumor effects of Rit in SU-DHL-
4-Pola-R cells

We then investigated the efficacy of combination ther-
apy of Pola plus Rit against SU-DHL-4-Pola-R cells by 
cell-based CDC assays, because CDC is the predomi-
nant mechanism of action of Rit [16]. Pretreatment 
with Pola or the anti-CD79b antibody (SN8) before the 
assays significantly increased Rit-induced CDC sensitiv-
ity in SU-DHL-4-Pola-R-2 cells (Figure 2(A,B) and 
Supplementary Figure S2), but pretreatment with 
MMAE did not (Supplementary Figure S3). Our previ-
ous study suggested that treatment with Pola upregu-
lates CD20 expression in Pola-refractory cells [17]; 
however, neither Pola nor anti-CD79b antibody (SN8) 

increased CD20 expression in SU-DHL-4-Pola-R-2 cells 
(Supplementary Figure S4). When antibodies bind to 
surface antigens on target cells, the classical comple-
ment pathway is activated by protein C1q binding to 
these antibodies, leading to formation of C5b-9 com-
plex, also known as the membrane attack complex 
(MAC) and lysis of the target cell [18,19]. To determine 
the point of action of Pola in Rit-induced CDC, we 
then assessed the formation of MAC in the CDC reac-
tion by flow cytometry. It was confirmed that surface 
MAC expression was increased after CDC was induced 
by Rit treatment (Figure 2(C)). Under these conditions, 
pretreatment with Pola or anti-CD79b antibody (SN8) 
before the assays enhanced the surface amounts of 

Figure 2.  In vitro combination effect of Pola with Rit in SU-DHL-4-Pola-R cells. A, B, SU-DHL-4-Pola-R-2 cells treated with Pola 
(1 µg/mL) for 1 week were pretreated with Pola (A) or anti-CD79b antibody (SN8) (B) for 3 days at the indicated concentrations. 
Cells were then collected, and CDC assay was performed with Rit. The results are presented as mean values + SD. n = 3, * p < 0.05 
by Dunnett’s t-test compared to control (Pola or SN8: 0 μg/mL). C, SU-DHL-4-Pola-R-2 cells were treated with Pola (1 µg/mL) for 
1 week. Cells were then treated with Rit (30 min) followed by normal human serum (10 min). MAC (C5b-9 complex) binding was 
measured by flow cytometry. D, E, SU-DHL-4-Pola-R-2 cells treated with Pola (1 µg/mL) for 1 week were pretreated with Pola (D) 
or anti-CD79b antibody (SN8) (E) at 0.5 μg/mL for 3 days. Cells were then treated with Rit (0.05 μg/mL) for 30 min followed by 
normal human serum (10 min). MAC (C5b-9 complex) binding was measured by flow cytometry.

https://doi.org/10.1080/10428194.2023.2243531
https://doi.org/10.1080/10428194.2023.2243531
https://doi.org/10.1080/10428194.2023.2243531


POLA-RETREATMENT IN POLA-RESISTANT CELLS 1943

Rit-induced MAC during complement activation in 
SU-DHL-4-Pola-R-2 cells (Figure 2(D,E)).

Downregulation of Bim confers resistance to Pola 
in STR-428-Pola-R cells

Pola-resistant cells derived from human DLBCL STR-428 
cells (STR-428-Pola-R-5 and −9) displayed IC50 values 
17.6- and 27.7-fold higher than the parental cells 
(Figure 3(A)). To elucidate the mechanisms of resis-
tance to Pola in these cells, we assessed several factors 
that could regulate sensitivity to Pola. Flow cytometry 
analysis showed that loss of CD79b was not observed 
in either STR-428-Pola-R-5 or −9 cells (Supplementary 

Figure S5(A)), and that expression of MDR1 was not 
elevated (Supplementary Figure S5(B)). The expression 
levels of Bcl-xL were not upregulated in STR-428-Pola-R 
cells (Figure 3(B)). We then explored the expression of 
other apoptosis regulatory genes belonging to the 
Bcl-2 protein family, because it is possible that they 
might also affect the sensitivity to Pola or 
MMAE-induced apoptosis. Immunoblotting analysis 
revealed that the expression of Bim, an 
apoptosis-inducing factor, was downregulated both in 
STR-428-Pola-R-5 and −9 cells (Figure 3(B)). Expression 
of Bim was downregulated by 24 h treatment with 
Pola (Figure 3(B)). To examine the effect of Bim on the 
cell sensitivity to Pola, we established STR-428-Pola-R 

Figure 3. P ola-resistant STR-428 cells were resistant due to reduced expression of Bim. A, Sensitivity to Pola at the indicated 
concentrations was assessed in STR-428 and STR-428-Pola-R cells. Data points represent mean value + SD. n = 3 B, STR-428 and 
STR-428-Pola-R cells were treated with Pola (0.5 μg/mL) for 24 h, and cell lysates were then collected and evaluated by immuno-
blotting. C, STR-428 cells expressing shRNA targeting Bim (shBim) or control (shNC) were treated with Pola (0.5 μg/mL) for 24 h. 
Cell lysates were then evaluated by immunoblotting. D, Sensitivity to Pola at the indicated concentrations was assessed in cells 
expressing shRNA targeting Bim (shBim) or control (shNC). Data points represent mean value + SD. n = 3.

https://doi.org/10.1080/10428194.2023.2243531
https://doi.org/10.1080/10428194.2023.2243531
https://doi.org/10.1080/10428194.2023.2243531
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cells stably expressing control or Bim-shRNA. Stable 
knockdown of Bim reduced the Pola-induced caspase-3 
cleavage (Figure 3(C)) and the sensitivity to Pola 
(Figure 3(D)) in parental STR-428 cells, indicating the 
hitherto unreported possibility that decreased Bim 
expression could be a mechanism of resistance to Pola.

Treatment with Pola plus Rit showed significant 
combination effect in STR-428-Pola-R cells in vitro 
and in vivo

We next used CDC assays to investigate the efficacy 
of Pola in combination with Rit in STR-428-Pola-R cells. 
STR-428-Pola-R cells were pretreated with Pola, MMAE, 
or anti-CD79b antibody (SN8) for 3 days before the 
assays. Pretreatment of STR-428-Pola-R cells with con-
centrations of Pola or MMAE that would kill parental 
cells significantly increased sensitivity to Rit-mediated 
CDC (Figure 4(A,B)); however, pretreatment with 
anti-CD79b antibody (SN8) did not (Supplementary 
Figure S6). We previously reported that in several 
Pola-refractory DLBCL cells, treatment with Pola upreg-
ulates CD20 expression and sensitivity to Rit-induced 
CDC by activating both AKT and ERK signaling [17]. 
Treatment with Pola or MMAE slightly upregulated the 
surface expression of CD20 on STR-428-Pola-R cells 
(Figure 4(C,D)). We also found that AKT and ERK phos-
phorylation was increased after Pola treatment in these 
cells (Supplementary Figure S7). We then explored the 
possibility that additional factors were involved in the 
regulation of CDC sensitivity by Pola. Mcl-1, a member 
of the Bcl-2 family proteins that prevents induction of 
apoptosis, is known to attenuate CDC sensitivity [20]. 
Immunoblotting analysis revealed that treatment with 
Pola or MMAE for 3 days downregulated the expression 
of Mcl-1 in STR-428-Pola-R cells (Figure 4(E,F)). Inhibition 
of Mcl-1 using AZD5991 significantly increased the sen-
sitivity to Rit-induced CDC in these cells (Figure 4(G)), 
indicating that Pola-mediated downregulation of Mcl-1 
could upregulate the sensitivity to CDC in these cells.

Furthermore, the combination effect of Pola plus Rit 
was examined in a SCID mouse xenograft model 
derived from STR-428-Pola-R-5 cells. The study period 
was adjusted according to the clinical treatment cycle 
(21 days). Treatment with Pola (1 mg/kg) in combina-
tion with Rit (10 mg/kg) showed more significant anti-
tumor activity compared with each single agent on 
Day 22 (21 days after starting treatment) (Figure 5(A,B)).

Discussion

In this work, we revealed that retreatment with Pola is 
effective against established Pola-resistant DLBCL cells 

(SU-DHL-4-Pola-R and STR-428-Pola-R) with two differ-
ent resistance mechanisms, high expression of MDR1 
or low expression of Bim, through upregulation of sen-
sitivity to Rit-induced CDC. Our study also identified 
the novel mechanisms of the combination efficacy of 
Pola plus Rit in both Pola-resistant cells other than the 
upregulation of the CD20 expression as we reported 
previously [17].

In SU-DHL-4-Pola-R-2 cells, overexpression of MDR1 
was shown to cause resistance to Pola. A previous 
study suggested that expression of MDR1 is elevated 
in non‐Hodgkin lymphoma cells resistant to anti-CD79b 
ADC [21]. In a phase I study in Hodgkin lymphoma, 
the combination therapy of brentuximab vedotin, an 
ADC with structure similar to that of Pola, plus the 
MDR1 inhibitor cyclosporine A showed positive results 
in patients with relapsed/refractory to brentuximab 
vedotin [22]. Therefore, high MDR1 expression would 
be an important clinical resistance factor toward Pola. 
In SU-DHL-4-Pola-R-2 cells, pretreatment with Pola or 
anti-CD79b antibody (SN8) enhanced sensitivity to 
Rit-induced CDC. Pola-mediated upregulation of CD20 
was not observed in these cells. The reason for this 
remains to be elucidated but is possibly due to more 
active MMAE efflux evoked by the higher expression of 
MDR1 in SU-DHL-4-Pola-R cells. In our previous study 
[17], we reported that the Pola-mediated upregulation 
of the sensitivity to Rit-induced CDC was not observed 
in RC-K8 cells, which have multiple mechanisms of 
refractoriness to Pola, including low CD79b expression, 
high Bcl-xL expression and high MDR1 expression [17]. 
However, based on the results of this study, the com-
bination of Pola plus Rit could be also effective when 
resistance to Pola is caused by high MDR1 expres-
sion without the involvement of other factors such 
as CD79b and Bcl-xL. One novel mechanism of action 
that we identified here was that Pola in combination 
with Rit increases the amount of MAC in the pro-
cess of complement activation in the absence of the 
Pola-mediated upregulation of the CD20 expression. 
The amount of MAC on the cell surface is intricately 
regulated by intracellular signaling, membrane-bound 
complement inhibitors (CD46, CD55, and CD59), cav-
eolae and dynamin, and the mitochondrial stress 
protein mortalin/GRP75 [18,23,24]. Further analysis is 
needed to determine how Pola or anti-CD79b anti-
bodies regulate the amounts of MAC on the surface 
of SU-DHL-4-Pola-R cells.

STR-428-Pola-R cells were shown to acquire resis-
tance to Pola through downregulation of Bim expres-
sion. This is the report to suggest that decreased 
expression of Bim could be one of the mechanisms 
causing resistance to Pola. Bim is a pro-apoptotic 
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member of the Bcl-2 protein family and interacts 
with anti-apoptotic Bcl-2 family proteins, such as 
Bcl-2, Mcl-1, and Bcl-xL. Bim is also known as a tumor 

suppressor, and is frequently downregulated in can-
cers, giving tumor cells a growth advantage [25]. In 
some cases of non‐Hodgkin lymphoma, Bim has also 

Figure 4.  In vitro combination effect of Pola plus Rit in STR-428-Pola-R cells. A, B, Cells pretreated with Pola (0.5 μg/mL) (A) or 
MMAE (2 nM) (B) for 3 days were collected, and CDC assay was performed with Rit (0.04 μg/mL). The results are presented as mean 
values + SD. n = 3, * p < 0.05 by Student’s t-test. C, D, Surface expression of CD20 on cells pretreated with Pola (0.5 μg/mL) (C) or 
MMAE (2 nM) (D) for 3 days was analyzed by flow cytometry. E, F, STR-428-Pola-R cells were treated with Pola (0.5 μg/mL) (E) or 
MMAE (2 nM) (F) for 3 days. Cell lysates were then evaluated by immunoblotting. G, STR-428-Pola-R cells were pretreated with 
AZD5991 (20 μM) for 30 min before the assay. CDC assay was then performed with Rit (0.01 μg/mL). The results are presented as 
mean values + SD. n = 3, * p < 0.05 by Student’s t-test.
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been reported to be silenced through homozygous 
deletion or promoter methylation [26]. The genomic 
region encoding the miR-17-92 microRNA, which 
downregulates Bim, is known to be commonly over-
expressed in DLBCL [27–29]. Furthermore, it has been 
reported that the expression of Bim is reduced by a 
negative feedback loop in the Bim-caspase axis [30], 
and we confirmed that a reduction of Bim expression 
by Pola was observed in STR-428-Pola-R cells. These 
results suggest that the reduced expression of Bim 
could be an important factor for resistance or refrac-
toriness to Pola in clinical practice. In STR-428-Pola-R 
cells, pretreatment with Pola or MMAE increased the 
sensitivity to Rit-induced CDC by upregulating the 
expression of CD20 or reducing the expression of 
Mcl-1, an anti-apoptotic member of the Bcl-2 protein 
family that promotes cell survival. Mcl-1 is known to 
be degraded by MMAE via the ubiquitin/proteasome 
system in non‐Hodgkin lymphoma cells [31]. Although 
the detailed mechanism remains unclear, downreg-
ulation of Mcl-1 has been reported to increase the 
sensitivity to Rit-mediated CDC [20]. Our results also 
showed that the Mcl-1 inhibitor AZD5991 enhanced 
CDC sensitivity in STR-428-Pola-R cells, indicating that 
downregulation of Mcl-1 is one factor that explains 
the combination effect of Pola plus Rit in these cells. 
In contrast, our data showed that the sensitivity to 
Rit-induced CDC was not reduced in STR-428-Pola-R 
cells with low expression of Bim, another member of 

Bcl-2 family, compared to the parental STR-428 cells, 
hence the expression levels of Bim did not affect the 
sensitivity to CDC in these cells. Therefore, the con-
tribution of apoptosis-related factors to complement 
activation and CDC may differ among proteins. The 
role of Mcl-1 in apoptosis is well defined; however, 
it also broadly participates in non-apoptotic sig-
naling pathways including calcium flux, DNA dam-
age response, autophagy, and mitochondrial quality 
control [32–36]. Thus, functions of Mcl-1 other than 
apoptosis regulation may also be involved in the pro-
cess of Pola or MMAE mediated upregulation of CDC 
sensitivity in STR-428-Pola-R cells.

Previous studies have shown that there are vari-
ous resistant mechanisms for ADCs against hemato-
logical malignancies, such as downregulation of the 
target-antigens, high expression of the drug efflux 
transporters, and abnormalities in the apoptosis regu-
lators [37–40]. Consistent with these previous observa-
tions, we and others found that low CD79b expression, 
high MDR expression, and change in the expression of 
apoptosis regulators could serve as resistant mecha-
nisms for Pola [7,17]. Notably, the present study is the 
first to assess Bim as an apoptosis regulator that con-
tributes to Pola-resistance.

Our previous and present study showed that Pola 
has the ability to increase the sensitivity to Rit-induced 
CDC in Pola-refractory and resistant cells [17]. In some 
cell lines, Pola was proposed to increase CDC 

Figure 5.  Combination efficacy of Pola plus Rit in the STR-428-Pola-R-5 xenograft model. A, B, SCID Mice bearing STR-428-Pola-R-5 
cells were randomly divided into each group (n = 6/group). mice were treated with Pola (1 mg/kg), Rit (10 mg/kg), or Pola (1 mg/
kg) plus Rit (10 mg/kg) on Day 1. As a control, HuIgG was administered. (A) Data points are mean + SD. (B) Tumor volumes mea-
sured on Day 22 are shown. Dots represent individual values and bars represent median. Statistically significant differences are 
shown as * p < 0.05 by Wilcoxon rank sum test with Holm-Bonferroni method applied.
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sensitivity through the upregulation of the expression 
of CD20, the target antigen of Rit. On the other hand, 
in the present study we also proposed that Pola 
increased Rit-mediated CDC sensitivity by mechanisms 
other than increasing CD20 expression: reducing the 
expression of Mcl-1 and increasing the amount of 
MAC. Although these results could contribute to 
understanding the molecular basis of the Pola-Rit 
combination, there are still few studies that have 
examined this issue, thus further studies are warranted 
to fully understand the molecular rationale for the 
Pola-Rit combination.

Moreover, comprehensive analyses using data from 
both cell lines and clinical samples are needed to 
uncover the relationship between resistance/combi-
nation mechanisms and cell status, such as mutation 
profile, expression profile, and genomic rearrange-
ments, which could help us to understand what type 
of resistance would appear after Pola administration 
and whether the combination effects confirmed in 
this study could occur in clinical practice. Despite 
these limitations, the data presented here suggests 
that retreatment with Pola may be considered or 
could yield responses even in the presence of Pola 
resistance.
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