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Abstract

Background: The inhibitory immune checkpoint molecule programmed cell death ligand 1 (PD-L1) represents a promising therapeutic
target for lymphoidmalignancies. Moreover, PD-L1 expression in the tumormicroenvironment correlates with tumor progression. Meth-
ods: This study used human diffuse large B cell lymphoma (DLBCL) cell lines SU-DHL-2 and SU-DHL-6. These cell lines were treated
with either a PD-L1 smart silencer RNA (ssiPD-L1) or rituximab to evaluate antitumor effects by assessing cell viability, migration, and
invasion. Flow cytometry was employed to assess cell apoptosis, and potential signaling pathways were examined using quantitative
polymerase chain reaction (qPCR) and Western blot analyses. Results: Treatment with ssiPD-L1 significantly reduced PD-L1 expres-
sion, compared with the normal control smart silencer (ssiNC). Cell viability, migration, and invasion were significantly decreased after
treatment with ssiPD-L1 or rituximab compared with control cells, with more pronounced effects observed after combination therapy.
Administration of ssiPD-L1 or rituximab significantly increased the proportion of apoptotic and necrotic cells, while the proportion of
proliferating cells was significantly reduced, again with stronger effects after combined treatment. Expression of PD-L1, the NF-κB,
p-P65, C-X-C chemokine receptor type 4 (CXCR4), and B-cell lymphoma 2 (BCL-2) was significantly reduced after ssiPD-L1 or rit-
uximab treatment. However, Bax expression, an apoptosis marker, was significantly increased in ssiPD-L1- and rituximab-treated cells,
with the effect more pronounced in co-treated cells. Conclusion: Combined PD-L1 silencing and rituximab treatment inhibits DLBCL
progression in vitro by promoting apoptosis and modulating NF-κB–related signaling pathways.
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1. Introduction

Diffuse large B-cell lymphoma (DLBCL) is charac-
terized by robust aggressiveness, high-grade malignancy,
and a poor prognosis, thereby posing serious threats to pa-
tients’ lives [1,2]. The standard R-CHOP regimen, which
includes rituximab (a monoclonal anti-CD20 antibody), cy-
clophosphamide, doxorubicin, vincristine, and prednisone,
provides substantial clinical benefit for most patients with
diffuse large B-cell lymphoma [3,4,5,6]. However, some
patients may still experience relapse or develop refractory
disease due to drug resistance, indicating that this therapeu-
tic approach is not universally effective in clinical practice.
Therefore, identifying more effective therapeutic strategies
and combining them with the R-CHOP regimen is critical
for improving the long-term prognosis of patients with DL-
BCL.

Recent advances in immunology have established im-
munotherapy as a viable treatment option for various can-
cers. The tumor microenvironment is recognized as a criti-
cal determinant of lymphoma initiation, progression, recur-
rence, and drug resistance [7,8]. Within this milieu, pro-
grammed cell death ligand 1 (PD-L1) and its receptor pro-
grammed cell death 1 (PD-1/CD279) function as inhibitory
immune checkpoint molecules that drive the production

of immunosuppressive cytokines, thereby dampening anti-
tumor immunity [9]. A retrospective study demonstrated
a close correlation between PD-L1 expression and overall
survival in patients with DLBCL, with high PD-L1 expres-
sion associated with poorer survival outcomes [10]. More-
over, PD-L1 overexpression has been identified as a com-
mon feature in more aggressive DLBCL subtypes, indicat-
ing that the PD-1/PD-L1 axis may be a potential therapeu-
tic target in DLBCL immunotherapy and a contributor to
its aggressive progression [11]. Preclinical and clinical tri-
als have further confirmed the efficacy of nivolumab and
pembrolizumab against DLBCL [12,13,14].

The PD-1/PD-L1 axis has been implicated in the de-
velopment of chemoresistance to standard CHOP regimens
in DLBCL cell lines, potentially through the regulation
of phosphatidylinositol 3-kinase-protein kinase B (PI3K-
AKT), apoptosis-related, and nuclear factor kappa-B (NF-
κB) signaling pathways [15,16,17]. Furthermore, aberrant
activation of NF-κB signaling has been shown to suppress
apoptosis while promoting cancer cell proliferation, migra-
tion, invasion, angiogenesis, and epithelial-mesenchymal
transition (EMT), primarily through the upregulation of
vascular endothelial growth factor (VEGF), matrix metallo-
proteinases (MMPs), and C-X-C chemokine receptor type 4
(CXCR4) [18,19]. These observations underscore the criti-
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cal roles of both the PD-1/PD-L1 axis and NF-κB signaling
in DLBCL progression and the acquisition of chemoresis-
tance.

However, the mechanistic relationship between the
PD-1/PD-L1 axis and apoptosis-related or NF-κB signal-
ing pathways during DLBCL pathogenesis remains poorly
defined. In this study, we investigated the functional roles
of a PD-L1 smart silencer in combination with rituximab in
modulating DLBCL behaviors in vitro. Our findings pro-
vide a theoretical foundation for the development of novel
therapeutic strategies targeting both rituximab and PD-L1
pathway blockade in DLBCL.

2. Materials and Methods
2.1 Cell Lines and Culture Conditions

The human DLBCL cell lines SU-DHL-2 (activated
B-cell-like (ABC) subtype) and SU-DHL-6 (germinal cen-
ter B-cell-like (GCB) subtype) were provided as typical sus-
pension cells by Key-Gen Biotechnology Company (Nan-
jing, China) and cultured in Roswell Park Memorial Insti-
tute (RPMI) 1640 medium (Gibco, Thermo Fisher Scien-
tific, Waltham, MA, USA), supplemented with 10% fetal
bovine serum (FBS; Gibco) and 1% penicillin and strepto-
mycin (Gibco), cultivate at 37 ℃ and 5% CO2. Our PD-
L1 smart silencer (ssiPD-L1) was a mixture of three small
interfering RNAs (siRNAs) and three antisense oligonu-
cleotides (ASOs) synthesized by RiboBio (Guangzhou,
China). The ssiRNA sequences for PD-L1 were as follows:
GACAAGCAGTGACCATCAA, GATATTTGCTGTCTT-
TATA, GCTGTCTTTATATTCATGA, ATGACCTACTG-
GCATTTGCT, CCCATACAACAAAATCAACC, and GT-
CACCTCTGAACATGAACT. Furthermore, we employed
the silencer mixture to inhibit PD-L1 expression in these
cells; normal control small silencer (ssiNC) was also ap-
plied by Ribobio (Guangzhou, China) as the control. Cells
were transfected with ssiNC and ssiPD-L1 using Lipofec-
tamine 2000 (Thermo Fisher, Waltham, MA, USA) and
then treated with different concentrations of the anti-CD20
chimeric monoclonal antibody rituximab (Meilun Biotech-
nology Co., Ltd., Dalian, China). All cell lines were vali-
dated by STR profiling and tested negative formycoplasma.

2.2 Cell Counting Kit-8 (CCK-8) Assay
SU-DHL-2 and SU-DHL-6 cells were seeded in 96-

well plates at a density of 2 × 104/mL (100 µL/well). Fol-
lowing transfected with ssiNC or ssiPD-L1, the cells were
treated with increasing concentrations of rituximab (0, 1.0,
2.5, 5.0, 7.5, 10.0, and 15.0 µg/mL). Each concentration
was tested in triplicate. After 24 or 48 h of treatment, 10
µL of CCK-8 solution (Beyotime Institute of Biotechnol-
ogy, Jiangsu, China) was added to each well, and the plates
were incubated at 37 °C for 4 h. Cell viability was then
assessed by measuring absorbance at 450 nm.

2.3 Cellular Migration Assay
To evaluate cell migration, 24-well Transwell plates

(Corning Incorporated, Corning, NY, USA) were pre-
coated with 100 µL of Matrigel (300 µg/mL) for 8 h. Fol-
lowing transfection with ssiNC or ssiPD-L1 and subsequent
rituximab treatment, cells were harvested and resuspended
at 5 × 105 cells/mL, after which 200 µL aliquots were
seeded into the upper chambers. Following 24 h of incu-
bation, cells that had migrated to the lower chambers were
collected, transferred to 96-well plates, and incubated for an
additional 4 h with 20 µL of CCK-8 solution (Beyotime).
Absorbance at 450 nm was then measured to quantify the
migratory capacity.

2.4 Cellular Invasion Assay
To assess invasive capacity, 24-well Transwell plates

(Corning) were pre-coated with 100 µL of Matrigel (300
µg/mL) for 8 h. Following transfection with ssiNC or
ssiPD-L1 and rituximab treatment, cells were resuspended
at 5 × 105 cells/mL, and 200 µL aliquots were seeded into
the upper chambers. After 24 h of incubation, cells that had
invaded through the Matrigel were collected, transferred to
96-well plates, and incubated for 4 h with 20 µL of CCK-8
solution (Beyotime). Absorbance at 450 nm was then mea-
sured to quantify invasive activity.

2.5 Cellular Apoptosis Analysis
Following treatment for 24 h, SU-DHL-2 and SU-

DHL-6 cells were harvested through trypsinization. Apop-
tosis was assessed using the Annexin Fluorescein isoth-
iocyanate labeled membrane associated protein V (V-
FITC)/propidium iodide (PI) apoptosis detection kit (Key-
Gen) according to the manufacturer’s instructions. Briefly,
cells were resuspended in 500 µL of binding buffer, stained
with 5 µL of Annexin V-FITC, and then incubated with 5
μL of PI for 15min in the dark prior to flow cytometric anal-
ysis. Data were analyzed using FlowJo software v10.8 (BD
Corp., Franklin Lakes, NJ, USA). Doublets were excluded,
and apoptosis was analyzed by gating on viable cells based
on FMO controls.

2.6 Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR) Analysis

Total RNA was isolated from SU-DHL-2 and SU-
DHL-6 cells following treatment using TRIzol reagent
(Ambion Biotechnology, Austin, TX, USA). First-strand
cDNA was synthesized from the resulting RNA using a
PrimeScript RT reagent kit (Vazyme Biotechnology Co.,
Ltd., Nanjing, China) according to the manufacturer’s pro-
tocol. qRT-PCR was performed using SYBR Premix Ex
Taq II (Vazyme, Nanjing, China) on an iQ6 gradient real-
time PCR detection system CFX96 (Bio-Rad, Hercules,
CA, USA). The thermal cycling conditions consisted of an
initial denaturation at 95 °C for 10 min, followed by 40 cy-
cles of 95 °C for 15 s and 60 °C for 60 s. Melting curve
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Table 1. Primers used in qRT-PCR analysis.
Gene name Forward primer sequence (5′ →3′) Reverse primer sequence (5′→3′) PCR products

PD-L1 ATGTCAGGCTGAGGGCTAC GGATGTGCCAGAGGTAGTT 240 bp
P65 CAGCGTGGGGACTACGACCTGAATG GGGGCACGATTGTCAAAGATGGGAT 125 bp
CXCR4 ATCTGTGACCGCTTCTACCC CGATGCTGATCCCAATGTAG 232 bp
Bax AAGAAGCTGAGCGAGTGTCT GTTCTGATCAGTTCCGGCAC 236 bp
BCL-2 GCCTTCTTTGAGTTCGGTGG GAAATCAAACAGAGGCCGCA 192 bp
GAPDH TCAAGAAGGTGGTGAAGCAGG TCAAAGGTGGAGGAGTGGGT 115 bp
PD-L1, programmed cell death ligand 1; P65, nuclear factor NF-kappa-B p65 subunit; CXCR4, C-X-C chemokine
receptor type 4; BCL-2, B-cell lymphoma 2; Bax, Bcl-2 associated X protein; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase.

analysis was conducted to verify the specificity of amplifi-
cation and to rule out primer-dimer formation or secondary
products. Relative gene expression levels were calculated
using the 2–△△Ctmethod, with GAPDH serving as the in-
ternal reference gene. All primers used in this study were
synthesized by Tsingke Biotechnology Company (Beijing,
China) and are listed in Table 1.

2.7 Western-Blot Analysis

Total protein was extracted from treated SU-DHL-
2 and SU-DHL-6 cells using radioimmunoprecipitation
assay (RIPA) lysis buffer (Beyotime, Shanghai, China).
Protein concentrations were determined using a bicin-
choninic acid (BCA) protein assay kit (Beyotime), and 40
µg of protein per sample was used for subsequent anal-
ysis. Equal amounts of protein were separated by 10%
sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) and transferred onto polyvinylidene di-
fluoride (PVDF) membranes (Merck-Millipore, Darmstadt,
Germany). Membranes were blocked with 5% non-fat dry
milk in Tris-buffered saline containing 0.1% Tween 20
(TBST) for 1 h at room temperature and then incubated
overnight at 4 °C with primary antibodies targeting PD-
L1 (1:1000; Abcam, Cambridge, MA, USA), P65 (mouse
monoclonal, 1:1000; Zen-Bio, Chengdu, China), phospho-
rylated P65 (p-P65, rabbit polyclonal, 1:1000; Zen-Bio),
BCL-2 (mouse monoclonal, 1:1000; Abcam), Bax (mouse
monoclonal, 1:1000; Cusabio, Wuhan, China), CXCR4
(rabbit polyclonal, 1:1000; Abcam), or GAPDH (rabbit
monoclonal, 1:1000; Abcam). After washing with TBST,
membranes were incubated with horseradish peroxidase
(HRP)-conjugated secondary antibodies (1:5000; Boster,
Wuhan, China) for 1 h at 37 °C. Protein bands were visu-
alized and quantified using Fusion software (Vilber, Paris,
France), and relative protein expression levels were normal-
ized to GAPDH.

2.8 Statistical Analysis

Statistical analysis was performed using SPSS 20.0
(IBM, Stanford, CA, USA), and graphical representations
were generated with GraphPad Prism 10.0 (GraphPad Soft-
ware, San Diego, CA, USA). All data are presented as the

mean ± standard deviation (SD). Comparisons between two
groups were evaluated using Student’s t-test, while com-
parisons among multiple groups were analyzed by repeated
measures ANOVA. A p value < 0.05 was considered statis-
tically significant, with significance levels denoted as *(p <
0.05), **(p < 0.01), and ***(p < 0.001).

3. Results
3.1 Determination of Rituximab Concentrations and
Confirmation of PD-L1 Interference

Compared with the control cells, the cellular viability
of SU-DHL-2 cell lines was 80.8% at a rituximab concen-
tration of 10 µg/mL and decreased to 73.61% at a concentra-
tion of 15 µg/mL (Fig. 1A). Therefore, 10 µg/mL rituximab
was the optimal concentration we used for SU-DHL-2 cell
lines in the subsequent study. Regarding SU-DHL-6 cell
lines, cellular viability was 75.34% at a concentration of
5 µg/mL and further declined to 69.45% and 60.21%, re-
spectively, at concentrations of 7.5 µg/mL and 10 µg/mL
(Fig. 1B). Thus, 5 µg/mL rituximab was the suitable con-
centration for SU-DHL-6 cell lines, and this concentration
was applied to the following studies. Fig. 1C,D show the
morphology of two cell lines treated with rituximab.

The interference with PD-L1 employing a small si-
lencer was confirmed through qRT-PCR analysis. Com-
pared with ssiNC, PD-L1 expression was significantly re-
duced after treatment with ssiPD-L1 in both cell lines, and
the inhibition rates were 44.3% and 56.5% for SU-DHL-
2 and SU-DHL-6 cell lines, respectively (Fig. 1E,F). The
above data suggest successful interference with PD-L1 by
the small silencer mixture, which was then used for in vitro
analysis.

3.2 Proliferative, Migratory, and Invasive Capabilities of
Differentially Treated Cell Lines

Compared with control cells, cellular viabilities sig-
nificantly declined after separate treatment of SU-DHL-2
cell lines with ssiPD-L1 and 10 µg/mL rituximab, which
were 81.25% and 79.08%, respectively (p < 0.05). Intrigu-
ingly, the combined use of ssiPD-L1 and rituximab signif-
icantly diminished cellular viability to only 55.43% (Fig.
2A). Concerning SU-DHL-6 cell lines, cellular viability
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Fig. 1. Determination of rituximab concentration and confirmation of PD-L1 interference in SU-DHL-2 and SU-DHL-6 cell lines.
Dynamic changes in cellular viability in SU-DHL-2 (A) and SU-DHL-6 (B) cell lines after treatment with rituximab. *p < 0.05, **p <
0.01, ***p < 0.001 compared with the control group. Representative morphological images of SU-DHL-2 (C) and SU-DHL-6 (D) cell
lines after treatment with or without rituximab (scale bar, 50 μm). PD-L1 mRNA expression was evaluated through qRT-PCR analysis
to confirm PD-L1 interference in SU-DHL-2 (E) and SU-DHL-6 (F) cell lines. Data are presented as mean ± SD, n = 3/group. ***p <
0.001 compared with the normal control small silencer (ssiNC) group. qRT-PCR, quantitative real-time polymerase chain reaction; SD,
standard deviation.
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also significantly dropped after the combined use of ssiPD-
L1 and rituximab relative to their separate use, with the
latter viabilities showing means of 80.01% and 75.04% in
ssiPD-L1-treated and 5 µg/mL rituximab-treated SU-DHL-
6 cell lines, respectively. Combined use attenuated cellu-
lar viability further to 49.86% (Fig. 2B), suggesting that
the combined use of PD-L1 with rituximab exerted an in-
hibitory effect on cellular proliferation.

SU-DHL-2 and SU-DHL-6 are suspension cell lines,
and we therefore determined their migratory capability with
a CCK-8 assay. Our results revealed that treatment with
ssiPD-L1 or rituximab caused a significant diminution in
cellular migration of SU-DHL-2 and SU-DHL-6 cell lines
compared with control cells (p < 0.05; Fig. 2C,D). More-
over, their combined use resulted in a further significant de-
cline in the migratory ability of these cell lines, suggesting
obvious inhibitory effects of ssiPD-L1 and rituximab on the
migration of SU-DHL-2 and SU-DHL-6 cells.

As tumor cells exhibit varying degrees of invasive
potential, we next assessed the invasive capacity of SU-
DHL-2 and SU-DHL-6 cells following different treatments.
Both cell lines demonstrated pronounced invasiveness un-
der control conditions, which was significantly suppressed
by treatment with either ssiPD-L1 or rituximab alone (p <
0.05; Fig. 2E,F). Notably, combined treatment with ssiPD-
L1 and rituximab resulted in an even greater reduction in
invasive capacity.

3.3 Effects of ssiPD-L1 and Rituximab on Cellular
Apoptosis

Cellular apoptosis may be affected after the use of
ssiPD-L1 and/or rituximab. Compared with the control
cells, both early and late cellular apoptosis were signifi-
cantly augmented after applying ssiPD-L1 or rituximab to
either cell line and made even more obvious in the cell lines
that were simultaneously treated with ssiPD-L1 and ritux-
imab (p < 0.05; Fig. 3A–D).

3.4 Mechanisms Related to Inhibitory Effects of the
Combined Application of ssiPD-L1 and Rituximab on
DLBCL Cell Lines

Compared with ssiNC-treated cell lines, PD-L1
mRNA and protein expression levels in both SU-DHL-2
and SU-DHL-6 cell lines were significantly reduced after
treatment with ssiPD-L1 and rituximab (p < 0.05), becom-
ing even more profound with their combined use (p < 0.01)
(Fig. 4A,B, Fig. 5A,B). The NF-κB-signaling pathway and
apoptosis may play significant roles in the inhibitory effects
of ssiPD-L1 or rituximab on DLBCL cells. Thus, we em-
ployed the representative NF-κB-signaling pathway mark-
ers P65 and CXCR4, the apoptosis-related marker Bax, and
the anti-apoptotic marker BCL-2 in SU-DHL-2 and SU-
DHL-6 cell lines, and we evaluated them via qRT-PCR and
western-blot analysis (Figs. 4A,B, Fig. 5A–D). As ex-
pected, expression of P65, CXCR4, and BCL-2 mRNA in

these cell lines was significantly decreased after the ap-
plication of ssiPD-L1 or rituximab compared with ssiNC-
treated cells (p < 0.05). Interestingly, however, the com-
bined administration of ssiPD-L1 and rituximab led to a
greater decline in the expression of the above markers (p
< 0.05). Nevertheless, compared with the control cells, ex-
pression of the apoptotic marker Bax mRNA significantly
rose in ssiPD-L1/rituximab-treated cell lines (p < 0.05) and
was also heightened in ssiPD-L1 and rituximab co-treated
cells (p < 0.01). Western-blot analysis revealed that there
was no difference in total P65 protein expression between
groups (p > 0.05). In contrast, treatment with ssiPD-L1 or
rituximab caused diminished expression of p-P65, CXCR4,
and BCL-2 protein (p < 0.05), and the reduced expression
was greater in ssiPD-L1 and rituximab co-treated cells (p
< 0.01). However, Bax protein expression was inconsis-
tent with the above marker proteins in that the application
of ssiPD-L1 or rituximab resulted in elevated expression of
Bax protein in SU-DHL-2 and SU-DHL-6 cell lines (p <
0.05), and their combined application showed even greater
effects on the Bax elevation (p < 0.01). The above results
strongly suggest that ssiPD-L1 and rituximab exerted sig-
nificant inhibitory effects on DLBCL cell lines and that this
phenomenon was a complex process that may be regulated
through the NF-κB-signal-transduction pathway and apop-
tosis.

4. Discussion
It has been previously demonstrated that 30–40% of

DLBCL patients fail to benefit from standard therapy and
that immunotherapy using immune-checkpoint inhibitors
produced successful treatment and significantly improved
overall survival in patients with various cancers [20,21].
Specifically, PD-1 and PD-L1 were significantly enhanced
in the tumor microenvironment, and expression levels con-
stituted an indicator of poor prognosis and were closely cor-
related with patients’ treatment response [22,23,24]. There-
fore, the use of PD-1/PD-L1-pathway inhibitors comprises
an attractive regimen to treat malignancies. In lymphoid
malignancies, PD-L1 was elevated and correlated with clin-
ical and pathologic characteristics, suggesting the poten-
tial therapeutic significance of this immune-checkpoint in-
hibitor [25]. Investigating the roles of PD-L1 and its pos-
sible underlying mechanisms of action in the development
of DLBCL may provide a valuable reference to clinicians
who wish to explore optimal treatment modalities and re-
solve potential drug resistance.

It is widely recognized that immune-checkpoint in-
hibitors impair cellular activation and attenuate cytokine
production, promoting the rapid growth of cancer cells and
thus involving in anti-tumor immune responses [26,27]. We
employed two types of humanDLBCL cell lines (SU-DHL-
2 and SU-DHL-6) in the present study to clarify the actions
of immune inhibitors on DLBCL development in vitro by
treating the cells with ssiPD-L1 and the anti-CD20 mono-
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Fig. 2. Effects of ssiPD-L1 and rituximab on the proliferation, migration, and invasion abilities of SU-DHL-2 and SU-DHL-6
cell lines. Quantitative analysis of proliferation capacity of SU-DHL-2 (A) and SU-DHL-6 (B) cell lines after combined treatment with
ssiPD-L1 and/or rituximab. Quantitative analysis of the migration ability of SU-DHL-2 (C) and SU-DHL-6 (D) cell lines after combined
treatment with ssiPD-L1 and/or rituximab. Quantitative analysis of the invasion ability of SU-DHL-2 (E) and SU-DHL-6 (F) cell lines
after combined treatment with ssiPD-L1 and/or rituximab. Data are presented as mean ± SD, n ≥ 3 per group (***p < 0.001). ssiPD-L1,
PD-L1 smart silencer.

clonal antibody rituximab. We observed that treating the
cell lines with ssiPD-L1 induced a significant loss of PD-
L1 expression relative to the control cells. Moreover, our

results revealed that the separate or combined use of ssiPD-
L1 or rituximab resulted in a marked reduction in cellu-
lar viability and migratory and invasive capabilities, which
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Fig. 3. Effects of ssiPD-L1 and rituximab on cellular apoptosis of SU-DHL-2 and SU-DHL-6 cell lines. Flow cytometry was used to
detect cellular apoptosis in SU-DHL-2 (A) and SU-DHL-6 (B) cell lines after combined treatment with ssiPD-L1 and/or rituximab. Gates
were set based on fluorescence minus one controls. Numbers indicate the percentage of cells in each quadrant. Quantitative analysis
identified the alterations in cellular apoptosis in SU-DHL-2 (C) and SU-DHL-6 (D) cell lines after combined treatment with ssiPD-L1
and/or rituximab. Data are presented as mean ± SD, n = 3 per group (**p < 0.01, ***p < 0.001, ns: no significant difference).

were made more evident by their combined use. These re-
sults were consistent with previous studies where immune-
checkpoint inhibitors appeared to exert their therapeutic ef-
fects by attenuating the migratory and aggressive charac-
teristics of cancer cells [28,29]. In addition, administra-
tion of ssiPD-L1 or rituximab led to a significant increase
in cellular apoptosis, which was also heightened after their
combined use. However, cellular proliferation was signifi-
cantly reduced after treating the lines with ssiPD-L1 or rit-
uximab, and this effect was exacerbated after their com-
bined use. Apoptotic analysis via flow cytometry was also
in agreement with the above results in that cellular necrosis
and apoptosis were significantly augmented after applying
ssiPD-L1 or rituximab to both cell lines, and the increase
was enhanced with their combined use. However, treat-
ment with ssiPD-L1 or/and rituximab also resulted in a de-
cline in cell number, and thus, the alterations in the migra-
tory and invasive capacities of DLBCL cell lines may have
been attributed to the reduced cell number after treatment
with ssiPD-L1 or/and rituximab. Collectively, the afore-
mentioned results suggest that immune-check blockade as

represented by PD-L1 and CD20 inhibition hindered the
proliferative, migratory, and invasive capabilities of DL-
BCL cell lines in vitro and that these effects were intimately
associated with the cellular necrosis and apoptosis induced
by immune inhibitors.

Extensive pathways may exist that are involved in
the anti-tumor immune responses in immune-checkpoint
blockade, including the inhibition of pro-inflammatory
pathways and the reduction in tumor antigens and promo-
tion of suppressive cytokines and co-inhibitors—eventually
orchestrating an immunosuppressive microenvironment
[30,31,32]. As one of the significant pro-inflammatory
pathways, activation of NF-κB signaling reflects vital sig-
nificance in the development of lymphomamalignancies by
enhancing the expression of VEGF and CXCR4 in a cancer-
ous microenvironment [17,19,33]. Importantly, the present
study revealed that mRNA and protein expression levels for
NF-κB signaling-related markers—including PD-L1, P65,
and CXCR4—were significantly reduced after treatment of
either cell line, with ssiPD-L1 or rituximab, and that this
reduction was exacerbated with their combined use. This
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Fig. 4. Quantitative analysis was used to detect the expression levels of mechanistic markers at transcriptional level in SU-DHL-2,
SU-DHL-6 cell lines after treatment with ssiPD-L1 and rituximab. qRT-PCR analysis was used to detect PD-L1, P65, CXCR4, Bax,
and BCL-2 mRNA expression in SU-DHL-2 (A) and SU-DHL-6 cell lines (B). Data are presented as mean ± SD, n = 9 per group (*p <
0.05, **p < 0.01, ***p < 0.001, ns: no significant difference).
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Fig. 5. Quantitative analysis was applied to measure the expression levels of mechanistic markers at protein level in SU-DHL-2
and SU-DHL-6 cell lines after treatment with ssiPD-L1 and rituximab. Western blotting analysis was used to detect PD-L1, P65,
p-P65, CXCR4, Bax, and BCL-2 protein expression in SU-DHL-2 (A) and SU-DHL-6 cell lines (B). (C) Statistics of protein expression
data in figure A. (D) Statistics of protein expression data in figure B. Data are presented as mean ± SD, n = 3 per group (*p < 0.05, **p <
0.01, ***p < 0.001, ns: no significant difference). p-P65, phosphorylated P65.
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suggests that NF-κB signaling may play a crucial role in the
immune-blockade process in DLBCL. NF-κB signaling-
related markers represent a major link between cancer and
inflammation, and aberrant activation of this signaling path-
way exerts significant promoting effects on some malig-
nancies by affecting the cellular functions of cancer cells
(including proliferation, migration, and invasion). How-
ever, how this pathway exerts its effects remains unclear
and needs to be further explored in future studies [34,35].
Moreover, expression of the apoptosis-related marker Bax
was significantly upregulated after treatment with ssiPD-L1
or rituximab, and the expression level of the anti-apoptotic
marker BCL-2 was markedly downregulated after treating
the cells with ssiPD-L1 or rituximab, with effects exacer-
bated by combined treatment. Previous findings have also
shown that overexpression of BCL-2 in DLBCL patients
was closely associated with cancer aggressiveness and thus
might serve as a predictor of poor outcomes in patients
who received chemotherapy and immunotherapy [36]. Col-
lectively, our results suggest that immune blockade using
a PD-L1 siRNA or anti-CD20 antibody—and especially
their combined application—generates an excellent inhibi-
tion of DLBCL development upon in vitro analysis, and
we attribute the underlying mechanisms to be related to
apoptosis- and NF-κB-signaling pathways.

Despite the promising findings, several limitations of
this study should be acknowledged. First, although we
demonstrated the functional roles of rituximab combined
with PD-L1 siRNA in DLBCL cell lines, the underlying
molecular mechanisms were not comprehensively investi-
gated. Specifically, apoptosis- and NF-κB pathway-related
markers were assessed only at the mRNA and protein lev-
els, and no rescue experiments were conducted to confirm
their mediating roles. Therefore, it remains possible that
the observed effects represent ancillary phenomena asso-
ciated with cell proliferation and death rather than direct
mechanistic actions—an issue that warrants further vali-
dation through both in vitro and in vivo studies. Second,
while our results revealed differential sensitivities to ritux-
imab between SU-DHL-2 and SU-DHL-6 cells, the study
lacked a non-malignant control cell line. The absence of
such a control limits our ability to confirm whether the ef-
fects of the PD-L1 silencer and/or rituximab are specific
to lymphoma cells. Future studies incorporating normal
B cells should be conducted to address this question and
further evaluate the lymphoma-specificity of this combina-
torial approach. Additionally, given the heterogeneity of
B-cell lymphomas—with variable PD-L1 expression across
subtypes—it would be valuable in subsequent work to ex-
plore the use of a PD-L1-neutralizing antibody in place of
siRNA, with the goal of identifying more clinically trans-
latable immunotherapeutic strategies for DLBCL.

5. Conclusion
The data presented in our study provide novel insights

into the contribution of PD-L1 and CD20 blockade in the
development of DLBCL in vitro. Our data also provide
initial support for the hypothesis that apoptosis-related and
NF-κB-signaling pathways are crucial for enabling the PD-
L1 inhibitor and anti-CD20 antibody to exert their tumor-
suppressive effects, which provides a new approach for tar-
geting PD-L1 and CD20 in the treatment of DLBCL.
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