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Zanubrutinib delays selinexor resistance evolution
in biopsy sample-derived primary central nervous
system lymphoma models

Xiaohong Zheng,1,4 Can Wang,1,4 Feng Chen,1 Shenglan Li,1 Hua Zhang,2 Gehong Dong,3 Shoubo Yang,1

Xun Kang,1 Zhuang Kang,1 Chunlei Han,2 Shuo Yin,1 and Wenbin Li1,5,*
SUMMARY

Primary central nervous system lymphoma (PCNSL) is a rare and aggressive lymphoma of the brain with
poor prognosis. The scarcity of cell lines established using PCNSL makes it difficult to conduct preclinical
studies on new drugs. We aimed to explore the effect of selinexor combined with zanubrutinib in PCNSL
using established PCNSL cells and an orthotopic PCNSL model. Primary PCNSL cells were successfully
cultured. Selinexor inhibited proliferation, induced G1 phase arrest, and promoted apoptosis, however,
induced drug resistance in PCNSL. Selinexor combined with zanubrutinib had a synergistic effect on
PCNSL and prevented the onset of selinexor resistance in PCNSL by inhibiting AKT signaling. Moreover,
selinexor combined with zanubrutinib notably slowed tumor growth and prolonged survival compared to
that of the control. Overall, the addition of zanubrutinib to selinexor monotreatment had a synergistic ef-
fect in vitro and prolonged survival in vivo.

INTRODUCTION

Primary central nervous system lymphoma (PCNSL) is a rare and aggressive extranodal non-Hodgkin lymphoma (NHL) with poor prognosis.

Although first-line chemotherapy based on high-dosemethotrexate has a high remission rate, up to 50% of patients relapse and 10–15% have

primary refractory disease.1 The optimal treatment approach has yet to be established. Therefore, new therapeutic drugs are urgently needed

to develop optimal treatment strategies. The scarcity of cell lines established from PCNSL makes it difficult to conduct experimental studies

on new drugs,2,3 which greatly limits the preclinical efficacy evaluation of new therapeutic drugs for PCNSL.

In June 2020, selinexor was approved by the FDA for the treatment of systemic relapsed/refractory diffuse large B-cell lymphoma (DLBCL)

after positive results were obtained in a phase IIb trial.4 In a clinical case study, selinexor was reported to inhibit refractory DLBCL with central

nervous system (CNS) involvement.5 Approximately 90% of PCNSL cases are DLBCL.6 Thus, selinexor is a promising therapeutic drug for the

treatment of PCNSL. Selinexor, a blood-brain barrier-permeable small molecule,7 selectively inhibits nuclear export compounds that inhibit

exportin 1 (XPO1/CRM1) activity. This leads to the nuclear accumulation of tumor suppressor proteins and cell cycle regulators, which trans-

late into cell-cycle arrest and specific anticancer activity.8,9 Selinexor has been shown to exhibit significant anti-tumor activity in phase I clinical

trials for the treatment of both hematological malignancies and solid tumors.10–13 However, tumor cells easily develop resistance to selinexor,

hindering its clinical application.

Activation of AKT-forkhead box O3 survival signaling is a key mechanism in selinexor resistance.14 PCNSL is highly dependent on B cell

receptor (BCR) signaling,15 which is crucial for the proliferation and survival of tumor cells in various B-cell malignancies.16 BCR signaling ac-

tivates the AKT signaling pathways by Bruton’s tyrosine kinase (BTK),16,17 which plays a crucial role in BCR signaling. As BCR signaling in

PCNSL is activated, BTK inhibitors inhibit BCR signal transduction and abrogate downstream pathways including AKT, ERK, and NF-lB.18

Thus, targeting BTK using BTK inhibitors may be effective in patients with acquired selinexor resistance.

BTK inhibitors include both first- and next-generation inhibitors. Zanubrutinib is a next-generation, highly potent, selective, and irrevers-

ible BTK inhibitor developed by BeiGene for the treatment of B-cell malignancies.19 Designed to maximize target occupancy and minimize

off-target binding, zanubrutinib has potential pharmacodynamic and pharmacokinetic advantages over the first-generation BTK inhibitor

ibrutinib, a second-line treatment for PCNSL, included in theNational Comprehensive CancerNetwork (NCCN) guidelines.20,21 Recently, pre-

clinical studies22 and clinical trials23 demonstrated the efficacy of zanubrutinib for the treatment of systemic DLBCL. Therefore, zanubrutinib
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Figure 1. PCNSL primary cells established from the stereotaxic biopsy tissue of PCNSL patient #1

(A) Biopsy tissue was cut up and embed in Matrigel.

(B) Cell clusters appeared in (red arrow) and outside (black arrow) the pellets wrapped with Matrigel after 21 days of culture.

(C) The microscopic morphology of cell aggregates appearing outside the pellets wrapped with Matrigel.

(D‒G) The cell morphology from day 0 to day 3 after passage.

(H) Detection of CD19 expression in primary cells using flow cytometry.

(I) The expression of CD20 in primary cells determined by flow cytometry.

(J) Immunofluorescence of CD19 and CD20 in primary cells.
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Figure 1. Continued

(K) Immunohistochemical staining of CD19, CD20, PAX5, GFAP in patient-derived tumor xenograft.

(L) Immunohistochemical staining of CD19, CD20, PAX5, GFAP in PCNSL patient #1. The images in (A‒G) show 43 (scale bar = 400 mm), 103 (scale bar = 200 mm)

and 203 (scale bar = 100 mm) magnification. In (J) images taken at 403 (scale bar = 50 mm). (K) scale bar = 50 mm; (L) scale bar = 100 mm. PCNSL, primary central

nerve system lymphoma.

ll
OPEN ACCESS

iScience
Article
may show promising results in the treatment of PCNSL. In addition, zanubrutinib might prevent the onset of selinexor-resistant clones by in-

hibiting the activation of downstream BCR targets, such as AKT, and when combined with selinexor, produce synergistic activity in PCNSL.

In this study, we successfully established primary PCNSL cells from biopsy tissue of patient and constructed an orthotopic PCNSL mice

model. We used these models to evaluate the efficacy of selinexor and zanubrutinib alone and in combination in the treatment of PCNSL

and to explore the possiblemechanism of the combination of selinexor and zanubrutinib in preventing the onset of selinexor-resistant clones.

RESULTS

Primary PCNSL cells established from the stereotaxic biopsy tissue of the patient

According to the culture method of cerebral and glioma organoids,24,25 biopsy tissues from three patients (patients #1, #2, and #3) with

PCNSL were dissected, embedded in Matrigel, and then cultured in special medium (Figures 1A, S2, and S3). In the biopsy tissue of patient

#1, after 21 days of culture, microscopic observations revealed that cell clusters appeared inside and outside the pellets wrapped in Ma-

trigel, and the cell clusters exhibited dense and spherical characteristics (Figures 1B and 1C). We passaged the cell clusters that appeared

outside the pellets wrapped in Matrigel (Figure 1C). On day 0 after passage, the cells exhibited suspension characteristics and a round

appearance with large nuclei (Figure 1D). With the extension of culture time, the cell density gradually increased and the cells aggregated

into clusters (Figures 1E–1G). The cells exhibited suspended clusters, similar to those of most systemic DLBCL cell lines. When the density

of cultured primary cells reached 90%, cell passage was started, and passage was performed every three days. Primary cells were frozen

and thawed.

To verify whether the cultured cells were PCNSL, we first examined the expression of specific markers for the diagnosis of B-cell lym-

phoma26 (CD19 and CD20) using flow cytometry and immunofluorescence. The flow cytometry results showed that the positivity rates of

CD19 and CD20 were 90.4% and 92.7%, respectively (Figures 1H and 1I). The immunofluorescence results showed that CD19 and CD20

were highly expressed in the cell membranes (Figure 1J). These results provided preliminary evidence that the cultured cells were DLBCL.

We then subcutaneously implanted cultured cells from patient #1 into NTG mice. After 12 days, the cultured cells formed patient-derived

tumor xenograft (PDX) in mice. The incidence of tumors was approximately 95%. After 28 days, xenograft formation was eliminated by immu-

nohistochemical staining (Figure S4). The staining results revealed the histological characteristics of DLBCL with positive expression of CD19,

CD20, and PAX5 and negative expression of GFAP (Figure 1K), which was consistent with the histopathological results of patient #1 with

PCNSL (Figure 1L). These data confirmed that the cells established from the stereotaxic biopsy tissue of the patient were PCNSL cells.

Primary cultured cells established from patients #2 and #3 and their validation are shown in Figures S2 and S3. Three primary cultured cells

derived from three PCNSL patients had the same cell morphology and similar gene expression (Tables S1–S3) and we selected the primary

cultured cells of patient #1 and patient #2 for subsequent experiments in this study.

Selinexor has anti-tumor effects and exhibits drug resistance on PCNSL

Based on the PCNSL cells established in this study, we performed a cell viability assay to examine the effects of selinexor on PCNSL. The half-

maximal inhibitory concentrations (IC50) of selinexor in PCNSL cells frompatient #1 and PCNSL cells of patient #2were 159 nM (Figure 2A) and

66 nM (Figure S5A), respectively. Time-course analysis of cell death revealed that prolonged exposure to selinexor had a greater inhibitory

effect on PCNSL cell proliferation (Figures 2B and S5B). To further study the effect of selinexor on PCNSL, we performedwhole-transcriptome

analyses of PCNSL primary cells (from patient #1) treated with selinexor. KEGG analysis indicated that cell cycle, DNA replication, and

apoptosis signaling pathways were significantly enriched (Figure 2C). Consistent with the KEGG results, the cell cycle analysis indicated

that the percentage of PCNSL cells in the G1 phase increased from 58.9% in the control group to 79.1% in the selinexor-treated group (Fig-

ure 2D). Apoptosis analysis showed that the annexin V-positive population was enhanced in PCNSL cells treated with selinexor (Figure 2E).

These results show that selinexor inhibited proliferation, induced G1 phase arrest, and promoted apoptosis in PCNSL cells, ultimately result-

ing in anti-tumor effects.

A previous study has reported that selinexor exhibit drug resistance in acute myeloid leukemia (AML) and activation of AKT survival

signaling is a key mechanism for selinexor resistance.14 To determine whether selinexor resistance occurs in PCNSL, we first performed heat-

map analysis of related target genes of AKT signaling pathway based on transcriptome results. The results indicated that the expression of

AKT upstream pathwaymolecules (PIK3CA, PIK3AP1, PIK3CD, and PIK3C2A), AKT2, AKT1S1, and downstream pathwaymolecules (MYC) was

upregulated in the selinexor treatment group (Figure 2F). Furthermore, western blotting results showed that PCNSL cells exhibited notable

upregulation of p-AKT upon treatment with selinexor (Figure 2G). These results suggest that selinexor resistance is evolving in PCNSL.

Combination of selinexor and zanubrutinib have a synergistic effect on the induction of PCNSL cell death

To prevent the onset of selinexor-resistant clones in PCNSL, selinexor was combined with zanubrutinib (an inhibitor of BTK and AKT) to treat

PCNSL. The IC50 of zanubrutinib in PCNSL cells of patient #1 and PCNSL cells of patient #2 was 33.688 mM (Figure S6) and 20.95 mM
iScience 27, 109799, May 17, 2024 3



Figure 2. Selinexor has anti-tumor effects and exhibits drug resistance on PCNSL

The PCNSL cells used in the experiment established from patients #1.

(A) IC50 determination of selinexor in PCNSL cells.

(B) PCNSL cells were treated with selinexor for 24 h, 48 h and 72 h, cell viability was monitored by CCK8 assay.
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Figure 2. Continued

(C) The top 20 enriched item of significantly differential genes between the selinexor group and the control group in the KEGG analysis. The upward (green) and

downward (blue) arrows represent the items of upregulated and downregulated genes enrichment in selinexor group, respectively. DEGs, differentially

expressed genes (813 up-regulated genes and 841 down-regulated genes).

(D) Flow cytometry analysis shows increased G1 arrest that was seen in PCNSL cells treated with selinexor for 24 h.

(E) Flow cytometry profile showing selinexor promoted apoptosis in PCNSL cells treated with selinexor for 24 h.

(F) The heatmap of AKT pathway related target genes in selinexor group and control group. U* and D* indicate that the gene is upregulated and downregulated,

respectively, and statistically significant (p < 0.05) in the selinexor group. Three columns represent for three biological replicates in each group. The color coding

is log2 (gene expression +1).

(G) Western blotting was performed to detect the expression of AKT and p-AKT in PCNSL cells. Error bars represent mean G SD. *p < 0.05, **p < 0.01,

***p < 0.001. Se, selinexor.
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(Figure S5C), selinexor together with increasing concentrations of zanubrutinib substantially increased the inhibition rate of PCNSL cell

growth, and prolonged exposure (24 h, 48 h, and 72 h) to the combination had a notable effect on the inhibition of cell proliferation

(Figures 3A–3C). To confirm the synergistic effect of selinexor and zanubrutinib on PCNSL, CI values were calculated (Figure 3D). The com-

bined therapy showed a strong synergistic inhibitory effect on the growth of PCNSL cells at all tested doses, with CI values ranging from 0.156

to 0.504 (CI values <1 indicate synergistic effects). In addition, we performed the above experiments using another PCNSL cell line (from pa-

tient #2) and observed similar results (Figures S5D–S5G). Overall, the combination of selinexor and zanubrutinib demonstrated long-term

synergistic effects on the induction of PCNSL cell death.

To further study the synergistic effect of selinexor combined with zanubrutinib on PCNSL at the gene level; we performed difference

analysis, KEGG analysis, and target gene heatmap analysis based on the RNA sequencing results. We used DESeq2 software for differ-

ential analysis, and genes with |log2 fold change | > log2 (1.5) and adjusted p < 0.05 were defined as differential genes (Files S1, S2,

and S3). A total of 1654, 676, and 1211 differentially expressed genes were present in the selinexor, zanubrutinib, and selinexor + zanu-

brutinib co-treatment groups, respectively (Figure S7). KEGG analysis revealed that, similar to the selinexor group (Figure 2C), the zanu-

brutinib and combination treatment groups were significantly enriched in the cell cycle, DNA replication, and apoptosis (Figures 3E

and 3F). Heatmap analysis of related target genes of the AKT signaling pathway revealed that selinexor combined with zanubrutinib

downregulated the expression of AKT upstream pathway molecules (PIK3CA, PIK3AP1, PIK3CD, and PIK3C2A), AKT2, AKT1S1, and down-

stream pathway molecules (MYC) (Figure 3G), suggesting that zanubrutinib potentially prevents the onset of selinexor-resistant clones in

PCNSL.

Combination of selinexor and zanubrutinib induce G1 arrest and promote apoptosis in PCNSL cells

KEGG results identified cell cycle and apoptosis as signaling hubs for PCNSL cell growth. To further determine whether the inhibition of cell

growth by treatment with selinexor and zanubrutinib was associated with the cell cycle and apoptosis, we first used flow cytometry to analyze

the cell cycle profiles of the treated cells. In PCNSL cells of patient #1, the percentage of G1 phase increased from 62.67G 5.45% in the control

group to 87.07G 0.85% and 89.23G 1.07% in the combination treatment groups (Figure 4A). A corresponding decrease in the number of cells

in the S phasewas also observed. Consistent with these results, the expression of Cyclin A2 (which plays an essential role in theG1/S transition)

and Cyclin B1 (which is necessary for the progression of cells into and out of the M phrase) substantially decreased in cells co-treated with

selinexor and zanubrutinib; however, treatment with single agentsmildly affected the expression of these proteins (Figures 4B and 4C). Similar

results were observed for other PCNSL cell lines (Patient #2, Figures S8A–S8C). These data demonstrate that selinexor and zanubrutinib

induce G1 phase arrest.

To assess the effects of selinexor and zanubrutinib on apoptosis, we analyzed the levels of apoptosis in PCNSL cells after 24 h exposure to

the indicated concentrations of selinexor and/or zanubrutinib. The annexin V-positive population was enhanced in PCNSL cells treated with

selinexor in combination with zanubrutinib. In addition, the proportion of apoptotic cells in the combination therapy group was higher than

that in the single drug group (Figure 4D). Similar results were observed in other PCNSL cells (Figure S8D). Thus, co-treatment with selinexor

and zanubrutinib synergistically promotes apoptosis. Consistent with the results of annexin V staining, the expression of proteins associated

with apoptosis also changed in response to treatment of PCNSL cells (Figures 4E–4G). Treatment with selinexor or zanubrutinib slightly

increased the expression of the active forms of poly-ADP ribose polymerase (PARP) and caspase-3 (Figures S8E and S8F), whereas co-treat-

ment drastically enhanced these effects (Figures 4E, 4F, S8E, and S8F). Treatment with this combination also increased the expression of the

pro-apoptotic protein Bax (Figure 4G). These results show that selinexor and zanubrutinib promote apoptosis by activating the caspase-

dependent pathway in PCNSL cells, ultimately resulting in cytotoxicity.

Overall, selinexor and zanubrutinib suppressed cell proliferation by inducing both cell-cycle arrest and apoptosis, with the combination

treatment being the most effective.

Combination of selinexor and zanubrutinib inhibit BCR signal transduction and abrogate activation of AKT signaling

pathway

Selinexor resistance led to increased nuclear export of cargo proteins, including tumor suppressor proteins and cell cycle regulators, thereby

activating the AKT signaling pathway (Figure 5A). However, selinexor combined with zanubrutinib inhibited BCR signal transduction and

blocked downstream pathways that promote cell survival, including AKT and ERK. Heatmap analysis showed that the expression of AKT
iScience 27, 109799, May 17, 2024 5



Figure 3. Selinexor and zanubrutinib have a synergistic effect on the induction of PCNSL cells death

The PCNSL cells used in the experiment established from patients #1.

(A‒C) PCNSL cells were treated with fixed concentration of selinexor (0.05 mM) and different concentrations of zanubrutinib for 24 h (A), 48 h (B) and 72 h (C), cell

viability was monitored by CCK8 assay.

(D) Heatmap of combination index (CI) for each combination of selinexor and zanubrutinib. CI values <1 indicates synergism effects.
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Figure 3. Continued

(E) The top 20 enriched item of significantly differential genes between the treatment group and the control group in the KEGG analysis. The upward (green) and

downward (blue) arrows represent the upregulated and downregulated items in treatment group, respectively. DEGs, differentially expressed genes.

(F) The heatmap of AKT pathway related target genes in the combination of selinexor and zanubrutinib group and selinexor group. U* and D* indicate that the

gene is upregulated and downregulated, respectively, and statistically significant (p < 0.05) in the combination group. Three columns represent for three

biological replicates in each group. The color coding is log2 (gene expression +1). Error bars represent mean G SD. *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001. PCNSL, primary central nerve system lymphoma; Se, selinexor; Za, zanubrutinib; Se_Za, selinexor 0.05 mM combined with zanubrutinib 5 mM.
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signaling pathway-related target genes was upregulated in the selinexor group (Figure 2G), whereas these genes were downregulated in the

selinexor + zanubrutinib group (Figure 3G), suggesting that the combination of selinexor and zanubrutinib could prevent selinexor resistance.

Although therewas no statistically significant difference in the upregulation of p-AKT andp-BTK in selinexor treated PCNSL cells (frompatient

#1) compared to the control group (Figure 5B), there was a significant difference in the upregulation of p-AKT and p-BTK in PCNSL cells from

patient #2 (Figures S9A and S9B). What’s more, the expression of p-AKT, p-BTK, and p-ERK substantially decreased in PCNSL cells co-treated

with selinexor and zanubrutinib (Figures 5B, 5C, and S9). To further determine themechanism by which selinexor combined with zanubrutinib

prevents the onset of selinexor resistance in PCNSL, an AKT activator and inhibitor were added for cell proliferation andwestern blot analyses.

The rate of PCNSL cell inhibition was reduced in the selinexor, zanubrutinib, and combination groups after the addition of the AKT activator,

whereas the rate of inhibition increased after the addition of the AKT inhibitor (Figure 5D). Consistent with the results of cell proliferation

analysis, the expression of p-AKTwas decreased in PCNSL cells after the addition of the AKT inhibitor (Figure 5E). Moreover, the ERK inhibitor

was added for cell proliferation assay to rule out ERK signaling. The rate of PCNSL cell inhibition did not increase after the addition of the ERK

inhibitor (Figure S10). These results suggest that selinexor induces drug resistance, and co-administration of selinexor and zanubrutinib can

prevent the onset of selinexor resistance in PCNSL by inhibiting BCR signal transduction and abrogating the activation of the AKT signaling

pathway.

Selinexor and zanubrutinib have anti-tumor effect in orthotopic PCNSL PDX models

We assessed the effect of selinexor alone and in combination with zanubrutinib on tumor growth in an orthotopic PCNSL PDX model (Fig-

ure 6A). Bioluminescent PCNSL cells were injected into the murine cerebrum to generate orthotopic xenografts. Initial radiance signals

showed similar tumor sizes in the four groups, whereas tumor growth continued to slow in the treated mice (Figures 6B and 6C). Compared

to that of the control, tumor growth was robustly slower in mice treated with the combination treatment. In survival analysis, the

treated mice survived markedly longer than the control mice (median survival for mice treated with selinexor: 35.5 days vs. median

survival of control mice: 26 days, p = 0.037; zanubrutinib, 39 days vs. control, p = 0.042; selinexor combined with zanubrutinib, 40 days

vs. control, p = 0.008; Figure 6D). The combination treatment increased the survival of mice compared with selinexor, whereas no signif-

icant difference was observed between the combination and zanubrutinib (combination vs. selinexor, p = 0.037; combination vs. zanubru-

tinib, p = 0.307).

To evaluate tumor proliferation and apoptosis after different treatments, Ki-67 and TUNEL were investigated and quantified in paraffin

sections of brain samples collected from PCNSL xenografts. Compared to tumors treated with zanubrutinib monotherapy, those treated

with combination therapy exhibited reducedKi-67 expression (Figures 6E and 6F). Furthermore, consistent with the in vitro data, co-treatment

with selinexor and zanubrutinib substantially increased apoptosis compared with treatment with each agent alone (Figure 6G). Collectively,

these results demonstrated that selinexor and zanubrutinib synergistically suppressed tumor growth and increased tumor cell apoptosis

in vivo, confirming our in vitro findings.

DISCUSSION

Cell lines and animal models of PCNSL are required to dissect their molecular pathogenesis and evaluate novel therapeutics. Although ISAO

et al. established a B-cell lymphoma cell line from a patient with primary CNS lymphoma in 1978,27 we had previously attempted the construc-

tion and cultivationmethods and failed. The low success rate of this protocolmay be one of the reasons for the scarcity of primary PCNSL cells

and cell lines until now. HKBML (Riken, Japan), another PCNSL cell line, was established by Ishiwata et al. in 1991. In recent years, there have

been a few PCNSL studies based on this cell line in Japan. Unfortunately, the detailed protocol for the establishment of HKBML is not avail-

able. Furthermore, due to the scarcity of PCNSL cells, it is the most commonly used method to establish PCNSL animal model by intracranial

injection of human systemic lymphoma cell lines such as Raji,28,29 MC116 B,30–32 and murine lymphoma cell lines such as A20.IIA33,34 and

BAL17.35 However, as these lymphoma cell lines are not established from PCNSL, the intracranial models constructed from these cells are

brain metastasis models for lymphoma rather than PCNSL models. Recently, a PCNSL orthotopic PDX model established from biopsy sam-

ples of patients with PCNSL has become an accurate PCNSL model.36,37 However, PCNSL PDX models have a long passage cycle and indi-

vidual variability, which notably limits the exploration of the molecular mechanisms underlying PCNSL at a deep level. Therefore, PCNSL cells

must be established, and the construction method must be repeated to facilitate orthotopic animal model construction and drug develop-

ment for PCNSL.

The unique tumor microenvironment of PCNSL may explain the reason for scarcity of PCNSL cell lines and the difficulty establish.

Currently, there is no recognized cell culture system or method for treating PCNSL. Conventional culture systems for systemic DLBCL

cell lines may not be suitable for the stable growth and passage of PCNSL cells. We referred numerous related literature for overcoming
iScience 27, 109799, May 17, 2024 7



Figure 4. Selinexor and zanubrutinib induce G1 arrest and promoted apoptosis in PCNSL cells established from patients #1

(A) Flow cytometry analysis shows increased G1 arrest that was seen in PCNSL cells treated with different concentrations of zanubrutinib in the presence or

absence of fixed concentration of selinexor for 24 h. Representative pictures are shown.
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Figure 4. Continued

(B and C), The protein levels of cell cycle related proteins cyclin A2 and cyclin B1 in PCNSL cells treated with fixed concentration of selinexor and different

concentrations of zanubrutinib.

(D) Flow cytometry profile showing selinexor and zanubrutinib alone or in combination promoted apoptosis in PCNSL cells. Representative pictures are shown.

(E‒G) Western blotting was performed to detect the expression of cleaved PARP (E), cleaved caspase 3 (F) and bax (G) in PCNSL cells. Error bars represent

mean G SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, each treatment group compared with control group; #p < 0.05, ##p < 0.01, ###p < 0.001,

####p < 0.0001, combination group compared with single-drug group. PCNSL, primary central nerve system lymphoma. Se, selinexor. Za, zanubrutinib.
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these issues. Finally, referring to the cultivation methods for cerebral and glioma organoids,24,25 we dissected limited biopsy tissues from

patients with PCNSL into pieces, embedded them in Matrigel, and cultured them in a specific homemade medium. This culture medium

simulates the CNS environment necessary for the survival of PCNSL. We successfully established primary cells from biopsy tissues with a

success rate of 100% (three PCNSL cells were successfully established from three patients with PCNSL). The successful construction of

PCNSL cells not only fills the gap in scarcity PCNSL cell lines, but also facilitates the preclinical evaluation of new drugs and in-depth

research on PCNSL biology.

PCNSL has advanced significantly in treatment and has improved survival; however, relapse is common, and long-term survival remains

poor. Additionally, an optimal standard treatment for PCNSL is yet to be established. Therefore, new drugs must be developed for the treat-

ment of PCNSL. Selinexor is a relatively well-studied anti-tumor agent. Preclinical activity for selinexor have been documented against T cell

acute lymphoblastic leukemia,38AML,38multiplemyeloma,39 chronic lymphocytic leukemia (CLL),40NHL,41 and solid tumors.8 Phase IIb studies

of selinexor have shown that it is well tolerated in patients with DLBCL, with an overall response rate of 28% (36/127), which has led to its FDA

approval for the treatment of relapsed/refractory DLBCL. The efficacy of selinexor against DLBCLmakes it a promising candidate for the treat-

ment of PCNSL. However, selinexor can also exhibit drug resistance. Emdal et al.14 profiled selinexor signaling responses using phosphopro-

teomics in samples and cell lines of patients with primary AML and found that activated AKT survival signaling is a key selinexor resistance

mechanism. Our heatmap analysis indicated that the expression of target genes related to the AKT signaling pathway was upregulated in se-

linexor-treated PCNSL cells. Consistent with the results of the heatmap analysis, western blotting showed increased p-AKT expression in

PCNSL cells after treatment with selinexor. Moreover, after adding the AKT inhibitor to the selinexor group, the inhibition rate of PCNSL cells

increased, and the expression ofp-AKTdecreased. These results suggest that selinexor treatmentmay initiate resistance in PCNSL cells. Thus,

it is crucial to discover another drug that can overcome activatedAKT signaling and that has synergistic effects when combinedwith selinexor.

The PI3K/AKT and ERK pathways are mainly regulated by BCR signaling in DLBCL and BCR is essential for the proliferation and survival of

malignant B cells.42 Owing to the significant role of BTK in proximal BCR signaling, the inhibitor is considered to primarily target BCR

signaling. BTK inhibitors are small molecules with a promising CNS distribution that bind to BTK, inhibit BCR signal transduction, and block

downstream pathways, including AKT and ERK. Ibrutinib, a first-generation BTK inhibitor, has been widely used in hematological malig-

nancies and is recommended by the NCCN guidelines for the second-line treatment of PCNSL. However, ibrutinib is prone to off-target ef-

fects and adverse events such as bleeding, rash, and diarrhea.43 Zanubrutinib is a new and next-generation selective BTK inhibitor that has

been reported to have greater specificity for BTK and a lower proportion of off-target effects compared with ibrutinib.20,21 Preclinical studies

have shown the efficacy of zanubrutinib in the treatment of B-cell malignancies.22,44 In the present study, we observed decreased expression

of p-BTK, p-AKT, and p-ERK in the zanubrutinib-treated PCNSL group, indicating that zanubrutinib inhibited BTK activation, thereby blocking

oncogenic signals downstreamof BCR. Compared tomonotherapy with zanubrutinib, the combination of selinexor and zanubrutinib resulted

in decreased expression of p-BTK, p-AKT, and p-ERK. At the gene level, this combination downregulated the expression of genes related to

the AKT pathway. Moreover, the elevated inhibition of PCNSL cells and reduced expression of p-AKT were more pronounced with the addi-

tion of theAKT inhibitor in the combination group. These data suggest that the combination of selinexor and zanubrutinib prevents the devel-

opment of selinexor resistance.

A previous study indicated increased survival in mouse OCI-LY10 CNS lymphoma and PCNSL PDX models after treatment with selinexor

and the first-generation BTK inhibitor ibrutinib.9 However, no preclinical and clinical studies have been conducted on the treatment of PCNSL

with selinexor combined with zanubrutinib. In the present study, based on the PCNSL cells that we have established, we investigated whether

the combination of selinexor and novel BTK inhibitor zanubrutinib had synergistic anti-tumor effects in PCNSL. Our findings revealed the syn-

ergistic effects of these two agents on the reduction in proliferation, promotion of apoptosis, induction of G1 phase arrest, and downregu-

lation of BCR and downstream signaling in PCNSL cells. In addition, we established an orthotopic PCNSL PDXmodel to evaluate the efficacy

and survival of selinexor and zanubrutinib in the treatment of PCNSL.Weobserved that selinexor combinedwith zanubrutinib robustly slowed

tumor growth andprolonged survival compared to the control group.Overall, the combination of selinexor and zanubrutinib had a synergistic

anti-tumor effect in vitro and prolonged survival in vivo.

In summary, cell lines for PCNSL remain scarce. We developed a reliable protocol for establishing PCNSL primary cultures, cell lines, and

an orthotopic PCNSL model based on biopsy tissues. Based on the PCNSL cells that we established and the orthotopic PCNSL PDX model,

we evaluated the effects of the combination of selinexor and zanubrutinib on PCNSL and demonstrated that co-treatment had a synergistic

effect in vitro and increased survival in vivo. Furthermore, we observed that this combination prevented the onset of selinexor resistance in

PCNSL by inhibiting BCR signal transduction and abrogating the activation of the AKT signaling pathway. The successful establishment of

PCNSL cells frombiopsies fills the gap in the scarcity PCNSL cell lines and provides a solid foundation for evaluating new therapeuticmethods

for PCNSL.Our preclinical study paves the way for testing selinexor in combination with zanubrutinib for the treatment of PCNSL andprovides

a rational basis for future clinical investigations.
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Figure 5. The combination of selinexor and zanubrutinib inhibit BCR signal transduction and abrogate activation of AKT signaling pathway

The PCNSL cells used in the experiment established from patients #1.

(A) Selinexor resistance leads to increased nuclear export of cargo proteins, thereby activating the AKT signaling pathway (red arrow). Zanubrutinib inhibit BTK

and abrogate downstream pathways that promote cell survival, such as AKT and ERK.

(B) Representative western blotting result demonstrates that the expressions of p-AKT and p-BTK were up-regulated in the PCNSL cells treated with selinexor

alone, while significantly decreased in the PCNSL cells treated with selinexor and zanubrutinib.

(C) Representative western blotting result shows the expression of p-ERK not only decreased in PCNSL cells treated with selinexor and zanubrutinib alone but

also significantly decreased in PCNSL cells treated with the combination of selinexor and zanubrutinib.

(D) Cell proliferation analysis of PCNSL cells treated with selinexor 0.05 mM, zanubrutinib 5uM, AKT activator (SC79 1uM) and AKT inhibitor (MK-2206 0.5uM) alone

or in combination for 24 h.

(E) Representative western blotting result of PCNSL cells treated with selinexor 0.05 mM, zanubrutinib 5uM, AKT activator (SC79 1uM) and AKT inhibitor (MK-2206

0.5uM) alone or in combination for 24 h. Error bars represent meanG SD.) In (B) and (C), **p< 0.01, ***p< 0.001, ****p< 0.0001, each treatment group compared

with control group; #p < 0.05, ##p < 0.01, ###p < 0.001, combination group compared with single-drug group. In (D) and (E), *p < 0.05, **p < 0.01, Se + AKT

activator, Za + AKT activator and Se + Za + AKT activator compared with Se, Za and Se + Za, respectively; ns represents no statistical difference; #p < 0.05,

##p < 0.01, ###p < 0.001, Se + AKT inhibitor, Za + AKT inhibitor and Se + Za + AKT inhibitor compared with Se, Za and Se + Za, respectively. Se, selinexor;

Za, zanubrutinib.
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Figure 6. Selinexor and zanubrutinib have antitumor effects in orthotopic PCNSL models in vivo

The PCNSL cells used in the experiment established from patients #1.

(A) Scheme representing orthotopic PCNSL PDX model treatment and monitoring.
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Figure 6. Continued

(B) Representative images of bioluminescence imaging of the PCNSL tumors.

(C) Tumor size as measured by bioluminescence imaging.

(D) Kaplan–Meier survival curve of mice in the four treatment groups.

(E) Representative pictures of H&E (Scale bar = 1.5 mm) and Ki 67 staining (Scale bar = 200 mm) in sections are shown.

(F) The data represents the density of Ki 67 positivity cells for each section.

(G) Apoptosis of tumor tissue was assessed by the TUNEL assay. Representative images show apoptotic/fragmented DNA (green staining) and the

corresponding cell nuclei (blue) staining. Scale bar = 100 mm. Error bars represent mean G SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, each

treatment group compared with control group; Se, selinexor; Za, zanubrutinib; Se+Za, selinexor combined with zanubrutinib.
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Limitations of the study

A limitation of this analysis is that no significant difference was observed between the combination treatment and zanubrutinib treatment

alone (p = 0.307) in the survival analysis. Possible reasons for this are as follows: First, this may be related to the fact that the sample size

was not large enough (N = 7 or N = 8). The two survival curves for combination therapy and zanubrutinib did not intersect, and a statistical

differencemay have been there, as the sample size increased. Second, the mice were not treated with zanubrutinib for a sufficient time (twice

a week for three weeks), resulting in insignificant differences between the two groups.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD19 Biolegend; Abcam Cat # 302244; ab134114

CD20 Biolegend; Abcam Cat # 302326; ab64088

CD19 isotype antibodies Biolegend Cat # 400161

CD20 isotype antibodies Biolegend Cat # 400149

p-BTK Abcam ab68217

BTK Abcam ab208937

p-Erk1/2 Cell Signaling Technology Cat # 4370

Erk1/2 Cell Signaling Technology Cat # 4695

p-AKT Cell Signaling Technology Cat # 4060

AKT Cell Signaling Technology Cat # 4691

PAX5 Abcam ab109443

GFAP Santa Cruz SC-33673

Ki-67 Cell Signaling Technology Cat # 9449

CyclinB1 Cell Signaling Technology Cat # 12231

CyclinA2 Abcam ab181591

Cleaved PARP Cell Signaling Technology Cat # 5625

Cleaved caspase-3 Cell Signaling Technology Cat # 9661

Bax Cell Signaling Technology Cat # 5023

b-actin Cell Signaling Technology Cat # 3700

Goat antimouse ZSGB-BIO ZB-2305

Goat antirabbit ZSGB-BIO ZB-2301

Alexa Fluor� 488 goat anti-Rabbit ZSGB-BIO ZB-0511

Chemicals, peptides, and recombinant proteins

DMEM/F12 HyClone SH30023.01

Neurobasal Invitrogen Cat # 21103049

N2 Invitrogen Cat # 17502048

B27 Invitrogen Cat # 17504044

2-mercaptoethanol Invitrogen Cat # 21985023

Insulin human recombinant YESEN Cat # 40112ES25

Glutamax Life Technologies Cat # 35050-061

Sodium pyruvate Life Technologies Cat # 11360-070

MEM-non-essential amino acids Sigma M7145

EGF Peprotech AF-100-15

bFGF Peprotech 100-18B

Matrigel Corning Cat # 356234

Penicillin-streptomycin Biosharp BL505A

Selinexor Meilun Biotechnology Co., Ltd. MB4546

Zanubrutinib BeiGene Co., Ltd. Gift

MK-2206 (AKT inhibitor) Selleck S1078

SC79 (AKT activator), Selleck S7863

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

SCH772984 (ERK inhibitor) Selleck S7101

Human Trustain FcX � BioLegend Cat # 422302

DAPI Solarbio C0065

Counting Kit 8 DOJINDO CK04

TRIzol reagent Thermo Fishe Cat # 15596026

RIPA buffer Solarbio R0010

Protease inhibitor Bimake B4001

Phosphatase inhibitor Solarbio P1260

5 3 loading buffer Solarbio P1040

SDS-polyacrylamide gel electrophoresis Epizyme PG112

DAB ZSGB-BIO ZLI-9017

Hematoxylin ZSGB-BIO ZLI-9610

Critical commercial assays

TUNEL detection kit Beyotime C1088

BCA Protein Assay Kit Solarbio PC0020

Annexin V FITC Apop Dtec Kit I BD Cat # 556547

Cell cycle and apoptosis analysis kit Beyotime C1052

Deposited data

RNA-seq This paper CNGB: CNP0005523 https://db.cngb.org/mycngbdb/

submissions/project

Experimental models: Cell lines

PCNSL cells (male) This paper N/A

Experimental models: Organisms/strains

NOD-Prkdcscid IL2rgnull mice (female) SPF (Beijing) Bioscience Co., Ltd. NTG mice

Software and algorithms

CompuSyn software (version 1) Dorothy Chou https://www.combosyn.com/

R (version 4.3.1) R Development Core Team https://www.r-project.org/

GraphPad Prism (version 9.5.1) GraphPad Software https://www.graphpad.com/features

Flowjo software (version 10.8.1) BD https://www.flowjo.com/

ImageJ software NIH https://hpc.nih.gov/apps/Fiji.html
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Wenbin Li

(liwenbin@ccmu.edu.cn).
Materials availability

The PCNSL primary cells in this paper are available upon request from the corresponding author.
Data and code availability

� RNA-seq data have been deposited at China National GeneBank (CNGB) and are publicly available as of the date of publication.

Accession numbers are listed in the key resources table. Original western blot images are available in the supplemental information.
� This paper does not report any original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Primary cells

Primary cells (male) were established based on biopsy tissue of PCNSL patients. Human tumor biopsy tissues were obtained from three male

patients (yellow race, China) diagnosed with PCNSL at the Beijing Tiantan Hospital, Capital Medical University. The patient provided written

informed consent for studies of their tumor and the protocol was approved by the institutional review board and the research ethics commit-

tee of Beijing Tiantan Hospital, Capital Medical University. Primary cells were cultured in a humidified incubator at 37�C and 5% CO2/95% air

(v/v).
Animal

All animal experiments were conducted at the Beijing Institute of Neurosurgery. All experimental protocols for the procedures with animals

were approved by the animal ethics committee of Beijing Tiantan Hospital, Capital Medical University (approval number 202101024). 6–

8 weeks female NTG mice (NOD-Prkdcscid IL2rgnull) weighing approximately 18–20 g of were purchased from the SPF (Beijing) Bioscience

Co., Ltd. and maintained in an SPF animal housing facility. Mice had access to food and water ad libitum and were kept at a constant tem-

perature on a 12-h light/dark cycle.
METHOD DETAILS

Establishment of PCNSL primary cells

Human tumor biopsy tissues were obtained from three patients diagnosed with PCNSL at the Beijing Tiantan Hospital, Capital Medical Uni-

versity. All three patients were immunocompetent and free of EBV infection. To efficiently use limited PCNSL biopsy tissue, we manufactured

‘‘dimpled’’ parafilm by homemade combination tools (composed of 10 mL centrifuge tube and 200 uL PCR tube), yielding reproducibly sized

dimpled indentations or molds (Figure S1A). The PCNSL biopsy sample was dissected to 1 mm3–2 mm3 tissue blocks with sterile scissors and

then added at a volume ratio of 1:4 of PCNSL-specific culture medium and Matrigel (Corning #356234). Tissue blocks of 1 mm3–2 mm3 were

mixedwithmatrigel and 20 uL suspension was rapidly added to eachmold (Figure S1B). Themixture was allowed to solidify in a CO2 incubator

before being transferred to a PCNSL-specific culture medium. After observing the formation of cell clusters, the cells were passaged. All pro-

cesses were performed in a biosafety cabinet and required sterile operations.

The detailed steps were as follows: (1) Use parafilm to create 12–16 concave micro-wells on a 10 mL pipette tip box plate. (2) The fresh

PCNSL biopsy sample was placed in DMEM/F12 cultured medium and cut into 1mm3-2 mm3 tissue blocks with sterile scissors. (3) Centrifuge

the DMEM/F12medium containing 1mm3-2mm3 tissue blocks, and then discard the culturemedium. (4) Add PCNSL-specific culturemedium

andmatrigel in a ratio of 1:4, thoroughlymix them. And add 20 uL of themixture to each concavemicro-well. (5) Place the parafilm on a culture

dish and add 1-2 mL of PBS (Figure S1B). Then, place it in a 37�C, 5% CO2 incubator and wait for 1 h for the matrigel to solidify. (6) The so-

lidified matrigel containing PCNSL tissue was completely removed and placed in PCNSL-specific culture medium for cultivation. (7) The cul-

ture medium was changed every 3 to 4 days until the formation of PCNSL cell clusters.

The PCNSL-specific culture medium effectively simulated the CNS microenvironment in which PCNSL survived. The culture medium con-

tained a 1:1 mixture of DMEM/F12 (HyClone, SH30023.01) and Neurobasal (Invitrogen, #21103049) contained 1:200 N2 supplement (Invitro-

gen, #17502048), 1:100 B27 supplement (Invitrogen, #17504044), 3.5 ml/L 2-mercaptoethanol (Invitrogen, #21985023), 2.5 mg/mL insulin human

recombinant (YESEN, #40112ES25), 1:100 glutamax (Life Technologies, #35050–061), 1:100 sodium pyruvate (Life Technologies, #11360–070),

1:200 MEM-non-essential amino acids (Sigma, M7145), 20 ng/mL EGF (Peprotech, AF-100-15), 20 ng/mL bFGF (Peprotech, 100-18B), and

1:100 penicillin-streptomycin (Biosharp, BL505A).
Drugs and reagents

Zanubrutinib was gifted by BeiGene Co., Ltd. (Beijing, China), and Selinexor was purchased from Meilun Biotechnology Co., Ltd. (Dalian,

China). MK-2206 (an AKT inhibitor), SC79 (an AKT activator), and SCH772984 (an ERK inhibitor) were purchased from Selleck (USA). It was

initially dissolved in 100% DMSO (Sigma-Aldrich, Germany) and stored at �20�C. The control for oral selinexor was 0.6% plasdone PVP

K-30 (Solarbio, P8060). Methylcellulose (0.5% methycellulose; BioTopped, M6080) was used as the control for oral zanubrutinib.
Flow cytometry

Primary PCNSL cells were collected and fixed in cold 2% paraformaldehyde for 15 min. The cells were then washed thrice with cold PBS. For

CD19 and CD20 expression analysis, cells were blocked in Human Trustain FcX (BioLegend, #422302) at 37�C for 30 min and divided into

blank, isotype, and detection tubes. Cells in the isotype tube were incubated with CD19 (Biolegend, #400161) and CD20 isotype antibodies

(Biolegend, #400149), followed by incubation with anti-human CD19 (Biolegend, #302244) and anti-human CD20 (Biolegend, #302326) anti-

bodies at room temperature for 30 min. Finally, cells were washed twice and resuspended in cold PBS. All the analyses were performed using

Flowjo software (version 10.8.1, BD).
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Immunofluorescence

PCNSL primary cells grown on glass coverslips pretreated with TC (Solarbio, YA0350) and fixed for 15 min in 2% paraformaldehyde at room

temperature, and then incubated with 5% BSA at room temperature for 1 h before incubation with anti-CD20 antibody (Abcam, ab64088) and

anti-CD19 antibody (Abcam, ab134114) overnight at 4�C. Cells were washed thrice in PBS for 5 min each, and then incubated with Alexa Fluor

488 goat anti-Rabbit IgG (H + L) (ZSGB-BIO, ZF-0511) secondary antibodies at room temperature for 1 h. After a final washwith PBS, cells were

incubated with DAPI (Solarbio, C0065) for 5 min. The images were captured using an Evos FL Auto 2 fluorescencemicroscope (Thermo Fisher

Scientific).

Cell proliferation assay

For half-maximal inhibitory concentration (IC50) of drug, PCNSL Cells were seeded in 96-well plate at a density of 8000 cells per 100 mL and

treated with different concentrations of selinexor and zanubrutinib for 48 h. For time-course analysis, PCNSL cells were exposed to fixed con-

centrations of selinephrine and different concentrations of zanubrutinib for 24 h, 48 h and 72 h. Cells were treated with selinexor, zanubrutinib,

MK-2206 (AKT inhibitor), SC79 (AKT activator), and SCH772984 (ERK inhibitor) for 24 h for the cell proliferation assay. The Cell Counting Kit 8

(DOJINDO, CK04) assay was performed to evaluate cell proliferation. The absorbance was measured using a spectrophotometer (TECAN

SPARK 10 M, Switzerland). The experiments were repeated in biological triplicates.

Apoptotic analysis, cell-cycle assays, and TUNEL assay

Cells were treated with a fixed concentration of selinexor alone or in combination with different concentrations of zanubrutinib for 24 h for

apoptosis and cell cycle analysis. According to the protocol, performed apoptosis analysis using the Annexin V FITC Apop Dtec Kit I (BD,

#556547). For cell cycle assays, cells were stained using the cell cycle and apoptosis analysis kit (Beyotime, C1052) according to the manufac-

turer’s protocol. Finally, the cells were analyzed using a flow cytometer (Beckman CytoFLEX, USA). TUNEL is a method for detecting DNA

fragmentation by labeling the 30- hydroxyl termini in the double-strand DNA breaks generated during apoptosis. Orthotopic PCNSL xeno-

graft micemodels were treated with selinexor and zanubrutinib alone or in combination, and brain tissue were fixed in 4% paraformaldehyde,

embedded in paraffin and cut into 5 mm sections. A TUNEL assay was then conducted to examine DNA fragmentation using the detection kit

(Beyotime, C1088) according to the manufacturer’s instructions. Images were captured by Zeiss LSM 710 confocal microscope (Zeiss, Ger-

many). The experiments were repeated in biological triplicates.

RNA sequencing and analysis

Cells were treated with selinexor 0.05 mM and zanubrutinib 5 mM alone or in combination for 24 h, The experiments were repeated in biolog-

ical triplicates. The collected cells were lysed using TRIzol reagent (Thermo Fisher, #15596026). Total RNA was extracted and reverse tran-

scribed into cDNA, and RNA quantification and qualification, library preparation, clustering and sequencing, read mapping, and data pro-

cessing were performed by Novogene Bioscience (Beijing, China). Differential expression analysis was performed using the DESeq2 R

package (1.40.1), and genes with |log2 fold change | > log2 (1.5) and adjusted p< 0.05 were defined as differential genes. Kyoto Encyclopedia

of Genes and Genomes (KEGG) pathway enrichment analyses were performed using the clusterProfiler R package (v4.8.1). A heatmap of the

target gene was generated and visualized using the pheatmap R package (1.0.12).

Western blotting

Cells were treated with selinexor, zanubrutinib, MK-2206 (AKT inhibitor), or SC79 (AKT activator), alone or in combination, for 24 h. Collected

cultured cells were lysed on ice for 30 min in RIPA buffer (Solarbio, R0010) mixed with protease inhibitor (Bimake, #B4001) and phosphatase

inhibitor (Solarbio, P1260). After centrifugation at 12,0 0 0 3 g for 10 min, the supernatant was placed in a new EP tube. The protein quan-

tification was performed using BCA Protein Assay Kit (Solarbio, PC0020) according to protocol. Then 5 3 loading buffer (Solarbio, P1040)

was added based on the quantification results, and the samples were boiled at 95�C for 10 min. After the samples were cooled to room tem-

perature, proteins were separated by SDS-polyacrylamide gel electrophoresis (Epizyme, PG112) and transferred to an NC membrane (PALL,

#66485). The primary antibodies used in this study included antibodies against Phospho-BTK (p-BTK) (Abcam, ab68217, 1:1000), BTK (Abcam,

ab208937, 1:1000), Phospho-p44/42 MAPK (p-Erk1/2) (Cell Signaling Technology, #4370, 1:1000), p44/42 MAPK (Erk1/2) (Cell Signaling Tech-

nology, #4695, 1:1000), Phospho-AKT (p-AKT) (Cell Signaling Technology, #4060, 1:1000), AKT (Cell Signaling Technology, #4691, 1:1000),

CyclinB1 (Cell Signaling Technology, #12231, 1:1000), CyclinA2 (Abcam, ab181591, 1:2000), Cleaved PARP (Cell Signaling Technology,

#5625, 1:1000), Cleaved caspase-3 (Cell Signaling Technology, #9661, 1:1000), Bax (Cell Signaling Technology, #5023, 1:1000), b-actin (Cell

Signaling Technology, #3700, 1:1000). The secondary antibodies were goat antimouse IgG antibody (ZSGB-BIO, ZB-2305,1:3000), goat anti-

rabbit IgG antibody (ZSGB-BIO, ZB-2301,1:3000). The results were analyzed using chemiluminescence detection system (Gene, China). The

experiments were repeated in biological triplicates.

Hematoxylin-eosin (HE) and immunohistochemical (IHC) staining

The tumor sample and brain tissue sample from experimental mice were preserved in 4% paraformaldehyde and embedded in paraffin. For

HE staining, the brain slides were incubated with hematoxylin and eosin. For IHC staining, antigen retrieval was performed by application of

citrate buffer pH 6.00 for 15 min. The slides were incubated with primary antibody against CD20 (Abcam, ab64088, 1:100), CD19 (Abcam,
18 iScience 27, 109799, May 17, 2024
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ab134114, 1:500), PAX5 (Abcam, ab109443, 1:1000), GFAP (Santa Cruz, SC-33673, 1:100) and Ki 67 (Cell Signaling Technology, #9449, 1:800)

overnight at 4�C and then with HRP-conjugated secondary antibody (ZSGB-BIO, ZB-2305/ZB-2301,1:500) at room temperature for 1 h, fol-

lowed by staining with DAB (ZSGB-BIO, ZLI-9017) for 15 min, washed with PBS, stained with hematoxylin (ZSGB-BIO, ZLI-9610). Images

were captured with Zessi Axio Vert.A1 reversed microscope (Zeiss, Germany).
Subcutaneous and orthotopic PCNSL xenograft mice models

Six to eight-week-old female NTG mice (NOD-Prkdcscid IL2rgnull) were used to develop subcutaneous and orthotopic xenograft models of

PCNSL. NTG mice were obtained from SPF (Beijing) Bioscience Co., Ltd. (Beijing, China). For the subcutaneous model, primary PCNSL cells

(13 107) in PCNSL-specific culture mediumwith Matrigel (1:1 ratio) were injected subcutaneously into the left dorsal region of the mice. After

28 days, the xenografts were removed for immunohistochemical staining.

In the orthotopic xenograft model, primary PCNSL cells were stably transfected with luciferase. Lentivirus containing luciferase gene,

green fluorescent protein gene, and anti-puromycin gene (LV-Luc2-ZsGreen-Puro-CON) was added to the PCNSL-specific medium with

3 3 105 primary cells and incubated (at 37�C, 5% CO2) for 6 h. The final titer of the lentivirus was 3 3 107 transduction units/mL (Tu/mL).

The cells were then centrifuged, resuspended, and transferred to a fresh PCNSL-specific culture medium. After 72 h of transfection, the trans-

fection efficiency of the PCNSL cells was confirmed by observing green fluorescent proteins using a fluorescence microscope. Subsequently,

0.2 mg/mL puromycin was added to the culture medium for selection. Further, 1 3 105 cells in 5 mL PBS were injected intracerebrally (coor-

dinates: 1 mm posterior, 1.8 mm lateral right to the bregma, and 3.0 mm deep from the dura) with a Hamilton syringe at a rate of 1 mL/min

using a brain stereotaxic injection apparatus (RWD, China). Tumor formation was monitored by bioluminescence imaging (BLI) using an IVIS

Spectrum system (PerkinElmer, USA) on day 7 after intracerebral injection. For tumor formation, mice were randomly assigned to four groups

(control, selinexor-, zanubrutinib-, and both selinexor and Zanubrutinib-treated). Selinexor (5 mg/kg, dissolved in 0.6% plasdone PVP K-29/32)

and zanubrutinib (15 mg/kg, dissolved in 0.5% methylcellulose) was administered twice a week for three weeks. To monitor tumor growth in

PCNSL xenografted mice, mice were injected intraperitoneally with 10 mL/g of 15 mg/mL D-luciferin potassium salt solution (PerkinElmer,

#122799). Tumoral size was analyzed and quantified using Living Image 4.4 software (PerkinElmer) and the total photons per second (ph/s)

were recorded.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

Values are expressed as mean G SD. The data were analyzed for statistical significance using the unpaired Student’s t test and two-way

ANOVA using GraphPad Prism 9 software for Windows. For two-group comparison, p values <0.05 was considered statistically significant.

For omics analysis, values of False Discovery Rate (FDR) < 0.05 were accepted as statistically significant. The combination index (CI) for

drug combinations was determined according to the Chou-Talalay method using CompuSyn software (version 1, Biosoft, UK). Combination

index (CI) values of <1, = 1, and >1 indicated synergistic, additive, and antagonistic effects, respectively. Survival analysis was performed using

the Kaplan–Meier method. The protein, Ki 67 positive cells and TUNEL positive cells were quantified and analyzed using ImageJ software.

Throughout the text, *p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001; #p< 0.05, ##p< 0.01, ###p< 0.001, ####p< 0.0001. And comparisons

were specifically indicated in the figure legends.
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