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Background

Drug resistance remains a serious challenge to rituximab therapy in B-NHL (B cell non-Hodgkin’s lymphoma). CDC (complement-dependent cytotoxicity) has been proposed as a major antitumor mechanism of rituximab, and direct abrogation of CD59 function partially restores rituximab sensitivity with high efficacy. However, universal blockade of CD59 may have deleterious effects on normal cells. Sp1 regulates constitutive CD59 expression, whereas NF-κB and CREB regulate inducible CD59 expression.



Methods

Immunohistochemistry (IHC) assay was used to detect the expression levels of CD59 and other related molecules. Quantitative Real-time PCR (RT-PCR) analysis was used to explore the levels of transcripts in the original and resistant cells. We chose LY8 cells to test the effects of NF-κB and CBP/p300 inhibition on CD59 expression using flow cytometry (FACS). Immunoblotting analysis was employed to detect the effects of curcumin and POH. The in vitro and in vivo experiments were used to evaluate the toxicity and combined inhibitory effect on tumor cells of curcumin and POH.



Results

We demonstrated that herbal (curcumin and perillyl alcohol) blockade of NF-κB specifically suppresses the expression of inducible CD59 but not CD20, thus sensitizing resistant cells to rituximab-mediated CDC. Moreover, activation of NF-κB and CREB is highly correlated with CD59 expression in B-NHL tissues.



Conclusions

Our findings suggest the potential of CD59 expression as a predictor of therapeutic efficacy of NF-κB inhibitors in clinical application as well as the rationality of a NF-κB inhibitor-rituximab regimen in B-NHL therapy.
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Introduction

Rituximab is an anti-CD20 chimeric monoclonal antibody and represents a revolutionary advance in B-NHL (B cell non-Hodgkin’s lymphoma) treatment in combination with cyclophosphamide, doxorubicin, vincristine, and prednisone (R-CHOP). The main suspected mechanisms by which rituximab eliminates CD20-expressing cells include complement-dependent cytotoxicity (CDC), and antibody-dependent cellular cytotoxicity (ADCC) (1–3). Although rituximab greatly improves the clinical outcomes of B-NHL treatment, approximately 50% of patients are initially unresponsive, and the majority of patients eventually become resistant to further rituximab treatment, thus hampering the drug’s curative efficacy (4). Intrinsic unresponsiveness and acquired resistance to rituximab are not fully understood and remain a matter of debate.

Analyses of FcγRIIIa polymorphisms have clearly demonstrated that these polymorphisms are critical determinants of natural killer cell function, thereby demonstrating the importance of ADCC activity in determining the clinical efficacy of rituximab (5). In addition, numerous studies have reported the significance of rituximab mediated CDC (6–12). To overcome rituximab resistance, enhancing CDC activity is an important approach (1). The over-expression of mCRPs (membrane complement regulatory proteins), confers resistance to rituximab by inhibiting rituximab-induced complement activation (1). Adjuvant agents that directly abrogate the functions of mCRPs, such as CD46, CD55 and CD59, sensitize B-NHL cells to CDC, thus amplifying the therapeutic capacity of rituximab (13–16). CD59 appears to be the most effective mCRP protecting B-NHL cells from rituximab-mediated CDC (17). CD59 but not CD46 or CD55 is over-expressed in a multiple rituximab-treated mouse model xenografted with follicular lymphoma (FL) cells isolated from a patient (18). Moreover, in a clinical study of chronic lymphocytic leukemia (CLL), the expression of CD59 but not CD55 significantly increased in patients who failed to clear CLL cells from circulation after rituximab treatment (19). A bispecific antibody against CD20 and CD59 was demonstrated more potent than that against CD20 and CD55 in increasing the efficacy of antibody-based immunotherapy (20). We also observed that only CD59 is over-expressed and highly associated with resistance in B-NHL cells and the unresponsiveness of CLL cells to rituximab (13, 21). Therefore, CD59 is of interest as a potential drug target to combat rituximab resistance (13, 14, 16, 21, 22).

We have reported that the widely expressed transcription factor Sp1 is responsible for the constitutive expression of CD59, whereas NF-κB and CREB regulate the inducible expression of CD59 via connection of CBP/p300 (23). In addition, SOX2 upregulates CD59 transcription in the epithelial cancer stem cells (24), and is stabilized via PI3K/AKT signaling to develop the resistance to R-CHOP regimen in diffuse large B cell lymphoma (DLBCL) (25). In the process of TGF-β-induced epithelial–mesenchymal transition (EMT), CD59 is significantly upregulated by Smad3 to evade complement-mediated attack in metastasis (26). Further, we also found that the PKC signaling pathway is significantly activated in rituximab-resistant Burkitt’s lymphoma (BL) cells, and the application of the PKC inhibitor midostaurin could significantly enhance the pro-apoptotic effect of rituximab, leading to a significant therapeutic effect in tumor-bearing mouse models (27). Here, we demonstrate that NF-κB signaling axis is responsible for inducible CD59 expression in rituximab-resistant B-NHL cells and that inhibition of this axis can reduce CD59 expression and consequently sensitize rituximab-resistant B lymphoma cells to CDC effect.



Materials and Methods


Cell Lines and Culture

Human DLBCL OCI-LY8 cells (abbreviated as LY8) and human BL Raji cells were cultured in IMDM medium or RPMI 1640 media (Hyclone, Logan, UT), respectively, supplemented with 10% heat-inactivated fetal bovine serum, 100 U/mL penicillin and 100 mg/mL streptomycin (Gibco, Paisley, UK) at 37°C in an atmosphere of 5% CO2. We further generated rituximab-resistant Raji cells that were resistant to CDC induced by different concentrations of rituximab according to our previous procedure (13). These cells were termed Raji2, Raji4, Raji8, Raji16, and Raji32 because they could survive complement attack induced by rituximab (Roche, Basel, Switzerland) at concentrations of 2.0, 4.0, 8.0, 16.0, and 32.0 μg/mL, respectively, in the presence of 10% NHS.



Reagents

FITC-conjugated anti-mouse IgG, anti-β-actin (C4) (sc-47778), anti-TFIIB (D-3) (sc-271736), anti-CD59 (H-7) (sc-133170), anti-CD46 (M177) (sc-52647), anti-CD55 (H-7) (sc-133220), goat-anti-rabbit IgG-HRP (sc-2004), goat-anti-mouse IgG-HRP (sc-2005), anti-p65 (F-6) (sc-8008), anti-phospho-NF-κB (RelA-S536) (AP0475), anti-p50 (E-10) (sc-8414), anti-cRel (B-6) (sc-6955), anti-Sp1 (E-3) (360759), anti-CREB-1 (24H4B) (sc-271), anti-phosphorylated CREB-1(Ser-133) (sc-101663), and anti-TP53 (DO-2) (sc-53394) antibodies were obtained from Santa Cruz Biotechnology (Dallas, TX). Anti-phosphorylated Sp1 (Thr-453) (ab59257) antibody was obtained from Abcam (Cambridge, MA). Anti-phosphorylated Sp1 (BS4755) antibodies were obtained from Bioworld Technology, Inc. (St. Louis Park, MN). Anti-acetyl-TP53 (Lys-373) (06-916) antibody was obtained from Millipore (Billerica, MA). FITC-conjugated mouse anti-human CD59 mAb (p282/H19) (555763) was obtained from BD Pharmingen (BD Pharmingen, San Diego, CA). FITC-conjugated AffiniPure goat anti-rabbit IgG (H-L) (305-095-003), AffiniPure F(ab)′2 Fragment Goat Anti-human IgG F(ab)′2 Fragment specific (107192) and AffiniPure F(ab)′2 Fragment Rabbit Anti-human IgM, FC5u Fragment specific (110309) were obtained from Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA).

Curcumin, the L-type calcium channel blocker POH, pyrrolidine dithiocarbamate (PDTC), (−)-epigallocatechin gallate (EGCG), parthenolide, 1,2-bis (2-amino-5-methylphenoxy) ethane-N,N,N′,N′-tetraacetic acid tetrakis (acetoxymethyl) ester (BAPTA-AM), calpain inhibitor I, calpain inhibitor II, BMS-345541, BAY 11-7082, C646, bortezomib, thalidomide, As2O3, and SN50 were obtained from Sigma-Aldrich (St. Louis, MO). IKK inhibitor VII, NEMO-binding domain binding peptide (NBD), casein kinase II inhibitor, caffeic acid phenethyl ester (CAPE), and W13 were purchased from Calbiochem Corp (La Jolla, CA). Dehydroxymethylepoxyquinomicin (DHMEQ) was kindly provided by Dr. K. Umezawa (Keio University, Yokohama, Japan). Dimethyl sulfoxide (DMSO) was used as the solvent for reagents that were insoluble in aqueous media. The above reagents were prepared as stock solutions according to the manufacturer’s instructions. Propidium iodide (PI) was obtained from Invitrogen (Carlsbad, CA). All pooled NHS used as a source of complement was obtained from 20 healthy persons and was aliquoted and stored at -80°C until use.



Patients

A tissue microarray chip containing 131 DLCBL tissue samples was purchased from Alenabio, Inc. (Cat #2086, Xi’an, Shanxi, China), the distributor of US Biomax, Inc. (Rockville, MD). In addition, tumor tissues from 16 DLBCL patients were fixed with 4% neutral formaldehyde, then dehydrated and embedded in paraffin, and HE (hematoxylin-eosin) stained after sectioning. Another independent set comprising 26 B-NHL patients between 2015 and 2018 from Zhongshan Hospital. All 26 patients underwent at least 6 cycles of R-CHOP (rituximab plus cyclophosphamide, doxorubicin, vincristine, and prednisone) treatment and had specimens of tumor tissue before and after the treatment. Then the tissue microarrays (TMAs) were constructed and the use of samples was approved by the Ethics Committee of Zhongshan Hospital of Fudan University (B2018-073R). All specimens were assessed independently by 2 pathologists. All B-NHL were diagnosed according to the World Health Organization’s 2008 diagnostic criteria and 2016 revised standards. All DLBCL patients were followed up for 5 to 57 months. The follow-up was carried out on an outpatient basis or by telephone. The survival time of each patient was observed and recorded. Overall survival (OS) refers to the time from pathological diagnosis to death for any reason.



Complement-Mediated Cytolysis

Cell viability was determined by PI staining as described previously (21). Briefly, 1.0×106/mL cells were pretreated with vehicle or inhibitors for 48 hours, and medium containing 10% NHS as the source of complement and rituximab (16 or 32 μg/ml) was added to each well. The mixtures were incubated for 4 hours at 37°C and placed on ice to stop complement activation. After washing with 1% BSA/PBS, the harvested cells were incubated with PI (2 μg/mL) at room temperature for 15 minutes and immediately analyzed on a Cytomics FC 500 MPL (Beckman Coulter, Brea, California). The PI-negative control cells without any treatment were regarded as live cells. The percentage cell death was calculated using the following formula: cell death (%) = 100× [1 - (live cells in treated sample/live cells in untreated control)]. The percentage inhibitor-enhanced effect (%) on rituximab-mediated CDC was calculated as follows: cell death (%) = (% of dead cells in rituximab with inhibitor sample) - (% of dead cells in inhibitor alone sample).



Immunohistochemistry (IHC) Staining

IHC staining was performed using the Bond Max Autostainer (Leica Microsystems, Buffalo Grove, IL). Antigen retrieval was conducted by incubating tissue sections in Bond Epitope Retrieval Solution 1 (ER1) at 100°C for 30 minutes. After retrieval, the sections were sequentially incubated with primary antibody for 25 minutes, secondary antibody for 15 minutes, and polymer for 25 minutes. Colorimetric development was performed by diaminobenzidine treatment for 10 minutes (Bond Polymer Refine Detection; Leica Microsystems, Buffalo Grove, IL). Finally, the sections were counterstained with hematoxylin, dehydrated, and mounted in Cytoseal XYL (Richard-Allan Scientific, Kalamazoo, MI). The color of the antibody staining in the tissue sections was observed by microscopy (Leica Microsystems, Buffalo Grove, IL).

The IHC score assessment was slightly modified according to previous studies (28, 29) and independently performed by two experienced pathologists. Briefly, the entire slide was evaluated, and 5 fields were chosen at random at 400× magnification. First, a proportion score was assigned, which represents the proportion of positively stained tumor cells (0, <5/100; 1, 5/100 to 33/100; 2, 34/100 to 66/100; 3, > 66/100). Next, an intensity score was assigned, which represents the average intensity of positive tumor cells [0, none; 1, weak (1+), 2, intermediate (2+); and 3, strong (3+)]. The proportion and intensity scores were then added to obtain a total score, which ranged from 0 to 6. A score of 0 to 3 was considered Low Expression, and a score of 4 to 6 was considered High Expression. Finally, a heat map was constructed using Cluster3.0 software according to the case amounts of each score, and the R and P values were calculated using SPSS software (version 19.0; SPSS Inc, Chicago, IL).



Xenograft Studies

Female, 8-week-old Balb/C nude mice were purchased from Slac Laboratory Animal (Shanghai, China) and maintained under specific pathogen-free conditions. Mice were acclimated in house at least 7 days prior to use. To ensure the resistance of the Raji 32 cell line, cells were treated with 32.0 μg/mL rituximab and 10% NHS for 1 hour at 37°C before being transplanted into the nude mice; subsequently, a total of 1.5×107 Raji 32 cells were suspended in 100 μL 50% Matrigel (BD Biosciences, San Jose, CA) diluted in serum-free culture medium and injected subcutaneously into the right flank of each BALB/c nude mouse. After xenotransplantation, mice were randomized into vehicle and treatment groups. In order to observe the synergistic effect of the drugs in vitro or in vivo, we used a slightly lower concentration compared to other references (30–35). Curcumin (20 mg/kg body weight) or POH (50 mg/kg body weight) diluted in olive oil was injected intraperitoneally daily on day 8 for a total of 12 days, and rituximab (4 mg/kg body weight) was injected intraperitoneally on day 9 on 3 occasions 4 days apart (Q4D). Tumor size was measured with calipers, and tumor volume was calculated by the following formula: (width)2 × length/2 (13, 36).



Flow Cytometry

The expression levels of CD20 and CD59 were determined by immunofluorescence assay. Briefly, 1.0×106/mL cells were pretreated with vehicle or various pharmaceutical inhibitors for 48 hours at concentrations lower than those that induced 5% cell death as indicated in Figure 3 and Supplementary Figure 1. Subsequently, the cells (1.0×106 cells/mL) were harvested for immunofluorescence analysis as described previously (13). To detect the expression of CD20, the respective primary antibodies and FITC-conjugated secondary goat anti-mouse IgG antibodies were employed; FITC-conjugated mouse anti-human CD59 antibody was directly used to detect CD59 expression. The stained cells were then analyzed by Cytomics FC 500 MPL (Beckman Coulter, Brea, California). Data were analyzed with Summit software and are expressed as the mean fluorescence intensity (MFI) in a histogram. Animal studies were approved by the Animal Ethics Committee at Shanghai Medical School, Fudan University.



Quantitative RT-PCR

Total RNA was extracted using Trizol reagent (Invitrogen, Waltham, MA) according to the manufacturer’s instruction. Reverse transcription was performed using 1 μg of RNA and a Reverse Transcription System (Promega, Madison, WI) for Quantitative Real-time PCR (RT-PCR). The input cDNA was standardized and amplified for 45 cycles with SYBR Green Master Mix and gene-specific primers on an ABI Prism 7900HT machine (Applied Biosystems, Waltham, MA). The cycling parameters were 95°C for 2 minutes, followed by 45 cycles of 95°C for 10 seconds and 60°C for 30 seconds. The β-actin mRNA level was used as an internal normalization control, and samples were analyzed in triplicate. The primers for amplifying β-actin and CD59 transcripts T1-T8, T1-T4, T5 and T6-T8 have been reported previously (23).



Western Blot Analysis

Total cellular proteins were isolated using a mammalian protein extraction reagent (Sigma), and nuclear extracts for detecting NF-κB, CREB, Sp1 and TP53 were prepared using a nuclear protein extraction kit (Active Motif, Carlsbad, CA) with a modified procedure described previously (23).



Statistical Analysis

Statistical analysis was performed with SPSS (version 19.0; SPSS Inc, Chicago, IL). Pearson χ2 test or Fisher’s exact test was applied for categorical variables and the t test was applied for continuous variables. Survival curves were built by Kaplan-Meier method and compared by log-rank test. All P value was 2- tailed, and differences were considered significant at values of P < 0.05.




Results


CD59 Expression Level Is Associated With Therapeutic Effect of R-CHOP

IHC assay was used to detect the expression levels of CD59, NF-κB (p65), and the phosphorylation levels of p65 and CREB in 26 paired DLBCL patients before and after at least 6 cycles of R-CHOP treatment. The representative images of different IHC scores of CD59, NF-κB (p65), phosphorylated NF-κB (p65) (phosphorylated p65) and phosphorylated CREB staining are shown in Figures 1A–D, in which CD59 is mainly stained in the cell membrane. NF-κB (p65) protein is mainly expressed in the cytoplasm and nucleus. Phosphorylated p65 protein is mainly expressed in the nucleus, with inactive form in the cytoplasm, however, it has been reported that the increased expression of phospho-Ser536-p65 in the cytoplasm of the primary tumors correlated with worse survival of the patients independently of gender, age, tumor location, stage, and differentiation (37). Phosphorylated CREB is mainly nuclear-localized. We observed that the expression of CD59 (P<0.001) and p65 (P<0.0001), and the phosphorylation of CREB (P<0.0001) and p65 (P<0.0001) after R-CHOP treatment were significantly higher compared to the naïve treatment (Figure 1E). The expression levels of CD59 were also detected with IHC assay in another set of tumor tissues from 147 DLBCL patients, which were followed up for 5 to 57 months. The results indicated that the patients with high CD59 level had a shorter survival rate than those with low CD59 level (χ2 = 5.875, P=0.015) (Figure 1F). Thus, in consistent with the previous reports (13, 14, 16, 21, 22), we further demonstrated that CD59 expression level may be a potential biomarker for DLBCL sensitivity to R-CHOP regimen.




Figure 1 | The expression level of CD59 in tumor tissues of DLBCL patients with R-CHOP treatment. (A–D) The representative Immunohistochemistry (IHC) images of CD59 (A), NF-κB (p65) (B), phosphorylated p65 (p-p65) (C) and phosphorylated CREB (D) staining. CD59 protein is mainly expressed in the cell membrane. NF-κB (p65) proteins is mainly expressed in the cytoplasm and nucleus. Phosphorylated p65 protein is mainly expressed in the nucleus. Phosphorylated CREB is mainly nuclear-localized. First column: score 0; Second column: 1+; Third column: 2+; Forth column: 3+; scale bar is 50 μm. (E) The expression of CD59 and NF-κB (p65), and the phosphorylation of p65 and CREB elevated significantly after R-CHOP treatment compared to the paired naïve DLBCL tissues. Values represent mean ± SD, n = 26. ***P < 0.001, ****P < 0.0001 vs before treatment, as analyzed by paired two-tailed Student’s t test. (F) IHC was used to detect the expression levels of CD59 in tumor tissues of 147 DLBCL patients. The Kaplan-Meier survival curve indicates that the high CD59 expression group has a shorter survival rate than the low CD59 expression group (χ2 = 5.875, P=0.015). A score of 0 to 3 was considered low CD59 expression, and a score of 4 to 6 was considered high CD59 expression.





NF-κB and CREB Are the Major Trans-Acting Factors for Inducible CD59 Expression

We and others have previously demonstrated that the CD59-expressing subpopulation may be responsible for resistance to rituximab-mediated CDC activity (13, 18). Thus, we first generated five acquired rituximab-resistant Raji cell lines Raji2, Raji4, Raji8, Raji16, and Raji32 as described previously (13). The expression level of CD59 was closely correlated with the degree of resistance (Supplementary Figure 1A), whereas the expression levels of CD46, CD55 and CD20 were unchanged under the pressure of rituximab-mediated CDC (Figure 2C and Supplementary Figure 1B). We chose LY8 as the intrinsic rituximab-resistant cell line due to its high CD59 expression level (Supplementary Figure 1A). Functional tests revealed that the most resistant Raji 32 and LY8 cells were highly resistant to rituximab-mediated CDC compared to the original Raji cells, as indicated by the overwhelming PI staining in the majority of the original Raji cells (Supplementary Figure 1C).




Figure 2 | The inducible CD59 transcription is regulated by CREB and NF-κB. (A) A comparison of the abundance of CD59 transcripts determined by qRT-PCR as the fold changes relative to Raji cells. Values are reported as mean ± SD of triplicate samples. *P < 0.05 vs. Raji, as analyzed by unpaired two-tailed Student’s t test. T1-T8: total transcripts; T1-T4: group 1 transcripts regulated by Sp1 or by NF-κB and CREB; T5: group 2 transcripts regulated by TP53; and T6-T8: group 3 transcripts regulated by CREB, as reported previously (23). (B) A comparison of the abundance of the three CD59 transcriptional groups detected by qRT-PCR and normalized to T1-T4, n = 3. Values are reported as mean ± SD. (C) An immunoblotting assay was used to compare the expression levels of CD59 in total lysates and the nuclei of sensitive and resistant cells. β-actin and TFIIB were used as controls for the total lysate and nuclear fraction, respectively. (D) The IHC results of three representative DLBCL patients demonstrate that CD59 staining correlates well with the levels of NF-κB (p65), phosphorylated p65 (p-p65) and phosphorylated CREB. (E) Statistical correlation of CD59 expression with the activity or expression of its regulators. The Arabic numbers presented in the small squares represent case amounts, and the Roman numbers represent grade scores for each protein. The R and P values were calculated using SPSS software, n = 147.



Transcript 1-8 (T1-T8) indicate different transcripts of CD59 sharing a common open reading frame, which can be classified into three groups (T1-T4, T5, and T6-T8) based on their transcriptional initiation sites (23). T1-T4 are predominant and are regulated by Sp1 for constitutive CD59 expression or by NF-κB and CREB connected by CBP/p300 for inducible CD59 expression (23). Quantitative RT-PCR analysis revealed that the levels of all groups of CD59 transcripts were highest in LY8 cells and higher in Raji 32 cells than in original Raji cells (Figure 2A). As expected, the transcription levels of T1-T4 in LY8 cells were much higher than those of the other two groups of transcripts (Figure 2B). Furthermore, immunoblotting revealed corresponding CD59 translational levels, i.e., the resistant cells expressed higher levels of CD59 than rituximab-sensitive Raji cells. Moreover, the levels or activities of the relative trans-acting factors in the nucleus, including Sp1, NF-κB and pCREB, were higher in Raji 32 and LY8 cells than in Raji cells (Figure 2C). Together, these data indicate that NF-κB and CREB are the major trans-acting factors for higher inducible CD59 expression on resistant cells compared with sensitive cells.

IHC staining was also employed to determine the activation of signaling molecules that are relevant to CD59 expression. The IHC results of three representative DLBCL patients clearly demonstrate that CD59 staining correlates well with the levels of NF-κB (p65), phosphorylated p65 and phosphorylated CREB (Figure 2D). The statistical data for 147 DLBCL tissues further demonstrated that the IHC staining scores for p65, phosphorylated p65 and phosphorylated CREB are closely related to those for CD59 (Figures 2D, E; P<0.0001). Together, these results suggest that CD59 upregulation is mainly controlled by NF-κB and CREB in the acquired and intrinsic rituximab-resistant B cell lymphoma.



NF-κB or CBP/p300 Inhibitor Suppressed CD59 Expression in a Dose-Dependent Manner

We chose LY8 cells, which expressed the highest level of CD59, to test the effects of NF-κB and CBP/p300 inhibition on CD59 expression using flow cytometry (FACS). LY8 cells were treated with NF-κB inhibitors curcumin, POH (perillyl alcohol), BMS-345541, BAY 11-7082, DHMEQ, calpain Inhibitor I, calpain Inhibitor II, BAPTA-AM, W13, EGCG, CAPE, parthenolide, IKK Inhibitor VII, NBD, casein kinase II inhibitor, thalidomide, SN50, AS2O3, PDTC, or bortezomib, or CBP/p300 inhibitor C646 for 48 hours. FACS analysis revealed that, at inhibitor concentrations that induced less than 5% direct cell death, only curcumin, POH, PDTC, DHMEQ, EGCG, parthenolide, IKK inhibitor VII and C646 suppressed CD59 expression in a dose-dependent manner (Figure 3A and Supplementary Figure 2). Treatment with TNF-α but not B-cell activating factor (BAFF) increased CD59 expression, supporting our previous finding that the classical NF-κB pathway regulates CD59 transcription (23). However, the expression level of CD20 was reduced slightly by PDTC and was reduced significantly by DHMEQ, parthenolide, IKK inhibitor VII and C646, particularly at high doses (Figure 3B), which may compromise rituximab therapeutic effect (22). Therefore, three products from natural herbs, curcumin, POH and EGCG, appear to down-regulate specifically CD59 expression with no effect on CD20 expression, thus likely being potential for increasing rituximab-mediated CDC effect.




Figure 3 | The effect of NF-κB or CBP/p300 inhibitor on the expression of CD59 and CD20. (A, B) The effects of NF-κB inhibitors (excluding C646) and CBP/p300 inhibitor C646 on CD59 (A) and CD20 (B) expression determined by FACS in LY8 cells. Gray bar: low concentration; Black bar: high concentration as indicated in Supplementary Figure 2. The values represent mean ± SD, n = 3. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. control.





The Herbal Products Curcumin and POH Down-Regulate CD59 Expression by Inhibiting NF-κB and CREB Activation

As mentioned above, three natural products, curcumin, POH and EGCG, suppressed the expression of CD59 but not CD20 in LY8 cells (Figures 3A, B), which strongly indicates these chemicals might be ideal adjuvants to relieve rituximab resistance. Therefore, we chose curcumin and POH to treat rituximab-resistant Raji 32 and LY8 cells. Immunoblotting analysis revealed that both curcumin and POH inhibited the phosphorylation of CREB and reduced the nuclear translocation of p65/p50, resulting in reduced expression of CD59 but not CD55, CD46 or CD20 in Raji 32 cells (Figure 4A). Similar results were observed in LY8 cells (Figure 4B). We did not observe any inhibitory effect of curcumin or POH on Sp1 expression or phosphorylation in either Raji 32 or LY8 cells (Figures 4A, B). Therefore, the natural compounds curcumin, POH and EGCG may compromise the expression of inducible CD59, but not constitutive CD59, CD46, CD55, and CD20 via inhibition of NF-κB and CREB.




Figure 4 | The herbal products curcumin and POH suppress CD59 expression via inhibition of NF-κB and CREB. (A, B) Curcumin or POH inhibits the activation of NF-κB and CREB but not Sp1 and further reduces CD59 but not CD46, CD55 or CD20 expression in Raji 32 (A) and LY8 (B) cells.





Curcumin and POH Sensitize Rituximab-Resistant B-NHL Cells to Rituximab-Mediated CDC

To eliminate a potential direct toxic effect of curcumin and POH, we minimized their administration dose in the in vitro and in vivo experiments. As shown in Figures 5A–C, curcumin or POH treatment alone at the given concentrations induced no or little direct toxicity in cultured or implanted Raji 32 and LY8 cells. In the in vitro experiments, the combination treatment of curcumin or POH with rituximab (16 and 32 μg/mL) and NHS increased rituximab-mediated CDC in Raji 32 and LY8 cells in a dose-dependent manner (Figure 5A). This synergetic effect of curcumin and POH was also observed in vivo. In the nude mice implanted with Raji 32 cells, we observed that the combination treatment of rituximab with curcumin or POH significantly slowed tumor growth compared with rituximab or POH treatment alone (Figures 5B, C). Unfortunately, we failed to subcutaneously implant LY8 cells in nude mice. Because the doses of curcumin and POH were selected to minimize the direct toxic effects of these molecules on implanted tumor cells, the administered doses likely did not achieve a therapeutic peak; therefore, the synergetic effect of enhancing rituximab-mediated in vivo CDC was not very impressive, although the data were statistically significant (P<0.05, rituximab alone vs. rituximab and curcumin or POH). Because curcumin and POH have little or no toxicity (34, 38) and may not affect Sp1 expression or subsequently alter constitutive CD59 expression, these findings strongly suggest that curcumin and POH are ideal adjuvants to restore rituximab sensitivity by suppressing the over-expression of CD59 on rituximab-resistant lymphoma cells. Therefore, our findings suggest that the combination treatment of NF-κB inhibitors and rituximab can enhance the therapeutic efficacy of rituximab by down-regulating CD59 expression and that CD59 is a potential biomarker for predicting the clinical application and therapeutic outcome of NF-κB inhibitors in B-NHL treatment (Figure 5D).




Figure 5 | NF-κB inhibitors Curcumin and POH sensitizes the resistant Raji 32 and LY8 cells to rituximab-mediated CDC. (A) Raji 32 and LY8 cells were sensitized to rituximab-mediated CDC after pretreatment with curcumin or POH in vitro. The results represent mean ± SD, n = 3. (B, C) Curcumin (B) and POH (C) synergistically enhanced rituximab antitumor activity against resistant Raji 32 cells in vivo. One-way ANOVA followed by Tukey’s post hoc test was used to analyze P values. #P < 0.05 versus vehicle treatment. *P < 0.05 versus rituximab only treatment. The values represent mean ± SEM. (D) Schematic diagram of CD59 transcriptional regulation by NF-κB and CREB signaling. The natural chemicals curcumin and POH suppress the expression of CD59 but not CD20 via inhibition of NF-κB and CREB pathways, leading to sensitization of resistant Raji32 and LY8 cells to rituximab-mediated CDC. NHS, Normal Human Serum.






Discussion

Curative treatment of and recovery from B-NHL remain challenging. Although the revolutionary development of rituximab has significantly improved the clinical outcome of B-NHL together with chemotherapy, intrinsic and acquired resistance to rituximab therapy compromise its use (1). Eventually, even patients who initially respond become more refractory to any available treatment. This chemo-immunotherapy is being strengthened by treatment based on novel targeted inhibitors such as bcl-2 inhibitor venetoclax or Bruton tyrosine kinase inhibitors, ibrutinib. However, the use of these agents may be associated with other disadvantages such as late side effects, problems with patient compliance, and selection of resistant clones (39). Herein, we identified another approach to conquering the resistance to rituximab-mediated CDC effect by reducing CD59 expression with herbal NF-κB Inhibitors.

CDC has been proposed as one of the major antitumor activities of rituximab, and thus a possible approach to combating rituximab resistance is enhancing CDC indirectly by inhibiting the functions of mCRPs, particularly CD59 (17). CD59 is constitutively expressed on almost all tissues, thus protecting autologous cells from complement attack (40); however, in lymphomas, CD59 is over-expressed to confer resistance to complement-mediated cytolysis (1). In the clinical B-NHL specimens, we observed that CD59 expression level elevates in B-NHL patients after the treatment of R-CHOP regimen, and high CD59 level predicts an unfavorable prognosis. Thus, it further supports that the functional abrogation of CD59 can significantly relieve rituximab resistance in B-NHL and CLL (13, 21, 41, 42). However, the universal inhibition of CD59 might eliminate the protective role of CD59 in normal tissue, resulting in deleterious side effects. We previously demonstrated that Sp1 regulates the constitutive expression of CD59, whereas NF-κB and CREB connected by CBP/p300 regulate inducible CD59 expression (20). Therefore, inhibiting only inducible CD59 expression in lymphoma cells but not constitutive CD59 expression in normal cells is an appropriate strategy to restore rituximab sensitivity.

Burkitt’s lymphoma (BL) is a highly aggressive lymphoma that represents up to 40% of lymphomas in children (43), although DLBCL is the most frequent type of B-NHL (44). Gene expression profiling has classified DLBCL into germinal center B cell-like (GCB) and activated B cell-like (ABC) subgroups based on cell-of-origin (45). In addition, compared with GCB DLBCLs, ABC malignancies more frequently exhibit constitutive activation of NF-κB (46). Thus, the cells lines Raji (BL) and LY8 (DLBCL/GCB) were used in this study to explore the inducible NF-κB activation and the downstream impact on CD59 expression. We observed a close relationship between inducible CD59 expression and the activity of NF-κB and CREB in above cell lines and clinical specimens.

Considering that the expression of CD20 is prerequisite for rituximab anti-tumor activity, the appropriate strategy for overcoming resistance should down-regulate the expression of only inducible CD59 but not CD20. We screened 22 agents that may inhibit NF-κB signaling, and found that some herb-derived products with no or little toxicity, including curcumin (47), POH (48), and EGCG (49), displayed such a potential. More importantly, in clinical trials, these natural products all exhibit varying levels of effects in patients with different cancers (50–53). Next, curcumin and POH were further tested whether they could restore rituximab sensitivity. We found that these two natural compounds could suppress the activation of both NF-κB and CREB, and then restrain the expression of inducible CD59 but not CD20, thus resulting in the in vitro and in vivo synergetic effect with rituximab in the resistant Raji32 an LY8 cells. Together, these findings warrant a clinical trial of a regimen comprising R-CHOP and natural NF-κB inhibitors such as curcumin and POH in B-NHL therapy.
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Supplementary Figure 1 | Evaluation of CD59 and CD20 expression on and cell death of sensitive Raji, acquired resistant Raji and intrinsic resistant LY8 cells during rituximab-mediated CDC by FACS. (A, B) Detection of CD59 (A) or CD20 (B) expression on original sensitive and acquired resistant Raji cells as well as intrinsic resistant LY8 cells. Cells were stained with anti-CD59 or anti-CD20 (black or purple lines as indicated) or an isotype-matched antibody (solid black lines), following by incubation with a FITC-conjugated secondary antibody. (C) Evaluation of cell death by PI staining. Solid black lines: untreated cells without PI staining; black lines: untreated cells with PI staining; and purple lines: cells treated with rituximab (2 μg/mL for Raji and 32 μg/mL for LY8 and Raji 32) and 10% NHS for 4 hours, followed by staining with PI. Representative data from 3 independent experiments are shown.

Supplementary Figure 2 | Drug screening based on CD59 expression. The effects of NF-κB inhibitors (excluding C646) or CBP/p300 inhibitor C646 on CD59 expression in LY8 cells as determined by FACS. TNFα and BAFF were used to be control activators of canonical and non-canonical NF-κB pathway, respectively. The concentrations of different inhibitors are indicated in the table. The values represent mean ± SD, n = 3. *P < 0.05, **P < 0.01,***P < 0.001, ****P<0.0001 vs. control.



References

1. Zhou, X, Hu, W, and Qin, X. The Role of Complement in the Mechanism of Action of Rituximab for B-Cell Lymphoma: Implications for Therapy. Oncologist (2008) 13(9):954–66. doi: 10.1634/theoncologist.2008-0089

2. Okroj, M, Österborg, A, and Blom, AM. Effector Mechanisms of Anti-CD20 Monoclonal Antibodies in B Cell Malignancies. Cancer Treat Rev (2013) 39(6):632–9. doi: 10.1016/j.ctrv.2012.10.008

3. Wilson, NS, Yang, B, Yang, A, Loeser, S, Marsters, S, Lawrence, D, et al. An Fcγ Receptor-Dependent Mechanism Drives Antibody-Mediated Target-Receptor Signaling in Cancer Cells. Cancer Cell (2011) 19(1):101–13. doi: 10.1016/j.ccr.2010.11.012

4. Maloney, DG. Immunotherapy for non-Hodgkin’s Lymphoma: Monoclonal Antibodies and Vaccines. J Clin Oncol (2005) 23(26):6421–8. doi: 10.1200/JCO.2005.06.004

5. Veeramani, S, Wang, SY, Dahle, C, Blackwell, S, Jacobus, L, Knutson, T, et al. Rituximab Infusion Induces NK Activation in Lymphoma Patients With the High-Affinity CD16 Polymorphism. Blood (2011) 118(12):3347–9. doi: 10.1182/blood-2011-05-351411

6. Kennedy, AD, Beum, PV, Solga, MD, DiLillo, DJ, Lindorfer, MA, Hess, CE, et al. Rituximab Infusion Promotes Rapid Complement Depletion and Acute CD20 Loss in Chronic Lymphocytic Leukemia. J Immunol (Baltimore Md: 1950) (2004) 172(5):3280–8. doi: 10.4049/jimmunol.172.5.3280

7. Manches, O, Lui, G, Chaperot, L, Gressin, R, Molens, JP, Jacob, MC, et al. In Vitro Mechanisms of Action of Rituximab on Primary non-Hodgkin Lymphomas. Blood (2003) 101(3):949–54. doi: 10.1182/blood-2002-02-0469

8. Winkler, U, Jensen, M, Manzke, O, Schulz, H, Diehl, V, and Engert, A. Cytokine-Release Syndrome in Patients With B-Cell Chronic Lymphocytic Leukemia and High Lymphocyte Counts After Treatment With an Anti-CD20 Monoclonal Antibody (Rituximab, IDEC-C2b8). Blood (1999) 94(7):2217–24. doi: 10.1182/blood.V94.7.2217.419k02_2217_2224

9. Di Gaetano, N, Cittera, E, Nota, R, Vecchi, A, Grieco, V, Scanziani, E, et al. Complement Activation Determines the Therapeutic Activity of Rituximab In Vivo. J Immunol (Baltimore Md: 1950) (2003) 171(3):1581–7. doi: 10.4049/jimmunol.171.3.1581

10. Cragg, MS, and Glennie, MJ. Antibody Specificity Controls In Vivo Effector Mechanisms of Anti-CD20 Reagents. Blood (2004) 103(7):2738–43. doi: 10.1182/blood-2003-06-2031

11. Cittera, E, Leidi, M, Buracchi, C, Pasqualini, F, Sozzani, S, Vecchi, A, et al. The CCL3 Family of Chemokines and Innate Immunity Cooperate In Vivo in the Eradication of an Established Lymphoma Xenograft by Rituximab. J Immunol (Baltimore Md: 1950) (2007) 178(10):6616–23. doi: 10.4049/jimmunol.178.10.6616

12. Klepfish, A, Rachmilewitz, EA, Kotsianidis, I, Patchenko, P, and Schattner, A. Adding Fresh Frozen Plasma to Rituximab for the Treatment of Patients With Refractory Advanced CLL. QJM: Mon J Assoc Physicians (2008) 101(9):737–40. doi: 10.1093/qjmed/hcn085

13. Hu, W, Ge, X, You, T, Xu, T, Zhang, J, Wu, G, et al. Human CD59 Inhibitor Sensitizes Rituximab-Resistant Lymphoma Cells to Complement-Mediated Cytolysis. Cancer Res (2011) 71(6):2298–307. doi: 10.1158/0008-5472.CAN-10-3016

14. Golay, J, Zaffaroni, L, Vaccari, T, Lazzari, M, Borleri, GM, Bernasconi, S, et al. Biologic Response of B Lymphoma Cells to Anti-CD20 Monoclonal Antibody Rituximab In Vitro: CD55 and CD59 Regulate Complement-Mediated Cell Lysis. Blood (2000) 95(12):3900–8. doi: 10.1182/blood.V95.12.3900

15. Wang, H, Liu, Y, Li, ZY, Fan, X, Hemminki, A, and Lieber, A. A Recombinant Adenovirus Type 35 Fiber Knob Protein Sensitizes Lymphoma Cells to Rituximab Therapy. Blood (2010) 115(3):592–600. doi: 10.1182/blood-2009-05-222463

16. Macor, P, Tripodo, C, Zorzet, S, Piovan, E, Bossi, F, Marzari, R, et al. In Vivo Targeting of Human Neutralizing Antibodies Against CD55 and CD59 to Lymphoma Cells Increases the Antitumor Activity of Rituximab. Cancer Res (2007) 67(21):10556–63. doi: 10.1158/0008-5472.CAN-07-1811

17. Fishelson, Z, Donin, N, Zell, S, Schultz, S, and Kirschfink, M. Obstacles to Cancer Immunotherapy: Expression of Membrane Complement Regulatory Proteins (mCRPs) in Tumors. Mol Immunol (2003) 40(2-4):109–23. doi: 10.1016/S0161-5890(03)00112-3

18. Dalle, S, Dupire, S, Brunet-Manquat, S, Reslan, L, Plesa, A, and Dumontet, C. In Vivo Model of Follicular Lymphoma Resistant to Rituximab. Clin Cancer Res (2009) 15(3):851–7. doi: 10.1158/1078-0432.CCR-08-1685

19. Bannerji, R, Kitada, S, Flinn, IW, Pearson, M, Young, D, Reed, JC, et al. Apoptotic-Regulatory and Complement-Protecting Protein Expression in Chronic Lymphocytic Leukemia: Relationship to In Vivo Rituximab Resistance. J Clin Oncol (2003) 21(8):1466–71. doi: 10.1200/JCO.2003.06.012

20. Macor, P, Secco, E, Mezzaroba, N, Zorzet, S, Durigutto, P, Gaiotto, T, et al. Bispecific Antibodies Targeting Tumor-Associated Antigens and Neutralizing Complement Regulators Increase the Efficacy of Antibody-Based Immunotherapy in Mice. Leukemia (2015) 29(2):406–14. doi: 10.1038/leu.2014.185

21. Ge, X, Wu, L, Hu, W, Fernandes, S, Wang, C, Li, X, et al. Rilyd4, a Human CD59 Inhibitor, Enhances Complement-Dependent Cytotoxicity of Ofatumumab Against Rituximab-Resistant B-Cell Lymphoma Cells and Chronic Lymphocytic Leukemia. Clin Cancer Res (2011) 17(21):6702–11. doi: 10.1158/1078-0432.CCR-11-0647

22. Golay, J, Lazzari, M, Facchinetti, V, Bernasconi, S, Borleri, G, Barbui, T, et al. CD20 Levels Determine the In Vitro Susceptibility to Rituximab and Complement of B-Cell Chronic Lymphocytic Leukemia: Further Regulation by CD55 and CD59. Blood (2001) 98(12):3383–9. doi: 10.1182/blood.V98.12.3383

23. Du, Y, Teng, X, Wang, N, Zhang, X, Chen, J, Ding, P, et al. NF-kappaB and Enhancer-Binding CREB Protein Scaffolded by CREB-Binding Protein (CBP)/p300 Proteins Regulate CD59 Protein Expression to Protect Cells From Complement Attack. J Biol Chem (2014) 289(5):2711–24. doi: 10.1074/jbc.M113.525501

24. Chen, J, Ding, P, Li, L, Gu, H, Zhang, X, Zhang, L, et al. CD59 Regulation by SOX2 Is Required for Epithelial Cancer Stem Cells to Evade Complement Surveillance. Stem Cell Rep (2017) 8(1):140–51. doi: 10.1016/j.stemcr.2016.11.008

25. Chen, J, Ge, X, Zhang, W, Ding, P, Du, Y, Wang, Q, et al. PI3K/AKT Inhibition Reverses R-CHOP Resistance by Destabilizing SOX2 in Diffuse Large B Cell Lymphoma. Theranostics (2020) 10(7):3151–63. doi: 10.7150/thno.41362

26. Goswami, MT, Reka, AK, Kurapati, H, Kaza, V, Chen, J, Standiford, TJ, et al. Regulation of Complement-Dependent Cytotoxicity by TGF-β-Induced Epithelial-Mesenchymal Transition. Oncogene (2016) 35(15):1888–98. doi: 10.1038/onc.2015.258

27. Ge, X, Chen, J, Li, L, Ding, P, Wang, Q, Zhang, W, et al. Midostaurin Potentiates Rituximab Antitumor Activity in Burkitt’s Lymphoma by Inducing Apoptosis. Cell Death Dis (2018) 10(1):8. doi: 10.1038/s41419-018-1259-5

28. Detre, S, Saclani Jotti, G, and Dowsett, M. A “Quickscore” Method for Immunohistochemical Semiquantitation: Validation for Oestrogen Receptor in Breast Carcinomas. J Clin Pathol (1995) 48(9):876–8. doi: 10.1136/jcp.48.9.876

29. Harvey, JM, Clark, GM, Osborne, CK, and Allred, DC. Estrogen Receptor Status by Immunohistochemistry Is Superior to the Ligand-Binding Assay for Predicting Response to Adjuvant Endocrine Therapy in Breast Cancer. J Clin Oncol (1999) 17(5):1474–81. doi: 10.1200/JCO.1999.17.5.1474

30. Perkins, S, Verschoyle, RD, Hill, K, Parveen, I, Threadgill, MD, Sharma, RA, et al. Chemopreventive Efficacy and Pharmacokinetics of Curcumin in the Min/+ Mouse, a Model of Familial Adenomatous Polyposis. Cancer Epidemiol Biomarkers Prev: Publ Am Assoc Cancer Res Cosponsored by Am Soc Prev Oncol (2002) 11(6):535–40.

31. Zhou, X, Jiao, D, Dou, M, Zhang, W, Lv, L, Chen, J, et al. Curcumin Inhibits the Growth of Triple-Negative Breast Cancer Cells by Silencing EZH2 and Restoring DLC1 Expression. J Cell Mol Med (2020) 24(18):10648–62. doi: 10.1111/jcmm.15683

32. Wang, Z, Liu, F, Liao, W, Yu, L, Hu, Z, Li, M, et al. Curcumin Suppresses Glioblastoma Cell Proliferation by P-AKT/mTOR Pathway and Increases the PTEN Expression. Arch Biochem Biophys (2020) 689:108412. doi: 10.1016/j.abb.2020.108412

33. Ahmed, MB, Islam, SU, Sonn, JK, and Lee, YS. PRP4 Kinase Domain Loss Nullifies Drug Resistance and Epithelial-Mesenchymal Transition in Human Colorectal Carcinoma Cells. Mol Cells (2020) 43(7):662–70. doi: 10.14348/molcells.2020.2263

34. Wagner, JE, Huff, JL, Rust, WL, Kingsley, K, and Plopper, GE. Perillyl Alcohol Inhibits Breast Cell Migration Without Affecting Cell Adhesion. J BioMed Biotechnol (2002) 2(3):136–40. doi: 10.1155/S1110724302207020

35. Ma, J, Li, J, Wang, KS, Mi, C, Piao, LX, Xu, GH, et al. Perillyl Alcohol Efficiently Scavenges Activity of Cellular ROS and Inhibits the Translational Expression of Hypoxia-Inducible Factor-1α via mTOR/4e-BP1 Signaling Pathways. Int Immunopharmacol (2016) 39:1–9. doi: 10.1016/j.intimp.2016.06.034

36. Alam, MM, Marin Fermin, J, Spiller, PT, Burnett, C, Rong, X, Moore-Medlin, T, et al. Rapalogs Induce Non-Apoptotic, Autophagy-Dependent Cell Death in HPV-Negative TP53 Mutant Head and Neck Squamous Cell Carcinoma. Mol Carcinog (2021). doi: 10.1002/mc.23357

37. Lewander, A, Gao, J, Carstensen, J, Arbman, G, Zhang, H, and Sun, XF. NF-κb P65 Phosphorylated at Serine-536 Is an Independent Prognostic Factor in Swedish Colorectal Cancer Patients. Int J Colorectal Dis (2012) 27(4):447–52. doi: 10.1007/s00384-011-1356-8

38. Sharma, RA, Euden, SA, Platton, SL, Cooke, DN, Shafayat, A, Hewitt, HR, et al. Phase I Clinical Trial of Oral Curcumin: Biomarkers of Systemic Activity and Compliance. Clin Cancer Res (2004) 10(20):6847–54. doi: 10.1158/1078-0432.CCR-04-0744

39. Smolej, L, Vodárek, P, Écsiová, D, and Šimkovič, M. Chemoimmunotherapy in the First-Line Treatment of Chronic Lymphocytic Leukaemia: Dead Yet, or Alive and Kicking? Cancers (Basel) (2021) 13(13):3134. doi: 10.3390/cancers13133134

40. Meri, S, Waldmann, H, and Lachmann, PJ. Distribution of Protectin (CD59), a Complement Membrane Attack Inhibitor, in Normal Human Tissues. Lab Invest (1991) 65(5):532–7.

41. Ziller, F, Macor, P, Bulla, R, Sblattero, D, Marzari, R, and Tedesco, F. Controlling Complement Resistance in Cancer by Using Human Monoclonal Antibodies That Neutralize Complement-Regulatory Proteins CD55 and CD59. Eur J Immunol (2005) 35(7):2175–83. doi: 10.1002/eji.200425920

42. Cheng, S, Coffey, G, Zhang, XH, Shaknovich, R, Song, Z, Lu, P, et al. SYK Inhibition and Response Prediction in Diffuse Large B-Cell Lymphoma. Blood (2011) 118(24):6342–52. doi: 10.1182/blood-2011-02-333773

43. Blum, KA, Lozanski, G, and Byrd, JC. Adult Burkitt Leukemia and Lymphoma. Blood (2004) 104(10):3009–20. doi: 10.1182/blood-2004-02-0405

44. Armitage, JO, and Weisenburger, DD. New Approach to Classifying Non-Hodgkin’s Lymphomas: Clinical Features of the Major Histologic Subtypes. Non-Hodgkin’s Lymphoma Classification Project. J Clin Oncol (1998) 16(8):2780–95. doi: 10.1200/JCO.1998.16.8.2780

45. Alizadeh, AA, Eisen, MB, Davis, RE, Ma, C, Lossos, IS, Rosenwald, A, et al. Distinct Types of Diffuse Large B-Cell Lymphoma Identified by Gene Expression Profiling. Nature (2000) 403(6769):503–11. doi: 10.1038/35000501

46. Davis, RE, Brown, KD, Siebenlist, U, and Staudt, LM. Constitutive Nuclear Factor KappaB Activity Is Required for Survival of Activated B Cell-Like Diffuse Large B Cell Lymphoma Cells. J Exp Med (2001) 194(12):1861–74. doi: 10.1084/jem.194.12.1861

47. Singh, S, and Aggarwal, BB. Activation of Transcription Factor NF-Kappa B Is Suppressed by Curcumin (Diferuloylmethane) [Corrected]. J Biol Chem (1995) 270(42):24995–5000. doi: 10.1074/jbc.270.42.24995

48. Berchtold, CM, Chen, KS, Miyamoto, S, and Gould, MN. Perillyl Alcohol Inhibits a Calcium-Dependent Constitutive Nuclear Factor-KappaB Pathway. Cancer Res (2005) 65(18):8558–66. doi: 10.1158/0008-5472.CAN-04-4072

49. Ahmad, N, Gupta, S, and Mukhtar, H. Green Tea Polyphenol Epigallocatechin-3-Gallate Differentially Modulates Nuclear Factor KappaB in Cancer Cells Versus Normal Cells. Arch Biochem Biophys (2000) 376(2):338–46. doi: 10.1006/abbi.2000.1742

50. Gupta, SC, Patchva, S, and Aggarwal, BB. Therapeutic Roles of Curcumin: Lessons Learned From Clinical Trials. AAPS J (2013) 15(1):195–218. doi: 10.1208/s12248-012-9432-8

51. Ripple, GH, Gould, MN, Stewart, JA, Tutsch, KD, Arzoomanian, RZ, Alberti, D, et al. Phase I Clinical Trial of Perillyl Alcohol Administered Daily. Clin Cancer Res (1998) 4(5):1159–64.

52. Liu, G, Oettel, K, Bailey, H, Ummersen, LV, Tutsch, K, Staab, MJ, et al. Phase II Trial of Perillyl Alcohol (NSC 641066) Administered Daily in Patients With Metastatic Androgen Independent Prostate Cancer. Invest New Drugs (2003) 21(3):367–72. doi: 10.1023/A:1025437115182

53. Kanwar, J, Taskeen, M, Mohammad, I, Huo, C, Chan, TH, and Dou, QP. Recent Advances on Tea Polyphenols. Front Biosci (Elite Ed) (2012) 4:111–31. doi: 10.2741/e363




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Ge, Du, Chen, Zhu, Yao, Zhang, Wang, Sun, Gao, Hu and Hou. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc.2021.751904_cover.jpg
’ frontiers
in Oncology

Herbal NF-kB Inhibitors Sensitize
Rituximab-Resistant B Lymphoma
Cells to Complement-Mediated
Cytolysis





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Herbal NF-κB Inhibitors Sensitize Rituximab-Resistant B Lymphoma Cells to Complement-Mediated Cytolysis

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusions

        



        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Cell Lines and Culture

          



          		

            Reagents

          



          		

            Patients

          



          		

            Complement-Mediated Cytolysis

          



          		

            Immunohistochemistry (IHC) Staining

          



          		

            Xenograft Studies

          



          		

            Flow Cytometry

          



          		

            Quantitative RT-PCR

          



          		

            Western Blot Analysis

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            CD59 Expression Level Is Associated With Therapeutic Effect of R-CHOP

          



          		

            NF-κB and CREB Are the Major Trans-Acting Factors for Inducible CD59 Expression

          



          		

            NF-κB or CBP/p300 Inhibitor Suppressed CD59 Expression in a Dose-Dependent Manner

          



          		

            The Herbal Products Curcumin and POH Down-Regulate CD59 Expression by Inhibiting NF-κB and CREB Activation

          



          		

            Curcumin and POH Sensitize Rituximab-Resistant B-NHL Cells to Rituximab-Mediated CDC

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-11-751904-g001.jpg
Score of CD59 Staining

o

o

o~

[N

o

CD59

Before After
Treatment Treatment

Score 0

©

o

Score of p65 Staining
N S

Before After
Treatment Treatment

Score 1+

P<0.0001
2 —
6
3
(2]
n
84
o
5
02
8
[2)
0.

Before After
Treatment Treatment

Score 2+

=)

Score of pCREB Staining
N -

o

Before After
Treatment Treatment

Score 3+

Overall Survival (%)
S
o

N
=]

o

0

Low CD59 (n=59)

High CD59 (n=88)

10 20 30 40 50 60
Time (months)





OEBPS/Images/fonc-11-751904-g005.jpg
Curcumin (pM) POH (uM)
-o-treated without Rituximab
Htreated with 16ug/mL Rituximab

--treated with 32ug/mL Rituximab

- Raji 32 70 Raji 32
500
50 60 & ——Vehicle (n=8)
= 50 - . E 40 —H&— Curcumin alone (n=8)
€ 40 N =
£ g 2 5 2300 | -A—RTXalone (n=10)
S 30 — 3 2 —o— Curcumin+RTX (n=10)
S | 3 > 200 N
3 o £ S0 5
20 8o | 5
20 2 100
10 10 - HM 0
[V r : : : 0 100 200 300 400 500 Days after tumor cells implanted
0 02505 1 2 4
Curcumin (uM) POH (M)
60 LY8 70 LYS8
60 500
50 T g —o— Vehicle (n=8)
- 50 - i = 400 POH alone (n=8)
x =y | ] -
= 40 1 2 300 —A—RTX alone (n=10)
7 £ 3
830 B30 - —6—POH+RTX (n=9)
820 = g
O 920 - 5
e F 100
10 10 - M
0
0 0 21 28 35 42 49
0 02505 1 2 4 0 100 200 300 400 500 Days after tumor cells implanted

Curcumin
POH

CD59 CD20

NF-xB
& CREB
CD20

NF-«xB
& CREB

Sensitive ¢ Resistant

cDC cDC
(Rituximab+NHS) (Rituximab+NHS)





OEBPS/Images/fonc-11-751904-g003.jpg
Relative MFI of CD59

Relative MFI of CD20

0.8

0.6

04

02

Low
(HM)

High
(L)

= Low Concentration

= Low Concentration

1000 |200
10

100
40

m High Concentration

m High Concentration

*kk
kk

o (=)
o~ — o~
o o
L o o
(=l — i

ok

10

100

k.






OEBPS/Images/logo.jpg
’ frontiers
in Oncology





OEBPS/Images/fonc-11-751904-g002.jpg
=
2 ORaji _ 1203 T-T4 mm T5 mm T6-T8
25
g BRaji32 2 10
[%]
5, aLvs E ol 1 1T 11
3 S g
P E 004 = (|
° 2 0.005
2, s
ﬁ © 0.002
0.000 Raji Raji32 LY
T1-T8 T1-T4 T5 T6-T8 al al &
Transcripts of CD59
N . D
Raji Raji32 LY8

H.E. CD59 pCREB p65 p-p65
; ; s | ) ; ;

2 AT
et pn 2psrionl I

CD59 l

CD55

Il
Ll

CD46 ey

W SadER B |

CBP

E
|
Total lysate

il

p300
B-actin i

p65

p50

C-REl | o c— .

S )
st [ e = |
- - % CD59 CD59 CD59
pCREB 2 I 1 m v v Vv | I m v v v "nm v v
- 1 25
crea| T | e s ) 2
[ ——— - —
N — | 2V i " 7
TP53 v ;l
TF 115 | m—— | v 0

R=0.45 P<0.0001 R=0.52, P<0.0001 R=0.60, P<0.0001





OEBPS/Images/fonc-11-751904-g004.jpg
A Raji32 B LY8

Curcumin (uM) POH (uM) Curcumin (uM) POH (uM)
0 0.5 1 2 0 100 200 400 0 0.5 1 2 0 100 200 400

e
- — E—
— ———)m———

Total lysate

Nucleus





