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Abstract


Current therapeutic strategies for IgE-mediated diseases are limited. The drawbacks include adverse reactions, ineffectiveness, and relapses. Natural compound berberine (BBR) may combat this therapeutic gap through sustained transcriptional regulation of IgE. Human tonsil cells were cultured in the presence or absence of BBR to establish dose-dependent effects on IgE, IgG, and cell viability. IgE-producing plasma cells (U266, IgE plasma cells) and IgG-producing plasma cells (ARH-77, IgG plasma cells) were used as surrogate cells to validate dose-dependent effects on IgE and IgG production, respectively. At 10 μg/mL BBR, cell viability and proliferation were determined, and cells were harvested for protein, RNA, and miRNA and analyzed by Western blot and qPCR. BBR treatment of human tonsil samples resulted in reduced IgE production (p < 0.001) with no effect on IgG levels or cell viability. BBR demonstrated sustained, dose-dependent inhibition of IgE production by IgE plasma cells (p < 0.001), without affecting IgG production by IgG plasma cells. There was no significant reduction in cell viability of either cell type. Proliferation was reduced in IgE plasma cells (p = 0.02), but not IgG plasma cells. Assessment of IgE regulation and cell cycle at the RNA level revealed that BBR reduced IgE heavy chain expression and CCND1 (p < 0.01), with increased the GADD45A expression of IgE plasma cells, only (p = 0.016). At the protein level, BBR increased p53 (p = 0.02) and CDKN1C (p = 0.03), and decreased CDK2 (p = 0.01) expression of IgE plasma cells, only. Investigation of miRNAs implicated in B cell and p53 regulation demonstrated increased p53 and GADD45A activator, miR-34a (p = 0.04). miRNAs that are present in IgE plasma cells allow for specific effects on B cells and cell cycle genes by BBR, that are not present in IgG plasma cells. A novel mechanism for specific suppression of IgE by BBR highlights miR-34a, involved in the p53 pathway and B cell development, and may be crucial to pathological IgE production.
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1. Introduction


The prevalence of food allergies driven by immunoglobulin (Ig) E has been rising sharply in incidence in recent decades. Approximately 20 million Americans, around 8% of children and 6% of adults, are affected, arising from a specific and reproducible immune reaction to specific foods [1]. A group of 8–9 foods accounts for nearly 90% of allergic events, with peanuts, tree nuts, fish, shellfish, and sesame being the most persistent triggers [2]. These long-lasting allergies are responsible for a majority of the severe and life-threatening anaphylactic reactions. Current clinical management in Western medicine relies mainly on strict avoidance, rescue medication, including epinephrine, corticosteroids and antihistamines, and immunotherapy. Yet, available treatments remain inadequate due to high cost, adverse reactions, variable efficacy, frequent relapses, and the paradoxical rise in IgE levels that may heighten the susceptibility for further reactions [3]. With no long-term or curative intervention established, the burden on allergy patients remains substantial.



Understanding the mechanism of IgE-mediated food allergy has highlighted the potential for natural products that inhibit pathological IgE. Naturally occurring compounds with immunoregulatory activity are gaining attention as potential preventative and treatment options. Identification of the active compounds responsible for the prevention of food allergy responses revealed berberine (BBR) as a major active ingredient of the Chinese food allergy herbal formula (FAHF)-2 [4,5]. It is a natural isoquinoline alkaloid common to the rhizome, roots, and stem barker of the Berberis genus of Chinese herbs. BBR is being used for the prevention and treatment of a variety of diseases due to its antioxidant, antibacterial, anticancer, and anti-inflammatory actions. BBR has also demonstrated strong inhibitory effects on IgE production [4,5,6]. However, the mechanisms underlying IgE regulation by BBR are largely unknown.



It has been reported that immunoglobulin transcription, and hence their synthesis, only takes place at certain times of the cell cycle, particularly during the late G1 and S phase for IgM and IgG [7]. The transition to the IgE isotype by class switching recombination is subject to strict regulatory control. Upon activation of IgE class switching, differential expression of over 1000 genes for biological processing terms relating to the cell cycle was demonstrated [8]. Genes overexpressed in IgE plasma cells compared to IgG plasma cells were involved in translation initiation, cell cycle phase transition, and mitotic cellular division, owing to their increased proliferative and cycling capacity [9]. This included the upregulation of negative regulators of the cell cycle in IgG plasma cells and positive regulators in IgE plasma cells including cell division cycle 25B, myc, and E2F-transcription factor 2 [9]. The induction of allergic responses may therefore be a result of the dysregulation of the cell cycle. Profiling the IgE plasma cell lineages for cell-cycle programs is underexplored.



Transcription is regulated at both the coding and non-coding level, involving proteins such as transcription factors, and non-coding RNAs (ncRNAs), respectively. Transcription factors and proteins function as activators, suppressors, co-activators, and chromatin modifiers that can either promote or silence transcription. The ncRNAs, including microRNAs (miRNAs) and long ncRNAs (lncRNAs), do not encode proteins, but scaffold transcriptional machinery or degrade regulatory transcripts. Post-transcriptional regulation of allergic responses by miRNAs has been previously implicated in asthmatic patients [10]. Modulation of IgE plasma cell transcription may be more specific due to the non-coding regulation of transcription.



Few therapies directly target IgE production at the transcriptional or plasma cell level, underscoring the potential of natural compounds to specifically regulate IgE transcription. The objective of this study was to determine the effect of BBR on tonsil cultures and surrogate IgE-producing cells (U266) compared to IgG-producing cells (ARH-77), focusing on the potential IgE-specific transcription regulation at the coding and non-coding level. We demonstrated the specificity of BBR for IgE production, over IgG production, that was characterized by alterations to the tumor protein 53 (p53) and cell cycle pathway. The specificity is crucial, as BBR may treat IgE-mediated disorders without significantly impacting the overall immune function.




2. Materials and Methods


2.1. Cell Culture and Treatment


Tonsil cells were collected after children (4–8 years) undergoing routine tonsillectomy at Westchester Medical Center consented to it, following New York Medical College Institutional Review Board approval protocol (IRB #12874). Immediately following surgical removal, the tonsils were placed in ice-cold complete Roswell Park Memorial Institute 1640 (RPMI) medium, supplemented with 1% penicillin-streptomycin, 0.5% sodium pyruvate, and 10% heat inactivated fetal bovine serum (FBS). Tissues were mechanically dissociated on ice into 3–10 mm fragments and passed through a 100 µm cell strainer in cold RPMI to generate a single-cell suspension. The resultant single cell suspension was layered onto Ficoll and centrifuged at 700× g for 25 min at room temperature without braking. Mononuclear cells were collected from the interphase, washed three times with cold phosphate-buffered saline, and resuspended in RPMI. Cell counts and viability were determined using trypan blue exclusion. Cells were cryopreserved in 90% FBS +10% dimethyl sulfoxide (DMSO) at ≤2 × 107 cells/mL. For tonsil cell treatment, cell concentration was adjusted to 4 × 106/mL in complete RPMI. Cells were stimulated with human anti-CD40 (1 µg/mL) (AB_395961, BD Biosciences, San Jose, CA, USA) and recombinant human interleukin (IL)-4 (100 ng/mL) (R&D Systems, Minneapolis, MN, USA) in combination with Toll-like receptor agonists Poly I:C and Pam3CSK4. BBR (U.S. Times Technology, Briarcliff Manor, NY, USA) was prepared to a 40 mg/mL concentration in DMSO for all experiments. For tonsil samples, BBR was prepared for a final volume of 10 μg/mL or equivalent volume of DMSO as vehicle control, and cells were incubated for 10 days in 37 °C incubator supplied with 5% CO2. Tonsil cells were assessed for viability and supernatants were harvested for Enzyme-linked Immunosorbent Assay (ELISA).



The IgE-producing human myeloma U266 cell line and IgG-producing human myeloma ARH-77 cell lines were obtained from American Type Culture Collection, (ATCC, Rockville, MD, USA). Cells were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum, 1% penicillin-streptomycin, and 1 mM sodium pyruvate at 37 °C under 5% CO2. For treatment, cells were seeded on 24-well plates at an initial concentration of 2 × 105 cells/mL. Berberine at different concentrations (2.5, 5, 10 μg/mL) or DMSO at the equivalent volume (0 μg/mL) was added. After 1, 3, and 6 days, supernatants were harvested for ELISA. Additionally, cells on day 6 of treatment with 10 μg/mL were assessed for viability and harvested for RNA, protein, and miRNA isolation.




2.2. ELISA


Human IgE and IgG levels from tonsil or cell culture supernatants were measured using ELISA kits (Mabtech, Cincinnati, OH, USA). Briefly, cells were coated with unconjugated monoclonal antibody overnight. Plates were blocked and incubated with samples for 2 h. Following detection and addition of 3,3′,5,5′-tetramethylbenzidine substrate, Ig levels were determined by optical density at 405 nm.




2.3. Cell Viability and Proliferation


Cell viability and cell count were assessed by Trypan Blue Exclusion counting on a hemocytometer under brightfield microscopy. Cell proliferation was assessed with a 2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide (XTT) assay following manufacturer’s instructions. Briefly, cells were spun down and washed with phosphate-buffered saline. A total of 1 mg XTT (Thermo Scientific, Waltham, MA, USA) and 2.5 μL N-methyl dibenzopyrazine methyl sulfate per 1 mL of clear 1X RPMI were added at 100 μL per well and after 6 h, viability was determined by optical density at 630 and 450 nm.




2.4. RNA Isolation and qRT-PCR Analysis


RNA was isolated using the Qiagen RNeasy Mini kit following the manufacturer’s protocol (Qiagen, Germantown, MD, USA). Briefly, cells were lysed and lysate was loaded onto the column, and total RNA was eluted. RNA concentration was determined on a Nanodrop and utilized for quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) analysis. qRT-PCR was performed with PCR Biosystems 1-Step SyGreen Lo-Rox kit (PCR Biosystems, Wayne, PA, USA) according to the manufacturer’s instructions. Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) was used as a loading control for normalization. Oligos for primer pairs were obtained through Azenta (Table S1: Primer Pairs). The QuantStudio 5 Real-Time PCR Instrument (96-Well) 0.2 mL Block (Applied Biosystems by Thermo Fisher, Waltham, MA, USA) was used for qRT-PCR and analysis.




2.5. Protein Isolation and Western Blot Analysis


Protein was isolated by incubation with Radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.2% sodium deoxycholate, 0.1% SDS, 0.5% NP-40, and 1μM Pefebloc) and Halt protease inhibitor. Protein concentration was determined by Biorad protein assay dye reagent concentrate. Samples were loaded in sodium dodecyl sulfate polyacrylamide gel electrophoresis gels and subjected to electrophoresis and a semi-dry transfer was performed with Transblot turbo onto a polyvinylidene fluoride membrane (Biorad, Hercules, CA, USA). Membranes were blocked and probed with primary antibodies overnight at 4 °C with agitation. The membranes were washed and probed with their target secondary antibody for 2 h at room temperature and washed. Chemiluminescence substrate was added to image the bands. Following imaging, membranes were stripped in stripping buffer (Thermo Fisher Scientific, Waltham, MA, USA) for 15 min and then blocked for 1 h. Analysis was performed on ImageJ (v1.54J) and analyzed in Microsoft Excel.




2.6. miRNA Isolation and Analysis


RNA was isolated with Zymo Research Direct-Zol RNA Miniprep kit per the manufacturer’s instructions (Zymo Research, Irvine, CA, USA). Briefly, cells were lysed in TriZol and purified with the provided columns. miRNA was isolated and quantified with Takara Bio (Takara Bio USA, Inc., San Jose, CA, USA) Mir-X miRNA First-Strand Synthesis and TB Green qRT-PCR kits. Briefly, the RNA sample was polyadenylated and reverse transcribed, and then qPCR was performed. The miRNA-specific 5′ primer was designed with miRbase.org as recommended. The provided U6 forward and reverse primers were used as normalization controls.




2.7. Statistics


All experiments were performed in triplicate. Statistical analysis was performed in GraphPad prism software for significance (Version 10.0, GraphPad Software, La Jolla, CA, USA). One-way analysis of variance was performed followed by Bonferroni correction for all pairwise comparisons. For skewed data, differences between groups were performed by one-way analysis of variance followed by Dunn’s test for all pairwise comparison. p-values greater than 0.05 were deemed nonsignificant, and for significance, the indicated asterisks were applied: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, and **** p ≤ 0.0001.





3. Results


3.1. Berberine Inhibits IgE Production in Human Tonsil Samples with No Effect on IgG Production or Cell Viability


Human tonsil samples, which contain a mixed population of IgE- and IgG-producing plasma cells, were treated with BBR at 10 μg/mL. BBR treatment reduced the production of IgE (Figure 1A) without affecting the IgG production (Figure 1B) or cell viability (Figure 1C) of human tonsil cells. IgE+ plasma cells are a minor population in human samples, including tonsils, and IgE plasma cell isolation is difficult. Therefore, U266 and ARH-77 were used as surrogate plasma cells that produce IgE and IgG, respectively.




3.2. Berberine Inhibits IgE Production with No Effect on IgG Production in Myeloma Cell Lines


To evaluate the specificity of BBR for IgE production over IgG production in vitro, U266 (IgE plasma cells) and ARH-77 (IgG plasma cells) were cultured at 2.5, 5, and 10 μg/mL for 6 days. On days 1, 3, and 6, supernatants were collected for assessment of IgE or IgG concentration with an ELISA, compared to the vehicle control, DMSO (0 μg/mL). BBR demonstrated dose-dependent effects on U266 IgE levels over the course of 6 days (Figure 2A) with no significant effect on IgG production by IgG-producing ARH-77 cells (Figure 2B). These results are consistent with the specificity of BBR on IgE production, in vitro.




3.3. The Reduction in IgE Production by Berberine Is Not Due to the Reduction in Cell Viability of IgE Plasma Cells


To evaluate if the observed reduction in IgE production was a result of cell death, cell viability was assessed by trypan blue exclusion. After 6 days of treatment, when compared to DMSO-treated controls, there was no reduction in the viability of IgE-producing cells (Figure 3A). Similarly, there were no effects on cell viability in IgG-producing ARH-77 cells, after 6 days of treatment, compared to DMSO-treated controls (Figure 3B). BBR treatment reduced the total cell number of U266, and this was not observed in ARH-77 cells (Figure 3C,D). Hence, the mechanism of IgE reduction is not due to cell death, but likely due to the halting of cell cycle progression, together with or independently of, the downregulation of IgE expression.




3.4. Berberine Treatment Reduced Proliferative Capacity of IgE Plasma Cells with Minimal Effect on IgG Plasma Cells


As indicated above, the reduction in IgE is not due to the BBR treatment induction of cell death. XTT assay demonstrated a halt in proliferation in IgE-producing U266 cells treated for 6 days at 10 μg/mL of BBR compared to the DMSO-treated controls (Figure 4A). In contrast, there was no significant difference between groups for ARH-77 cells (Figure 4B), suggesting that regulation by BBR occurs at the level of molecular regulation.




3.5. Berberine Treatment Alters Cell Cycle and p53 RNA Expression


Reduction in proliferative capacity without cell death implies alterations in the cell cycle. Previous work in our lab has demonstrated that small molecule natural compounds act to modulate IgE expression and pathways including cell cycle, p53, and DNA replication [11,12]. To confirm that there was a functional reduction in IgE heavy chain expression with no effect on IgG heavy chain transcription, qRT-PCR was performed. The expression of the IgE heavy chain (IGHE) was significantly decreased (Figure 5A); in contrast, IgG heavy chain (IGHG) expression was not significantly affected (Figure 5B).



Focusing on the p53 and cell cycle arrest pathways, we wanted to validate the expression of some notable genes by qRT-PCR. After 6 days of treatment at 10 μg/mL of BBR compared to the DMSO-treated controls, there was a significant increase in tumor protein 53 (TP53) and growth arrest and DNA-damage inducible alpha (GADD45A) expression and a significant reduction in cyclin D1 (CCDN1) in U266 cells at the RNA level (Figure 5A). This alteration was not seen in the BBR-treated ARH-77 cells (Figure 5B).




3.6. Berberine Treatment Alters Protein Expression of Cell Cycle and p53 Pathway


Protein analysis was performed for the differential expression of markers of the p53 and cell cycle pathways. Western blot analysis of U266 cells after 6 days of BBR treatment at 10 μg/mL demonstrated a significant increase in protein expression of p53 and cyclin dependent kinase inhibitor (CDKN) 1C levels, and a significant decrease in cyclin dependent kinase 2 (CDK2) expression (Figure 6A). Again, there were no significant changes to any of these proteins in ARH-77 cells (Figure 6B). Together, the validated markers of cell cycle arrest and p53 activation may contribute to the mechanism of BBR suppression of IgE production, while not affecting the IgG production of IgG-producing cells.




3.7. Non-Coding RNA Regulation of Berberine Treatment in IgE Production


Regulation can occur by transcriptional, post-transcriptional and post-translational mechanisms. To further explore the specificity of BBR in IgE-producing plasma cells, without affecting IgG-producing plasma cells, we investigated miRNA expression. Non-Coding RNAs, including miRNAs, have distinct cell-type specific expression patterns, while also exhibiting developmental-stage specific expression patterns [13]. miRNAs have been connected to various allergic diseases, demonstrating differential expression and serving as diagnostic biomarkers and functioning as non-classical epigenetic regulators [14,15]. The ability to target specific miRNAs by BBR is an attractive avenue of exploration.



Investigation into miRNAs that regulate B cell or plasma cell development and the p53 and cell cycle pathways implicated miR-155, miR-143, miR-34a, and miR-146a [16,17,18,19,20,21,22,23]. Following treatment with 10 μg/mL of BBR, U266 cells demonstrated an increased expression in p53 activator miR-34a and reduction in p53 suppressors miR-155 and miR-146a (Figure 7A). The levels of these miRNAs were much lower in ARH-77 and not affected by BBR treatment (Figure 7B). miR-34a may be an important miRNA for BBR activity, serving as a link between GADD45A and p53 regulation.





4. Discussion


BBR demonstrated the ability to significantly reduce the IgE production of primary tonsil cell cultures and IgE-producing plasma cells U266 in vitro. However, there was no effect on IgG production by primary tonsil cells or IgG-producing plasma cells, ARH-77. The expression of the IgE heavy chain was significantly reduced by BBR treatment. Mechanistically, GADD45A, p53, and miR-34a upregulation highlights the selective targeting of BBR for IgE transcription and cell cycle regulation in IgE plasma cells. CCND1 and CDK2 inhibition and CDKN1C upregulation also validated cell cycle regulation by p53 [24]. Hence, BBR induces a controlled checkpoint response rather than cytotoxicity that preserves immunocompetence by not disturbing IgG responses. This is of great benefit over current biologics, which neutralize IgE already in circulation [25], while BBR prevents IgE production upstream. BBR offers an attractive alternative or adjunctive therapy at a potentially lower cost.



IgE production requires class-switch recombination, which is regulated at the transcriptional level of the constant heavy-chain genes, and our data demonstrate that BBR suppresses IgE expression without cytotoxicity. Activation of nuclear factor kappa B (NFκB) signaling pathways is one of the upstream mechanisms underlying B-cell activation and germline transcription of IgE. It has been demonstrated in in vivo allergic rhinitis models that BBR treatment targets were primarily involved in pathways such as NFκB, IL-17, tumor necrosis factor, and inflammatory responses [26]. Previous work in our lab demonstrated that in peripheral blood mononuclear cells, BBR treatment significantly suppressed the increase in p-IκBꭤ levels upon stimulation compared with the untreated cells. Moreover, expressions of signal transducer and activator of transcription (STAT)-3 and T-bet were markedly elevated, while Foxp3 expression displayed an upward trend. Similarly, IL-10 and interferon-ϒ were modestly upregulated, accompanied by a pronounced reduction in IL-5 expression [5]. Our lab has also shown that downregulation of IgE may be linked to inhibition of XBP1, BLIMP1, STAT6 and mitochondrial metabolic activity, together with enhanced B cell lymphoma 6 (BCL-6), leading to restricted energetic support and transcriptional activation for IgE heavy chain and light chain synthesis and antibody glycosylation in U266 IgE myeloma cells [4]. In human tonsil cells, BBR also modulated STAT6, NFκB1, NFκB1A, and BCL-6 expression, while inhibiting STAT6 binding activity to the IgE promoter [27]. This finding suggests that the reduction in IgE synthesis by BBR is not due to overall suppression of gene transcription, but instead involves multiple, specific regulatory pathways, providing support for BBR use as a therapeutic option to provide long-term and sustained effectiveness.



Our observation that BBR can differentially regulate IgE and IgG production in vitro confirms and extends data obtained in previous studies using mouse models [27]. The IgE-producing plasma cells may be unique to other B cell isotypes and can be exploited for targeting IgE-mediated allergic disease. To understand the mechanism by which BBR would be able to specifically target IgE production, without affecting IgG and consequently the entire immune system, its effect on miRNA expression was investigated. miRNAs are non-coding RNAs that are small, around 22 nucleotides in length, single-stranded, transcripts that work through the regulation of target gene expression, including transcriptional and post-transcriptional regulation of genes involved in nearly all biological processes [28]. Importantly, miRNAs are cell-specific, even to the level of stage of development. It is probable that miRNAs of IgE-producing plasma cells would be different from IgG-producing plasma cells. However, there has not been an unbiased comparison of sorted isotypes of B cells assessing miRNA signatures by sequencing.



Other natural compounds have shown modulation of miRNA expression including resveratrol, curcumin, genistein, epigallocatechin-3-gallate, and quercetin [29,30,31,32,33,34,35]. There are different ways that compounds can affect miRNA expression levels: (1) direct binding to the miRNA sequence, (2) modulate transcription factors that bind miRNA promoters, (3) influence enzymes involved in miRNA maturation, for example, Dicer and Drosha, (4) DNA methylation or other epigenetic changes that alter miRNA accessibility, and (5) modulation of lncRNA or other competitive endogenous RNAs that can competitively bind sites of the target miRNA. BBR has previously demonstrated modulations to miR-21 of U266 and RPMI-8266 cells, another IgG-producing myeloma cell line, potentially through IL-6/STAT3, and the consequential increase in programmed cell death 4 gene expression [36].



miR-34a is regulated by p53 due to the p53-binding site located in its promoter, whereby upon p53 binding, a positive feedback mechanism ensues and results in the increase in p53 activity [37,38]. The reduction in sirtuin 1 (SIRT1) expression accounts for this activity, as when activated, SIRT1 deacetylates p53, inhibiting its transcriptional activation, and reducing CDKN1A expression and promoting apoptosis, G2 arrest, and senescence [37]. Similarly, increased miR-34a expression has demonstrated anticancer activity in a similar mechanism [29]. miR-34a has also demonstrated the ability to bind to double minute 4 (MDM4), a negative regulator of TP53. Knockdown of MDM4 led to activation of p53 and induced cell-cycle arrest in Burkitt lymphoma cell lines [39]. Interestingly, knockdown of MDM4 displayed increased recruitment of p53 to promoters of its proapoptotic targets in human melanoma cells [40]. In synergy, miR-155 negatively regulates p53, particularly in the context of B lymphocytes, whereby high levels of miR-155 decrease p53 activity, and hence the development of B cell cancer through enhanced proliferation [41,42]. miR-146a plays a crucial role in B cell activation and differentiation, through regulation of target genes acting to negatively regulate B cell function. miR-146a attenuates apoptosis through targeting of the p53 pathway [43].



Interestingly, miR-34a has previously been implicated in GADD45A regulation in osteosarcoma in vitro through antagonism of Dicer-antisense 1, which also modulates p53 expression [44]. The elucidation of the role of GADD45A in plasma cells has been demonstrated previously, with expression being downregulated in IgE-producing plasma cells and plasmablasts compared to those of the IgG isotype [9]. The ability of BBR to increase its expression is of great significance. GADD45A-mediated DNA demethylation allows for specific epigenetic activation of genes of cellular responses to stress or differentiation [45,46]. GADD45A also suppresses STAT3 transcription and may trigger AMP-activated protein kinase, which regulates metabolism, and serves as a transcriptional coregulator of various nuclear receptors [45]. GADD45A is an attractive target for the seen BBR-induced effects.



It has been demonstrated through microarray analysis of murine mast cells with atopic dermatitis that BBR inhibited antigen-stimulated increased the expression of mucosa-associated tissue lymphoma translocation protein-1 (MALT1) and eukaryotic translation initiation factor 3 [47]. The authors pose that their downregulation inhibits MIF (macrophage migration inhibitory factor) and IL-4 expression, and hence the observed reduction in serum IgE levels. MALT1 plays a crucial role in the activation of the NFκB pathway, with implications in lymphoid malignancies including B cell lymphomas. Deficiencies in MALT lead to impaired B cell responses including IgE levels and altered B cell development. MALT1-deficient mice demonstrated impaired IgE production, suggesting their role in B cell class switching to IgE-producing plasma cells. Interestingly, MALT1 has been demonstrated to inhibit p53-mediated apoptosis whereby p53 can also downregulate MALT1 expression. In lymphomas, MALT1 promotes cancer development by activating NFκB and inhibiting p53-mediated apoptosis. In all, these studies suggest the value of BBR for food allergies and other mast cell and IgE-mediated disorders.



Limitations to this study include the lack of in vivo models supporting the proposed mechanism. Murine allergy models treated with BBR and subsequent isolation of immune cells for expression of these markers would confirm the BBR-specific effects. Tonsil and plasma cell lines lack the heterogeneity of IgE responses that would otherwise be seen in vivo and in patients.



Future work aims to target miR-34a and transcription factor GADD45A with gene editing technology to confirm that their modulation is imperative to the function of BBR in IgE-producing cells. Additionally, further characterization of the effect of GADD45A through cell cycle, apoptosis and senescence assays are crucial. Research also suggests that circulating miRNA expression levels may be strongly influenced by diet [48] so it may be beneficial to determine the expression of these miRNAs depending on food allergy type and if that influences the efficacy of BBR. The expression of p53 has demonstrated physiological significance of pathological IgE-mediated stimulation, with its reduction enhancing anaphylaxis in vivo [49]. As p53 also plays a central role in the regulation of cell cycle arrest, apoptosis, and senescence, its modulation by BBR may also extend into various cancers. While IgG myeloma cells were not affected as the IgE myeloma cells were at the same concentration, a higher concentration may be investigated for the inhibition of both cell types.



Mechanistically, BBR effects on miRNA expression and transcription factors unique to IgE B cells may explain this IgE-specific effect. Gene expression changes that suppress IgE without affecting IgG allow for the lack of overall immune suppression with BBR treatment. Therefore, BBR has the potential to be a novel and accessible therapy applied to other IgE-mediated allergic diseases including allergic asthma, chronic urticaria, and atopic dermatitis.




5. Conclusions


IgE+ plasma cells are a minor population of the tonsils, directing us to use U266 and ARH-77 plasma cell lines as surrogate cells for evaluating the IgE-specific regulation of BBR. Mechanistically, BBR may preferentially target IgE-producing cells over IgG-producing cells due to their cell-specific expression of regulatory miRNAs and transcription factors that directly increase GADD45A expression and consequently induce cell cycle arrest (Figure 8).
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The following abbreviations are used in this manuscript:
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	Berberine



	BCL-6
	B cell lymphoma 6



	CCND1
	Cyclin D1



	CDK2
	Cyclin dependent kinase 2



	CDKN
	Cyclin dependent kinase inhibitor



	DMSO
	Dimethyl sulfoxide



	FAHF
	Food allergy herbal formula



	FBS
	Fetal bovine serum



	GADD45A
	Growth arrest and DNA damage inducible, alpha



	GAPDH
	Glyceraldehyde-3-phosphate dehydrogenase



	Ig
	Immunoglobulin



	IL
	Interleukin



	lncRNA
	Long non-coding RNA



	MALT1
	Mucosa-associated tissue lymphoma translocation protein-1



	MDM4
	Mouse double minute 4



	miRNA
	MicroRNA



	ncRNA
	Non-coding RNA



	NFκB
	Nuclear factor kappa B subunit



	qRT-PCR
	Quantitative reverse transcriptase polymerase chain reaction



	RIPA
	Radioimmunoprecipitation assay



	RPMI
	Roswell Park Memorial Institute



	SIRT1
	Sirtuin 1



	STAT
	Signal transducer and activator of transcription



	TP53
	Tumor protein 53



	XTT
	2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide
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Figure 1. BBR reduces IgE without affecting the IgG of human tonsil samples with no effect on viability. Tonsil samples were unstimulated (media, only), stimulated (CD40/IL-4 + PAM + POLY), or stimulated and treated with 10 μg/mL of Berberine for 10 days. (A) IgE and (B) IgG production was quantified by ELISA. (C) Cell viability was determined by Trypan blue exclusion. BBR = Berberine. PAM = Pam3CSK4, POLY= Poly (I:C). N = 4, *** p ≤ 0.001, ns = not significant. Each dot represents a single biological replicate. 
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Figure 2. BBR decreases IgE secretion but not IgG secretion. The expression of IgE by IgE-producing myeloma cells, U266, was determined by ELISA following berberine (BBR) treatment at 10, 5, and 2.5 μg/mL compared to the equivalent concentration of DMSO (0 μg/mL) for 6 days (A). The expression of IgG by IgG-producing myeloma cells, ARH-77, was determined by ELISA, treated as U266 (B). N = 3–4, ** p ≤ 0.01, *** p ≤ 0.0001, ns = not significant. Each dot represents a single biological replicate. 
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Figure 3. BBR does not affect the viability of IgE or IgG producing cells. (A) The viability of IgE by IgE-producing myeloma cells, U266, was determined by trypan blue exclusion assay, following berberine (BBR) treatment at 10, 5, and 2.5 μg/mL compared to the equivalent concentration of DMSO (0 μg/mL) for 6 days. (B) The same was performed for IgG-producing myeloma cells, ARH-77. (C) Total cell count determined by Trypan Blue was used to determine total cells per mL of U266 cells and (D) ARH-77 cells. N = 3. BBR= Berberine. * p ≤ 0.05, ** p ≤ 0.01, ns = not significant. Each dot represents a single biological replicate. 
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Figure 4. BBR affects proliferation of IgE-producing myeloma cells with no effect on IgG-producing myeloma cells. (A) The proliferation of IgE by IgE-producing myeloma cells, U266, was determined by XTT assay, following berberine (BBR) treatment at 10 μg/mL compared to the equivalent concentration of DMSO (0 μg/mL) for 6 days. (B) The same was performed for IgG-producing myeloma cells, ARH-77. N = 3. BBR = berberine, DMSO = dimethyl sulfoxide. * p ≤ 0.05, ns = not significant. Each dot represents a single biological replicate. 
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Figure 5. BBR affects cell cycle genes of IgE-producing myeloma cells with no effect on IgG-producing myeloma cells. (A) qRT-PCR of IgE heavy chain (IGHE) and cell cycle genes cyclin D1 (CCND1), tumor protein 53 (TP53), and growth arrest and DNA-damage inducible alpha (GADD45A), in IgE-producing U266 were performed after 6 days of berberine (BBR) treatment at 10 μg/mL compared to the equivalent concentration of DMSO (0 μg/mL). qPCR analysis of cell cycle proteins of IgE-producing U266 was performed after 6 days of berberine (BBR) treatment at 10 μg/mL compared to the equivalent concentration of DMSO (0 μg/mL) and data were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression. (B) The same was performed for ARH-77, with analysis of IgG heavy chain (IGHG). N = 3. * p ≤ 0.05, ** p ≤ 0.01, ns = not significant. Each dot represents a single biological replicate. 
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Figure 6. BBR affects cell cycle genes of IgE-producing myeloma cells with no effect on IgG-producing myeloma cells. (A) Western Blot analysis of cell cycle genes in IgE-producing U266 was performed after 6 days of berberine (BBR) treatment at 10 μg/mL compared to the equivalent concentration of DMSO (0 μg/mL). (B) The same was performed for ARH-77. N = 3. CDK2 = cyclin dependent protein kinase 2, CDKN1C = cyclin dependent kinase inhibitor 1C, TP53 = tumor protein 53. * p ≤ 0.05, ** p ≤ 0.01, ns = not significant. Each dot represents a single biological replicate. 
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Figure 7. BBR affects expression of miRNAs involved in modulation of the p53 pathway of IgE-producing myeloma cells with no effect on IgG-producing myeloma cells. (A) miRNA isolation and qPCR analysis of miRNAs (miR) implicated IgE-regulation, miR-155, miR-143, miR-34a, and miR-146a were performed on U266 after 6 days of berberine (BBR) treatment at 10 μg/mL compared to the equivalent concentration of DMSO (0 μg/mL). (B) The same was performed for ARH-77. N = 3. * p ≤ 0.05, ** p ≤ 0.01, ns = not significant. Each dot represents a single biological replicate. 
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Figure 8. Proposed mechanism—BBR activates GADD45A through modulation of miR-34a specifically in IgE-producing myeloma cells. Berberine treatment results in p53 activation specific to IgE-producing cells that results in GADD45A and CDKN1A upregulation and consequently inhibiting cell cycle regulator CDK2 and CCND1. This specificity could be due to non-coding regulation by miRNA-34a, specific to IgE producing cells. Figure made in BioRender. BBR = berberine, CDK2 = cyclin dependent kinase 2, CDKN = cyclin dependent kinase inhibitor, GADD45A = growth arrest and DNA damage inducible, alpha, miR = miRNA, p53 = tumor protein 53. Yellow arrow indicates uptake of BBR into the cell. 
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