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Abstract

Neuroinflammation leads to tissue injury causing many of the clinical symptoms of Multiple 

Sclerosis, an autoimmune disorder of the central nervous system (CNS). While T cells, 

specifically Th1 and Th17 cells, are the ultimate effectors of this disease, dendritic cells (DCs) 

mediate T-cell polarization, activation, etc. In our previous study, Apigenin, a natural flavonoid, 

has been shown to reduce EAE disease severity through amelioration of demyelination in the CNS 

as well as the sequestering of DCs and other myeloid cells in the periphery. Here, we show that 

Apigenin exerts its effects possibly through shifting DC modulated T-cell responses from Th1 and 

Th17 type towards Treg directed responses evident through the decrease in T-bet, IFN-γ (Th1), 

IL-17 (Th17) and increase in IL-10, TGF-β and FoxP3 (Treg) expression in cells from both normal 

human donors and EAE mice. RelB, an NF-κβ pathway protein is central to DC maturation, its 
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antigen presentation capabilities and DC-mediated T-cell activation. Apigenin reduced mRNA and 

protein levels of RelB and also reduced its nuclear translocation. Additionally, siRNA-mediated 

silencing of RelB further potentiated the RelB-mediated effects of Apigenin thus confirming its 

role in Apigenin directed regulation of DC biology. These results provide key information about 

the molecular events controlled by Apigenin in its regulation of DC activity marking its potential 

as a therapy for neuroinflammatory disease.
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Background

Natural flavonoids belong to a class of polyphenolic compounds, ubiquitously present in 

several plants, fruits, vegetables, flowers, and its preparation products such as tea and wines. 

Because of their lower molecular weight and hydrophilic nature, these compounds can easily 

penetrate through the blood-brain barrier (BBB) and exert biological influences including 

antiviral, anti-carcinogenic, antioxidant and notably anti-inflammatory effects (Kumar and 

Pandey 2013). Of these compounds, Apigenin, which is abundantly present in celery, 

parsley, chamomile, and other fruits, vegetables, herbs and spices (Ginwala et al. 2016) has 

been seen to possess less toxicity even at higher doses (Venigalla et al. 2015). Also, as with 

other flavonoids, Apigenin demonstrates anti-inflammatory, and anti-oxidant properties in 

several cell and tissue systems (Millington et al. 2014; Wang et al. 2015). As a result, 

Apigenin has been used to treat many diseases for centuries such as Parkinson’s, neuralgia, 

shingles, and others (Reviewed in ref (Ginwala et al. 2016)).

In a wide variety of organ systems and their related disorders the underlying factor that 

maintains a crucial balance between steady-state and disease is the generation of 

inflammatory mediators. Since, Apigenin is a potent anti-inflammatory agent with low 

intrinsic toxicity, non-mutagenic, with slower decomposition rates in the liver and delayed 

plasma clearance it is an attractive target for development as a therapeutic anti-inflammatory 

agent. It is possible thus, that its anti-carcinogenic (Bruno et al. 2011; Shukla and Gupta 

2010; Sung et al. 2016), anti-diabetic (Gentile et al. 2018; Jung et al. 2016), and more 

importantly to this study, its anti-neurodegenerative properties can be attributed to 
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Apigenin’s ability to modulate immune responses. Apigenin mediated stimulation of 

immune cell responses, and modulation of multiple signaling pathways including PI3K/

AKT, MAPK/ERK, JAK/STAT, NF-κB and Wnt/β-catenin may drive its anti-cancer 

activities (Shukla and Gupta 2010; Tong and Pelling 2013; Yan et al. 2017). Likewise, 

Apigenin has been shown to exert its anti-inflammatory activity by inactivating nuclear 

factor kappa B (NF-κB), and reducing the production of pro-inflammatory cytokines leading 

to decreased fat accumulation, improved insulin resistance, and decreased blood fat 

cholesterol in Apigenin supplemented obese mice (Gentile et al. 2018; Jung et al. 2016). 

Chronic inflammatory activities such as the kind associated with neurodegenerative diseases 

such as Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, and Multiple 

Sclerosis (MS), results in progressive and irreversible loss of neurons in the brain 

(Onasanwo et al. 2016). Prolonged activation of central nervous system (CNS)-resident 

macrophage-like immune cells, and overproduction of pro-inflammatory cytokines results in 

chronic CNS neuroinflammation (Ota and Ulrih 2017). Despite its well-studied role as an 

anti-inflammatory agent, Apigenin’s potential in modulating neuroinflammation and its 

subsequent effects on immune cell activity in the CNS and periphery in neurodegenerative 

diseases is surprisingly under-explored. Few studies show direct effects of Apigenin on 

CNS-resident microglial cells in in vitro studies showing anti-inflammatory activity on BV-2 

cells and primary microglial cells through inhibition of p38 and JNK.

We looked to investigate the potential of Apigenin as a treatment for the management and 

cure of neuroinflammatory disease like MS because of its aforementioned traits and its 

reportedly high penetration and distribution in the CNS (Zhao et al. 2013). In our previous 

study using experimental autoimmune encephalomyelitis (EAE), the most widely used 

model of neuroinflammation, we found that Apigenin delayed EAE disease onset and 

ameliorated disease severity (Ginwala et al. 2016). The contributing cellular events leading 

to reduction in disease severity were decreased number of myeloid cells infiltrating the CNS 

in the Apigenin treated mice. Furthermore, Apigenin shifted the immune cell response from 

Th1/Th17 to a prominent T regulatory cell (Treg) lead response. While Apigenin-mediated 

regulation of inflammation has been attributed to several pathways, the exact molecular 

players in its control of dendritic cells (DC)s, key cells in immune regulation that are 

capable of inducing Tregs as well as other helper T-cell subsets, remain to be elucidated. 

Accumulating evidences have shown that DCs play a prominent role in maintaining central 

and peripheral tolerance, and the failure of which can lead to various autoimmune and 

neuroinflammatory diseases (Manuel et al. 2007; Wu and Laufer 2007). In the context of 

EAE, DCs are known to have important functions in T-cell polarization (Mohammad et al. 

2012). They are known to secrete high levels of IL-10, while specifically inducting 

CD4+Foxp3+ Tregs and Type 1 Tregs. These Tregs have been seen to downregulate immune 

responses via IL-10 specifically in the CNS, while they can also secrete other anti-

inflammatory cytokines such as TGF-β (Xie et al. 2015). Only a handful of studies have 

described the role of Apigenin in modulation of DC activity. In murine bone marrow derived 

DCs Apigenin was shown to reduce cell-surface expression of antigen presentation and co-

stimulatory molecules in a NF-κB (p65)-dependent manner (Yoon et al. 2006). In the 

context of rheumatoid arthritis (RA), Apigenin has been seen to inhibit DC maturation, as 

well as reduce cytokine production, such as TNF-α, IL-12p70 and IL-10 (Li et al. 2016). 
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However, the effect of Apigenin on DC phenotypical and functional characteristics under 

neuroinflammatory conditions and its associated molecular mechanism remains to be clearly 

outlined.

DC differentiation and activation is controlled by intracellular signaling pathways, most 

notably, the NF-κB pathway (Cejas et al. 2005; Li et al. 2007). The NF-κB family of 

proteins in mammals consists of c-Rel, RelA/p65, RelB, NF-κB1 (p50 and its precursor, 

p105) and NF-κB2 (p52 and its precursor, p100). While the canonical pathway involving the 

p65-p50 complex has been implicated in DC function, it is RelB that is more indispensable 

to DC differentiation and function through both canonical (RelB-p50) and non-canonical 

(RelB-p100) pathways (Cejas et al. 2005). The RelB-p100 complex, the non-canonical 

pathway, is activated by phosphorylation of the C-terminal region of p100. This 

phosphorylation leads to partial degradation of p100 to p52. Once active, RelB is able to 

translocate into the nucleus and affect NF-κB-related transcription (Li et al. 2007). RelB is 

critical for Th1 responses as well as DC maturation; this is in contrast to the canonical p65-

p50 pathway, while inhibition of RelB has been seen to prevent maturation and reduce 

expression of costimulatory HLA-DR, CD80 and CD86 (Li et al. 2007). Crucially, RelB is a 

master regulator of DC differentiation, and has been suggested to be a possible target for 

manipulation of DC differentiation, especially in the context of autoimmune disease. No 

studies have so far described the effect of Apigenin on RelB expression, its nuclear 

translocation and subsequent control of DC functions. In this study we will show the effect 

of Apigenin on both the phenotypical and functional maturation of human peripheral blood 

DCs after confirming the optimum dose and kinetics of Apigenin in vitro treatments. 

Further, we will explore the effects of any Apigenin mediated alteration in DC function in 

the ultimate change in naïve T-cell differentiation. Any findings will be further investigated 

in splenocytes from EAE mice to confirm Apigenin role in neuroinflammatory disorders. 

Since, RelB is crucial to DC differentiation and maturation we will seek to analyze Apigenin 

effect on RelB expression and confirm RelB role in Apigenin mediated DC functional 

regulation by siRNA directed RelB silencing in DCs.

Methods

Blood dendritic cell isolation

Blood dendritic cells were isolated from human whole blood as described previously (Jain et 

al. 2007). Briefly, buffy coat isolated from whole blood from normal donors was purchased 

from Biological Specialty Corporation (Colmar, PA). Peripheral blood mononuclear cells 

(PBMCs) were then isolated from the buffy coat via density centrifugation using Ficoll-

Paque Plus (GE, Pittsburg, PA). Isolated PBMCs were washed with hank’s balanced salt 

solution (HyClone, GE) followed by treatment with red blood cell (RBC) lysis buffer 

(Biolegend, San Diego, CA) for removal of any RBCs that were carried over from the buffy 

coat. DCs were subsequently enriched by negative selection using EasySep™ human pan-

DC pre-enrichment kit (Stemcell Technologies, Vancouver Canada) as per the 

manufacturer’s protocol.
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Apigenin dosing and kinetics

DCs were plated at a density of 0.6 × 106 per well in 12 well plates and cultured in RPMI 

supplemented with 10% fetal bovine serum, 5% penicillin-streptomycin, 1x non-essential 

amino acids, and 0.5mM sodium pyruvate (hereafter referred to as ‘complete medium’). 

DCs were treated with and without LPS (Sigma, St. Louis, MO) at 2μg/mL for 24h. 

Apigenin (Sigma, St. Louis, MO) dissolved in dimethyl sulfoxide (DMSO) (Fisher 

BioReagents, Fair Lawn, NJ) was administered at doses of 1, 3, 8 and 20μM for 5h at the 

end of LPS stimulation. To assess kinetics of Apigenin treatment effect on DC functionality 

Apigenin was administered at doses of 8 and 20μM for a period of 0.5, 1.5, 3, 6, 12 and 24h. 

All DC incubations were performed at 37°C. Culture supernatants were then extracted by 

centrifugation at 300g at room temperature for 10m. Supernatants were stored at −80°C for 

later analysis. Cell pellets were resuspended in 500μL of TRIzol reagent (Invitrogen, 

Carlsbad, CA) and stored at −20°C for later analysis.

Cytoplasmic/nuclear protein isolation and quantitative western analysis

DCs isolated from PBMCs from normal human donors were activated with LPS at 2μg/mL 

for 24h as described earlier. At the end of LPS treatment the DCs were further incubated 

with 20μM Apigenin for another 3h. DCs were then pelleted by centrifugation, lysed and 

cytoplasmic/nuclear fractions were extracted using the NucBuster Protein Extraction Kit 

(EMD Millipore, Billerica, MA) as per the manufacturer’s protocol. Crude protein 

concentration was determined by Bradford assay (Bio-Rad Laboratories, Hercules, CA). 

Protein detection and quantification by WES Simple Western size based capillary 

electrophoresis (ProteinSimple, San Jose, CA) was performed as described previously 

(Visavadiya et al. 2016), with samples loaded at a concentration of 0.03 mg/mL (Visavadiya 

et al. 2016). Primary antibodies used included: RelB (1:300, Cell Signaling Technology, 

Danvers, MA) and Vinculin (1:50 for cytoplasmic/1:25 for nuclear extracts, R&D Systems, 

Minneapolis, MN). The standard running conditions listed in the manufacturer’s protocol 

were used for size-based separation. Quantitation was performed using the Compass 

software (ProteinSimple) with peak representations that display the areas under the curve 

normalized to vinculin loading control.

DC: PBL co-culture

DCs from normal human blood donor were plated at a density of 2.5 × 106 per well in 12-

well plates followed by treatment with LPS at 2μg/mL for 24h. At 24 hours, 20μM Apigenin 

was administered to the cells for a period of 3h. 1×106 DCs were then collected for 

phenotypic analysis for the expression of cell surface markers such as CD11c, HLA-ABC, 

HLA-DR, CD40, CD80, CD83, CD86, CCR5 and CCR7 by flow cytometry using the LSRII 

Fortessa flow cytometer (BD Biosciences, San Jose, CA) and subsequent data was analyzed 

using FlowJo software 10.4.2. (Treestar, Ashland, OR). Culture supernatants were also 

collected and stored at −80°C for later analysis. The remaining DCs were washed twice with 

PBS and then added to autologous peripheral blood lymphocytes (PBLs) (DC:PBL cell 

ratio: 1:5) at a density of 1 × 106. DCs and PBLs were co-cultured for 6 days in 12-well 

plates in complete medium supplemented with IL-2 (10ng/ml). On day 3 of the co-culture, 

fresh media supplemented with IL-2 was added to the culture. On day 6 of the co-culture, 
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cells were collected for flow cytometric analyses for expression of T-cell surface markers 

such as CD3, CD4, CD25, CCR4, CCR5, CCR6 and intracellular markers such as T-bet, 

IFN- γ, IL-6, IL-17, FoxP3 and IL-10. Cell supernatants were collected and stored at −80°C 

for later analysis of cytokine secretion.

Naïve T-cell stimulation and polarization

Spleen from five naïve C57BL/6 mice were harvested and a single cell suspension was 

prepared followed by RBC lysis. Naïve T cells were negatively selected using EasySep™ 

Mouse T-cell Isolation Kit (Stemcell Technologies, Vancouver Canada) as per 

manufacturer’s instructions. Naïve T cells were then polarized in to different subsets as 

described previously (Noubade et al. 2011; Noubade et al. 2007). Briefly, 1×105 T cells were 

stimulated for 72h in complete RPMI media (Genesee, San Diego, CA) with plate bound 

anti-CD3 (5μg/ml) and soluble CD28 antibodies (2μg/ml) (Biolegend) for the Th0 condition. 

In addition, the following cytokines and antibodies were added to the Th0 conditions for 

polarization: Th1 (10μg/ml anti-IL-4 (BioLegend), 4ng/ml IL-12 (Peprotech)), Th2 (10μg/ml 

anti-IFN-γ (Biolegend), 30ng/ml IL-4 (Peprotech)), Th17 (30ng/ml IL-6, 1ng/ml TGF-β 
(Biolegend), 10μg/ml anti-IFN-γ, 10μg/ml anti-IL-4) and Treg (2ng/ml TGF-β). Cultures 

were harvested for RNA and supernatants.

EAE recall response

Three C57BL/6 mice (Jackson Laboratory, Bar Harbor, ME) were induced for EAE with an 

immunization mixture containing 100μg MOG35–55 peptide, complete Freund’s adjuvant 

and 200μg Mycobacterium tuberculosis as previously described (Bearoff et al. 2016; 

Krementsov et al. 2014) and sacrificed at day 14, which is typically the earliest the mice 

start to show symptoms in this model. The mice were pre-symptomatic when sacrificed, 

hence, it is possible to find antigen-specific cells in the lymphoid tissue at this timepoint. 

Three experimental control mice were also sacrificed at day 14. Mice were housed at 

specific-pathogen-free Drexel University Laboratory Animal Resources (ULAR)’s animal 

facility and all animal procedures were performed in accordance with institutional 

guidelines. Spleen were harvested, a single cell suspension was prepared, and cells were 

stimulated for 72h with and without MOG35–55 (50μg/ml) for 3 days. Cells were then treated 

with Apigenin (20μM) for 3h and compared to the control (untreated cells and/or naïve 

mice). Cultures were harvested for RNA for qPCR and supernatants for ELISA to determine 

the mRNA and protein levels of transcription factors and cytokines related to DCs and T-cell 

function.

siRNA transfection

siRNAs for RelB (L-004767) and the negative control (D-001810–10) were purchased from 

Dharmacon Inc. (Lafayette, CO) while p65 siRNA (sc-29410) was purchased from Santa 

Cruz Biotechnology Inc. (Dallas, TX) as a pool of 3–4 target-specific nucleotide sequences. 

250,000 human peripheral blood DCs were plated in 24-well plates in 500μl complete RPMI 

medium without FBS and antibiotics. These cells were then treated with 2μg/mL LPS for 

24h followed by treatment with 20μM Apigenin. After 24h transfection solution was 

prepared by mixing Genesilencer transfection reagent (Genlantis, San Diego, CA) and 

reduced serum medium (Opti-MEM, ThermoFisher, Scientific). RelB, p65 and negative 
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control siRNAs were prepared by mixing siRNA with siRNA diluent (Genlantis) and Opti-

MEM and incubated at room temperature for 5m. The transfection solution was then added 

to the individual siRNA solutions and the siRNA-transfection mix was incubated for a 

further 10m at room temperature. The mixture was then added to the DCs and incubated at 

37°C. After 4h of transfection 500μl complete medium containing 20% FBS was added to 

the DCs and the cells were incubated for a total of 30–36h. Post-transfection DCs were 

analyzed for the expression of RelB and downstream targets by qPCR, ELISA and flow 

cytometry. Additionally, transfected DCs were plated with PBLs as described earlier in the 

mixed lymphocyte reaction. The effect of transfected DCs on T-cell polarization was 

assessed by flow cytometry.

RNA isolation and qPCR

RNA was extracted from culture pellets using TRIzol™ reagent (Invitrogen) following 

manufacturer’s protocol. Following RNA quantification, cDNA was prepared using high-

capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA) in a 

Mastercycler® pro S (Eppendorf, Hamburg, Germany). The cDNA was then used for qPCR 

according to the SYBR Select Master Mix protocol (Applied Biosystems) under standard 

conditions with a QuantStudio 6 Flex Real-Time PCR System (Applied Biosystems). The 

following primers were used (human): TNF-α, 5’-AACGGAGCTGAACAATAGGC-3’ and 

5’-CAGAGGCTCAGCAATGAGTG-3’; RelB, 5’-GAGCAAACGGCGGAAGAAAAA-3’ 

and 5’-CAGGGGACAGGGGCTTATG-3’; GAPDH, 5’-GAGTCAACGGATTTGGTCGT-3’ 

and 5’-TTGATTTTGGAGGGATCTCG-3’; FoxP3, 5’-

TGCCTCCTCTTCTTCCTTGAAC-3’ and 5’-TCCTGGAGG AGT GCC TGT AAGT-3’; 

CD40, 5’-CGGTGAAAGCGAATTCCTAG-3’ and 5’-CAGCCTTCTTCACAGGTGC-3’. 

The following primers were used (murine): IL-17, 5’-TCTCCACCGCAATGAAGACC-3’ 

and 5’- CACACCCACCAGCATCTTCT-3’; TGF-β, 5’- CCTGCAAGACCATCGACATG-3’ 

and 5’-TGTTGTACAAAGCGAGCACC-3’; T-bet, 5’-GCCAGGGAACCGCTTATATG-3’ 

and 5’- GACGATCATCTGGGTCACATTGT-3’; IFN-γ, 5’-

TGAACGCTACACACTGCATCTTGG-3’ and 5’-CGACTCCTTTTCCGCTTCCTGAG-3’; 

IL-4, 5’-AACGAGGTCACAGGAGAAGG-3’ and 5’-TCTGCAGCTCCATGAGAACA-3’; 

RelB, 5’-GCCGAATCAACAAGGAGAGCG-3’ and 5’-

CATCAGCTTGAGAGAAGTCGGCA-3’; FoxP3, 5’-CCCAGGAAAGACAGCAACCTT-3’ 

and 5’-TTCTCACAACCAGGCCACTTG-3’; TNF-α, 5’-

ATGAGCACAGAAAGCATGA-3’ and 5’-AGTAGACAGAAGAGCGTGGT-3’ The 2−ΔΔCT 

method was used to quantify fold changes in expression of all the genes relative to the 

control conditions and normalized to the housekeeping gene β-actin.

Enzyme-linked Immunosorbent Assay (ELISA) for cytokine detection in culture 
supernatants

Culture supernatants from both human and mouse cell samples were thawed and cytokines 

were assayed by sandwich ELISA. IFN-γ, IL-1β, IL-4, IL-6, IL-10, IL-12p70, IL-17, IL-23, 

TGF-β, and TNF-α, (Affymetrix, San Diego, CA and BioLegend, San Diego, CA) were 

assayed as per the manufacturer’s protocol. Absorbance was measured by a Tecan Sunrise 

96-well plate reader (Research Triangle Park, NC) at 450 nm. A standard curve was 

generated and used to determine cytokine amounts in each sample.
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Analysis of cell viability

The assessment of cell viability for the Apigenin dosing and kinetic experiments was 

performed by incubating cells with Resazurin (R&D systems, Minneapolis, MN) for a 

further 4h after end of each assay at 37°C. After incubation, absorbance was measured by a 

Tecan Sunrise 96-well plate reader (Research Triangle Park, NC) at 570 nm. For all other 

experiments, cell culture supernatants were treated with LDH assay buffer (Pierce LDH 

Cytotoxicity Assay Kit, ThermoFisher Scientific), for 30m at room temperature following 

manufacturer’s protocol. Extracellular LDH activity was then measured 

spectrophotometrically at 490nm and 680nm.

Statistical Analysis

Statistical analysis was performed using the Graphpad Prism software (version 5.00; 

GraphPad, San Diego, CA). All datasets were tested for normal distribution. Two-tailed, 

unpaired t-test were performed for comparison between sample groups where indicated. 

Statistical analysis was also conducted as indicated using 2-way ANOVA with post-hoc 

Sidak’s and Tukey’s tests of for comparison of multiple groups if required. An alpha level of 

<0.05 was considered significant for all analyses. Asterisks indicate significant difference 

(*p < 0.05; **p < 0.01; ***p < 0.001).

Results

Apigenin reduces soluble TNF-α release by dendritic cells in a dose- and time-dependent 
manner

To study the biological effects of Apigenin at the cellular and molecular level we first 

performed dose and kinetic studies of Apigenin activity. Myeloid cells including DCs and 

macrophages are key producers of TNF-α in response to toll-like receptor 4 (TLR4) 

stimulation critically influencing the nature of downstream inflammatory and 

immunological responses. To assess the appropriate dose of Apigenin-mediated DC 

functional modulation we treated normal human peripheral blood DCs with TLR4 ligand, 

lipopolysaccharide (LPS) to stimulate TNF-α secretion. We found that Apigenin reduces 

TNF-α secretion at all the concentrations tested (1–20μM) with the most potent reduction 

seen at 20μM where Apigenin was able to reduce both basal and LPS-stimulated TNF-α 
mRNA and protein levels (Fig. 1A). Several studies have noted anti-inflammatory responses 

to Apigenin at a dose of 20μM which we also observed in the modulation of TNF-α 
secretion by DCs.

To determine the earliest time-point at which Apigenin could exert its effects, the levels of 

TNF-α upon LPS stimulation in DCs was again assessed by ELISA (Fig. 1B). LPS 

stimulation induced cytokine secretion in as little as 30m, which was paralleled by a 

decrease in cytokine production in the presence of Apigenin. Apigenin was observed to exert 

its effects most potently after 3h of incubation regardless of LPS stimulation. DMSO, the 

solvent used to dissolve Apigenin prior to use in cell culture, had no effect on TNF-α 
secretion (Fig. 1C).While DCs alone were viable for the 24h period, there was also no 

change in viability upon either activation with LPS or treatment with Apigenin (Fig. 1D).
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Apigenin impairs DC phenotypic and functional maturation

DC precursors in the blood and those found at potential sites of pathogen entry reside as 

immature DCs. After antigen encounter these DCs partially mature with an upregulated 

expression of CCR7 enabling them to migrate to nearby lymphoid tissue for antigen 

presentation to naïve T cells. We assessed the ability of Apigenin to modulate DC 

phenotypic changes during maturation with LPS. As expected, LPS treatment brought about 

an increase in the number of activated DCs showing expression of HLA-DR, CD40, CD83 

and CD86. After Apigenin treatment we saw a marked decrease in the level of antigen 

presentation molecules HLA-ABC and HLA-DR (Fig. 2A). Co-stimulatory molecules 

CD40, CD83 and CD86 increased upon LPS treatment and were reduced again close to the 

basal levels upon Apigenin treatment (Fig. 2B). CCR7 expression was also reduced 

suggesting loss of migratory potential upon Apigenin treatment (data not shown). 

Conversely, CCR5, a marker of immature DCs, expression reduced upon LPS induced 

maturation and increased slightly in the presence of Apigenin. Additionally, DCs produce 

numerous cytokines upon maturation (Leyva-Lopez et al. 2016), that help direct both innate 

and adaptive immune responses including those that polarize different T-cell subsets. 

Apigenin was able to reduce the production of IFN-γ, IL-1β, IL-6, IL-12, and IL-23 both in 

the presence and absence of LPS (Fig. 2C). Also, Apigenin was able to induce the 

production of anti-inflammatory TGF-β and IL-10 (p<0.0001) (Fig. 2D). It was interesting 

to note that for the release of some of the cytokines (IFN-γ, IL-1β, IL-6 and IL-10), the 

extent of Apigenin effect was dependent upon the activation state of DCs as evidenced by 

the significant interaction between these variables on performing a 2-way ANOVA. The 

preferential induction of anti-inflammatory cytokines with concurrent inhibition of Th1 and 

Th17 inducing cytokines may suggest that Apigenin is able to promote DCs towards a more 

tolerogenic phenotype.

Apigenin treated DCs lead to suppression of pro-inflammatory cytokine production and 
induction of a regulatory T-cell response

After analyzing the DC cytokine profile in response to Apigenin treatment, we analyzed 

whether this DC modulation had any effect on subsequent naïve T-cell differentiation. DCs 

were matured in the presence of 2μg/ml LPS for 24h. Apigenin was then administered for 3h 

after the end of LPS treatment and the DCs were then plated with PBLs. Th1 polarizing 

transcription factor T-bet was reduced in PBLs co-cultured with Apigenin treated mature 

DCs (Fig. 3A–B). Similar decrease was seen in the number of IL-17 producing cells. 

Conversely, the number of IL-10 (Treg) expressing CD4+ T cells were increased on 

incubation with Apigenin treated mature DCs while the number of CD4+ CCR4+ Th2 cells 

remain unchanged. Thus, Apigenin modulation of DC phenotype and function influences the 

subsequent polarization of naïve T cells thus directing the adaptive immune response to be 

more anti-inflammatory.

Apigenin impairs both antigen-dependent and independent inflammatory responses in 
murine splenocytes

So far Apigenin exhibited a modulating effect on the pro-inflammatory functions of both 

DCs and T cells in response to non-specific LPS stimulation. We now aimed to study the 
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effect of Apigenin on antigen-specific T cells isolated from mice with chronic EAE (closest 

available model mimicking progressive MS). EAE was induced in C57BL/6 mice using 

MOG35–55 peptide of the myelin protein. Splenocytes isolated from these mice were re-

stimulated with MOG35–55 for 3d in the presence or absence of 20μM Apigenin to evaluate 

whether Apigenin is able to modulate an antigen-specific immune response in these cells. 

mRNA levels of Th1 polarizing transcription factor T-bet was markedly reduced upon 

treatment with Apigenin (Fig. 4). mRNA levels of IL-17, the key cytokine in maintaining 

inflammation within the CNS in MS, also demonstrated a downward trend upon Apigenin 

treatment with significant down-modulation in response to Apigenin in the control animals. 

At the same time, TGF-β mRNA expression was increased in the splenocytes of the EAE 

mice upon Apigenin treatment. Interestingly, levels of IL-4 mRNA, a Th2 cytokine, were not 

altered after Apigenin administration. The shift in balance from Th1 to Th2 has previously 

been attributed to suppress autoimmune phenotype and improve clinical course of MS. The 

anti-inflammatory activity of Apigenin could thus be due to its ability to modulate the 

production of Th1 and Th17 cytokines, increase levels of Treg cytokines while maintaining 

the protective levels of Th2 cytokines.

Further, we wanted to determine if Apigenin was able to control the differentiation of naïve 

T cells in the absence of specific antigen or antigen presenting cells by directly modulating 

T-cell cytokine secretion. We cultured naïve murine T cells in the presence of various T-cell 

subset polarizing factors as described in Materials and Methods in the presence or absence 

of 20μM Apigenin. mRNA quantification showed reduced levels of T-bet in the Th1 subset 

that were treated with Apigenin as compared to the untreated controls (Supplementary Fig 1, 

left). Similarly, IL-17 mRNA expression was also prominently reduced in the Th17 subsets. 

The mRNA levels of IL-4 were either maintained or increased in the presence of Apigenin. 

Release of pro-inflammatory Th1 cytokine TNF-α and Th17 cytokine, IL-17, was also 

inhibited by Apigenin whereas the release of anti-inflammatory TGF-β was boosted 

(Supplementary Fig. 1, right). These results are, however, preliminary and require further 

investigation to achieve accurate reproducible results establishing a direct effect of Apigenin 

on T-cell fate.

Apigenin downregulates RelB expression in dendritic cells and suppresses its nuclear 
translocation

The NF-κB protein RelB is central to DC maturation, its antigen presentation capabilities 

and DC-mediated T-cell activation (Shih et al. 2012; Zanetti et al. 2003). DC-specific RelB 

depletion has resulted in impaired T-cell responses affecting the balance of activated vs. 

regulatory T-cell (Hofmann et al. 2011; Li et al. 2007). To determine if Apigenin acts in a 

RelB dependent mechanism, we first measured RelB mRNA expression which was 

downregulated in the presence of Apigenin both in immature DCs and DCs stimulated with 

LPS (Fig. 5A). Further, we examined RelB protein expression in cytoplasmic and nuclear 

fractions of dendritic cells matured with LPS and treated with Apigenin. As RelB 

translocates to the nucleus upon DC maturation and differentiation, RelB was expected to 

translocate in response to LPS stimulation. Using Simple Western capillary based 

separation, RelB was seen to be present in higher amounts in the nuclear fraction after LPS 

stimulation (Fig. 5B) compared to the cytoplasmic fraction. Apigenin reduced RelB protein 
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expression in both the cytoplasm and nucleus of immature and LPS-matured DCs. Further, 

there was less accumulation of RelB in the nuclei of LPS-matured DCs suggesting that 

Apigenin prevents nuclear translocation of RelB in response to inflammatory stimuli. RelB 

mRNA expression was then investigated in the splenocytes from EAE mice. Apigenin 

treatment in MOG35–55 specific cells reduced RelB mRNA expression 5-fold 

(Supplementary Fig. 2A). RelB expression was also reduced by Apigenin in Th1, Th2 and 

Th17 CD4+ T-cell subsets that were polarized in the absence of antigen and DCs 

(Supplementary Fig. 2B).

Confirmation of RelB mediated control of DC phenotype and function by Apigenin through 
RelB silencing using siRNA

To confirm that RelB is involved in Apigenin-mediated regulation of DC phenotype and 

function upon inflammatory insult, we measured key DC responses after siRNA-mediated 

silencing of RelB in the DCs. Human peripheral blood DCs were treated with different 

concentrations of RelB siRNA (10–50nM) for achieving optimal transfection efficiency. 

Figures 6 (A–C) indicate that RelB and its downstream transcriptional target TNF-α were 

effectively suppressed using 25nM RelB siRNA. We then analyzed the effect of LPS 

maturation and subsequent Apigenin treatment in DCs transfected with 25nM RelB siRNA. 

Apigenin treatment in transfected DCs further reduces RelB mRNA expression (Fig. 6D). 

Additionally, siRelB appears to potentiate Apigenin-mediated reduction in mRNA levels of 

TNF-α, downstream RelB target (Fig. 6E). Changes in DC phenotype upon siRelB silencing 

and Apigenin treatment were analyzed on Lin-1−CD11c+HLA-DR+ DCs (Fig. 7A). siRelB 

treatment induces semi-mature phenotype in DCs with reduction in cell surface expression 

of CD40, CD83 and CD86 in DCs pre-treated with LPS (Fig. 7B). This reduction is further 

enhanced upon Apigenin treatment indicating that the residual RelB is also down-modulated 

resulting in a further suppression of downstream targets. As comparison DCs were also 

transfected with siRNA targeted to p65, the nuclear translocation of which has been shown 

to be impaired by Apigenin in murine bone marrow derived DCs (Yoon et al. 2006). RelB 

silencing produces similar effects on DC maturation as seen with p65 knockdown with 

Apigenin potentiating both p65 and RelB mediated effects. Though RelB silencing in 

immature DCs reduces the cell surface expression of CD40, CD83 and CD86, this effect is 

not potentiated by Apigenin suggesting that Apigenin does not affect basal levels of these 

molecules maintaining steady-state DC phenotype in the absence of inflammatory stimulus 

(Supplementary Fig. 3). After confirming that Apigenin regulates DC maturation in a RelB-

dependent manner we wished to see if DC functional traits were also regulated by Apigenin 

via a RelB-mediated mechanism. For this, transfected DCs treated with LPS and Apigenin 

were co-cultured with autologous PBLs for 6 days. At the end PBLs were collected and 

differences in the expression of different T-cell markers governing the various T-cell 

subtypes were analyzed. Figure 8 shows that RelB silencing in DCs promotes an anti-

inflammatory phenotype in CD3+CD4+ T cells. CCR5+T-bet+ Th1 cells are reduced in 

cultures containing RelB-silenced DCs. Additionally, RelB-silenced DCs also cause 

decreased production of Th17 cells. Conversely, number of CD25+FoxP3+ Tregs increase in 

the presence of RelB-silenced DCs. Moreover, all these effects were further enhanced in the 

presence of Apigenin. Interestingly, knocking out RelB activity has a similar effect on DC 

phenotype and T cell polarization as does the addition of Apigenin, as can be seen from both 
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figures 7 and 8. This further indicates the association of RelB with Apigenin-mediated 

control of DC activity. As previously p65 knockdown was used to compare Apigenin-

mediated DC regulation via RelB. From figure 8 it appears that RelB is more critical to 

Apigenin-mediated DC directed polarization of CD4+T cells. Similar to the response of 

immature DCs to Apigenin, numbers of Th1 and Th17 cells did not further reduce upon RelB 

silencing. Steady-state numbers of Th2 and Tregs were higher when cultured with immature 

DCs both in presence and absence of Apigenin, however RelB knockdown marginally 

boosted the effect of Apigenin on Tregs causing an increase in their numbers (Supplementary 

Fig. 5).

Discussion

In order to assess the therapeutic potential of Apigenin in neuroinflammatory disorders we 

recently decided to study its effects in mouse models of MS (Ginwala et al. 2016), a chronic 

autoimmune neuroinflammatory disease of the CNS characterized by episodes of reversible 

neurological deficits with no curative FDA approved therapy. Apigenin is of our specific 

interest as an immunomodulator since it exhibits low intrinsic toxicity and is not mutagenic 

as compared to other structurally related flavonoids (Chuang et al. 2009; Czeczot et al. 1990; 

Shukla and Gupta 2010). Several studies have proven the anti-inflammatory properties of 

flavones in general and Apigenin in particular (Byun et al. 2013; Middleton et al. 2000; Ross 

and Kasum 2002; Sae-Wong et al. 2011; Serafini et al. 2010). Despite numerous in vitro 

studies addressing the anti-inflammatory effects of Apigenin (Funakoshi-Tago et al. 2011; 

Jeong et al. 2009; Karamese et al. 2016; Kumar et al. 2018; Lee et al. 2007; Patil et al. 2016; 

Sadraei et al. 2017; Wang et al. 2014), its effect on key molecular targets controlling 

dendritic cell phenotypical and functional characteristics remain to be elucidated. DCs are 

potent antigen presenting cells that have been shown to efficiently interact and migrate 

across the inflamed microvasculature and accumulate in increased numbers in the CNS 

under inflammatory conditions (Colton 2013; Jain et al. 2010; Manuel et al. 2007; Sagar et 

al. 2012). Additionally, depending on their local environment, DCs are responsible for either 

priming or tolerizing naïve T cells, the key effectors in most neuroinflammatory conditions 

(Ludewig et al. 2016; Steinman 2003). Regulation of DC function is therefore critical in the 

management of neuroinflammatory diseases which is why we present here the molecular 

events that are regulated by Apigenin contributing to DC biology. For the efficient analyses 

of Apigenin effects on DC phenotype and function we initiated our studies with appropriate 

dosing and kinetic study of Apigenin activity. Myeloid cells including DCs and 

macrophages are key producers of TNF-α in response to TLR4 stimulation, critically 

influencing the nature of the inflammatory and immunological responses and its 

dysregulation contributes to the pathogenesis of several autoimmune diseases (Blanco et al. 

2008; Krausgruber et al. 2010). Additionally, TNF-α has been shown previously to be 

successfully inhibited by apigenin in several cell types including macrophages and DCs 

(Kumazawa et al. 2006; Seo et al. 2014; Zhang et al. 2014). TNF-α is initially produced in a 

transmembrane form (tmTNF-α) and later released in the form of soluble protein (sTNF-α). 

At low levels, TNF-α exerts its protective effects of pathogen control and tissue regeneration 

through the interaction of tmTNF-α with TNFR2. At higher concentrations under 

inflammatory insult, sTNF-α induces the pro-inflammatory actions of TNF-α through 
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TNFR1 signaling (Kemanetzoglou and Andreadou 2017; Olmos and Llado 2014). Since, 

selective inhibition of sTNF-α has been found beneficial in EAE, we chose to measure its 

secretion by DCs in response to LPS stimulation under the influence of different doses of 

Apigenin. We found that Apigenin is able to exert its anti-inflammatory activity in DCs at a 

dose of 20μM wherein it inhibits TNF-α mRNA and protein levels (Fig. 1A). This dose is in 

line with a number of studies showing similar results of Apigenin treatment in DCs and 

other cell types (Wang et al. 2018; Yoon et al. 2006). Apigenin showed maximum inhibition 

of TNF-α secretion by both immature and LPS-matured DCs when the cells where treated 

with Apigenin for 3h (Fig. 1B). Additionally, no cytotoxicity was seen over the time course 

of Apigenin treatment (Fig. 1E) reinstating the non-toxic nature of this flavonoid. These 

pharmacokinetics will be important for subsequent in vivo experiments aimed at projecting 

Apigenin as a therapeutic agent and suggest that Apigenin is well-tolerated and potent 

despite the traditionally difficult bioavailability associated with natural products.

Neuroinflammation, specifically in the context of MS, remains a serious concern for many 

patients. DCs have been seen to traffic into the CNS in MS and are responsible for 

subsequent T-cell trafficking into the CNS and their subsequent reactivation (Lüssi et al. 

2016). DCs can be seen to promote the pro-inflammatory environment in the CNS and their 

presence in CNS lesions under inflammatory conditions has been seen in multiple studies 

(Colton 2013; Manuel et al. 2007; Sagar et al. 2012). In this study we measured the changes 

in expression of cell-surface molecules on DCs that are responsible for their maturation, 

migration and subsequent role in antigen presentation to T cells. Apigenin treatment reduced 

the cell surface expression of antigen presentation molecules HLA-ABC and HLA-DR, co-

stimulatory molecules CD40, CD83 and CD86 (Fig. 2A) and CCR7 (data not shown) that 

aids in DC migration to lymphoid tissues thus affecting their ability to effectively prime T 

cells. DCs secrete TNF-α, IL-12, IL-23 and other pro-inflammatory cytokines/chemokines 

in many autoimmune disorders even beyond MS (Jensen and Gad 2010). IL-1β is also 

necessary for terminal Th17 differentiation (Lüssi et al. 2016) while in vivo differentiated 

Th17 cells known to expand in vitro in response to IL-23 have been found to be highly 

encephalitogenic (Yang et al. 2009). We found that Apigenin inhibits the production of 

multiple pro-inflammatory cytokines by DCs, notably Th17 polarizing cytokines IL-12, 

IL-23 and IL-1β (Fig. 2B). However, DCs also have roles in peripheral tolerance, which can 

lead to the induction of Tregs that can downregulate neuroinflammation via TGF-β and IL-10 

secretion (Lüssi et al. 2016) (Colton 2013). Also critical in the polarization to Tregs is the 

lack of pro-inflammatory cytokines, namely IL-6 and IL-12, which can induce polarization 

to a Th1 response (Maldonado and von Andrian 2010). IL-6 is specifically known to inhibit 

the TGF-β induced expression of FoxP3, the canonical transcription factor of Tregs, and can 

shift to Th17 differentiation in the presence of TGF-β (Blanco et al. 2008). Apigenin 

regulation of pro-inflammatory cytokines like IL-6 was seen with a concurrent increase in 

Treg inducing TGF-β and IL-10 (Fig. 2C). This dual modulation of DC cytokine secretion 

suggests that Apigenin is able to confer neuroprotective effects by a decrease in pro-

inflammatory cytokine secretion while also potentially inducing tolerogenic DCs and 

subsequent Treg polarization, as has been seen with DCs in EAE previously (Lüssi et al. 

2016).
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T cells that are able to penetrate the blood brain barrier and infiltrate into the CNS 

classically secrete pro-inflammatory cytokines that cause neuroinflammation, namely IFN-

γ, TNF-α, IL-17, etc. (Becher et al. 2017). The discovery that Th17 responses play an 

important role in MS manifestations has been a more recent development but is now 

considered to be more critical than the role of Th1 cells in this inflammatory disease (Segura 

et al. 2013). Notably, EAE mice lacking IL-17A have a notable delay in the kinetics of EAE 

development (Becher et al. 2017). In this study we did see that the altered phenotype 

conferred by Apigenin led the DCs to induce a more tolerogenic effect on naïve T cells. 

Th1/Th17 cells were reduced in number while Th2 cells and Tregs were boosted by Apigenin 

treated DCs (Fig. 3). The switch from Th1/Th17 immunity toTh2 immunity via increased 

secretion of IL-4 and IL-10 produces an anti-inflammatory response and aids in tissue repair 

following an inflammatory insult (Allen and Wynn 2011; Wu et al. 2017). Consistent with 

surface marker expression we showed decrease in IFN-γ and IL-17 secretion by T cells 

differentiated under the influence of Apigenin-treated DCs. Both phenotypical and 

functional shift from Th1/Th17 to Th2 may contribute towards the protective role of 

Apigenin in inflammatory conditions.

CD11c+ DCs were shown to be sufficient to present myelin antigen to naive T cells leading 

to the development of EAE in mice (Greter et al. 2005). Furthermore, their interaction with 

naive CD4+ T cells driving Th17 differentiation, a T-cell subset involved in chronic 

inflammatory disease (Bailey et al. 2007; Isaksson et al. 2009) is a hallmark of EAE. We 

thus investigated the effects of Apigenin on DC-mediated polarization of MOG35–55 specific 

T cells from the periphery of EAE animals. Ex vivo antigen re-stimulation led to increases in 

Th1/Th17 related T-bet, IFN-γ, and IL-17 levels (Fig. 4A) which were then reduced upon 

Apigenin treatment. We also verified these effects in the absence of any antigen or antigen 

presenting cells, wherein naïve T cells were differentiated with the help of polarizing 

antibodies and cytokines. Even in this case we see for the first time that Apigenin is able to 

drive T-cell responses to a more regulatory phenotype demonstrating direct effects on T cells 

(Fig. Supplementary Fig. 1).

As a member of the NF-κβ transcription factor family, RelB is considered a master regulator 

of DC maturation (Platzer et al. 2004). RelB is involved in the non-canonical NF-κβ 
pathway of DC activation and maturation, where heterodimeric p100/RelB is cleaved to p52/

RelB and translocated into the nucleus for downstream transcription (Platzer et al. 2004). 

Additionally, RelB activation through the RelB-p50 canonical pathway has also been 

implicated in DC maturation (Shih et al. 2012). Notably, both RelB pathways are activated 

rapidly in response to LPS stimuli in DCs leading to the production of several pro-

inflammatory cytokines (Shih et al. 2012) (Gasparini et al. 2013). As was discussed 

previously, Apigenin has been linked with inhibition of NF-κB pathways and subsequent 

downregulation of inflammation; however, most studies have focused on the canonical 

pathways of NF-κβ mediated by p65 translocation (Cardenas et al. 2016). In particular, 

Apigenin has been seen to downregulate NF-κβ expression and subsequent IL-6, IL-1β and 

TNF-α secretion (Wang et al. 2014). Focusing on the RelB pathway, we show that RelB is 

translocated to the nucleus in response to LPS stimuli (Fig.5B). Apigenin is able to reduce 

both transcriptional levels and protein levels of RelB. Surprisingly, Apigenin treatment also 
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seems to cause comparatively lower amounts of RelB to translocate into the nucleus. This is 

reflective of RelB’s ability to bind multiple partners prior to nuclear translocation. RelB is 

also known to associate with other proteins such as aryl hydrocarbon receptor (AhR), which 

may be responsible for its switching of the DC phenotype to a more regulatory pathway 

(Thomas 2013). RelB-AhR dimers have been previously seen to regulate DC tolerance 

responses during inflammation (Thomas 2013). In mature DCs RelB translocates to the 

nucleus for CD28-mediated co-stimulation of FoxP3+ Tregs. Other co-stimulatory cell 

surface markers, such as PDL1, are also involved in this induction (Thomas 2013). Thus, the 

anti-inflammatory activity of Apigenin may be reflective of both decreased canonical NF-

κB activity as well as increased RelB-AhR translocation, however, further studies are 

required to confirm this partnership. Role of RelB in Apigenin-mediated regulation of DC 

phenotypical and functional characteristics was further confirmed through RelB silencing 

via siRNA. This showed an obvious potentiation of Apigenin effects on DC phenotypical 

traits as described earlier in Fig. 2 as well as functional activities in T-cell polarization (Fig. 

6D–G, Fig. 7, and Fig. 8). Overall, this study suggests that Apigenin is able to regulate DC 

cytokine secretion by suppressing Th1/Th17 inducing inflammatory cytokines with a 

concomitant potentiation of anti-inflammatory Th2 and Treg cytokines in a RelB-dependent 

mechanism.

Conclusions

DCs amongst other myeloid cells are critical to the initiation and maintenance of 

inflammatory events that lead to the pathological outcomes in MS. So far there is no therapy 

targeting DC activity and its subsequent role in T-cell activation and reactivation in the CNS. 

Our efforts in defining the effects of plant phenolic compound Apigenin on DCs have shown 

an induction of a regulatory phenotype in both DCs and DC-mediated polarized T cells 

through downmodulation of the NF-κB protein RelB post Apigenin treatment. Apigenin can 

thus serve as a pharmaceutical lead compound for development as a potential therapy against 

MS and other neuroinflammatory conditions.
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MS Multiple Sclerosis

CNS Central nervous system

EAE Experimental autoimmune encephalomyelitis

Treg T regulatory cell

DC Dendritic cells

PBMC Peripheral blood mononuclear cell

PBL Peripheral blood lymphocyte

LPS Lipopolysaccharide
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Figure 1. Apigenin dose and kinetics tested in human peripheral blood DCs.
PBMCs were isolated from buffy coat via Ficoll-Pague density centrifugation. DCs were 

isolated from PBMCs using EasySepTM human pan-DC pre-enrichment kit and stimulated 

with LPS for 24h. DCs were subsequently treated with Apigenin at 1, 3, 8 and 20μM for 5h. 

RNA was extracted by TRIzol phenol-chloroform method and both RNA and culture 

supernatants were analyzed for TNF-α expression. A) TNF-α mRNA transcript levels were 

detected by qPCR (left). TNF-α cytokine levels were determined by ELISA (right). B) 
Similarly, DCs were stimulated with and without LPS for 24h and subsequently treated with 

Apigenin at 8 and 20μM for 0.5, 1.5, 3, 6, 12 and 24h. Culture supernatants were extracted 

and TNF-α level was assessed by ELISA. C) TNF-α secretion by DMSO-treated and 

untreated DCs. D) Cell viability as measured via resazurin fluorescence depicts DC viability 
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over 24h under naïve (left), LPS stimulated and with or without 20μM Apigenin (right). 

Sample standard error (SE) is shown and statistical significance was determined by 2-way 

ANOVA using Sidak’s test for multiple comparisons for data shown in A-C. For D, 

statistical significance was determined by Student’s t-test. (*p<0.05, **p<0.01, ***p<0.001 

****p<0.0001). Data are representative of three independent experiments run in duplicate.
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Figure 2. Apigenin modulates both phenotypic and functional maturation in DCs.
DCs were isolated as described in Figure 1. DCs were stimulated with and without LPS for 

24h. DCs were then treated with Apigenin (20μM) for 3h. A) Antibodies against cell surface 

markers were used to stain human blood DCs and phenotypic expression was determined by 

flow cytometry. Each FACS plot is representative of three individual donors. B) Quantitative 

representation of FACS plots shown in A (N=3). Culture supernatants were extracted and C) 
pro-inflammatory cytokine IFN-γ, IL-1β, IL-6, IL-12, and IL-23 and D) anti-inflammatory 

cytokine IL-10 and TGF-β levels were detected by ELISA. FACS plots are representative of 

results from three individual donors. Statistical significance was determined by Student’s t-

test for data shown in A and B. Statistical significance was derived by 2-way ANOVA using 
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Sidak’s test for multiple comparisons for data shown in C and D (*p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001).
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Figure 3. Modulation of T-cell responses by Apigenin treated DC.
DCs from three donors were isolated as in Figure 1. DCs were cultured with and without 

LPS for 24h followed by 3h of 20μM Apigenin treatment. DCs were then co-cultured with 

autologous PBLs for 6 days with Brefeldin A and Monensin treatment in the last 16h of the 

co-culture. T-cell phenotype was elucidated by staining for various cell surface markers and 

transcription factors and the cells were analyzed by flow cytometry. A) FACS plots of T-cell 

subset-specific expression of transcription factors or cytokines. B) Quantitative 

representation of FACS plots shown in A (N=3). Statistical significance was determined by 

Student’s t-test (*p<0.05, **p<0.01, ***p<0.001).
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Figure 4. Antigen dependent assay with splenocytes from EAE mice.
Single cell suspension was prepared from mouse spleen of EAE and naïve mice (n=3). Cells 

were stimulated with and without MOG35–55 peptide for 3 days in the presence of absence 

of 20μM Apigenin. Gene expression was compared to β-Actin and normalized to cells that 

were not treated with MOG35–55 peptide. T-bet, IFN-γ, IL-4, IL-17, and TGF-β mRNA 

expression for three EAE and three naïve mice were detected by qPCR. Statistical 

significance was determined by 2-way ANOVA using Sidak’s test for multiple comparisons 

(*p<0.05, ***p<0.001).
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Figure 5. Apigenin downregulates RelB transcription.
DCs were fractionated by centrifugation/lysis and extracted into cytoplasmic and nuclear 

fractions. After quantification via Bradford assay, protein determination was performed by 

WES size based capillary electrophoresis. A) RelB mRNA expression (N=3) was 

determined by qPCR. B) Graphical representation of RelB protein in both cytoplasm and 

nucleus as generated by Compass, a ProteinSimple software. Protein data is representative of 

two individual experiments. SE is shown, and significance was determined by 2-way 

ANOVA using Sidak’s test for multiple comparisons (***p<0.001, ****p<0.0001).
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Figure 6. siRNA directed silencing of RelB in human peripheral blood DCs.
DCs from three donors were isolated as before. DCs were cultured with and without LPS for 

24h. siRNA directed against RelB was transfected in to the DCs along with a negative 

control at different concentrations (10–50nM) using GeneSilencer transfection reagent for 

36h. Cells and culture supernatants were collected for mRNA analysis and ELISA. Figures 

show dose-dependent changes in A) RelB mRNA expression B) TNF-α secretion and C) 
cellular cytotoxicity as determined by LDH assay. Following dosing experiments 25nM 

siRNA directed against RelB was transfected in to DCs matured with LPS and treated with 

20μM Apigenin. Figures show changes in D) RelB mRNA expression, and E) TNF-α 
secretion. Statistical significance was determined by 2-way ANOVA using Tukey’s test (A-
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C) or Sidak’s test (D and E) for multiple comparisons (*p<0.05, ***p<0.001, 

****p<0.0001).
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Figure 7. RelB silencing may potentiate Apigenin effects on phenotype of mature DCs.
DCs from three donors were isolated as in Figure 1. DCs were cultured with and without 

LPS for 24h followed by treatment with 20μM Apigenin. 25nM siRNA directed against 

RelB was transfected in to DCs. sip65 was used as positive control. A) Live single cell 

populations were gated for Lin-1−CD11c+HLA-DR+ DCs. B) Changes in DC phenotype 

were determined by flow cytometry. Statistical significance was determined by 2-way 

ANOVA using Sidak’s test for multiple comparisons (*p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001).
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Figure 8. RelB silencing boosts DC-mediated regulation of T-cell differentiation in presence of 
Apigenin.
DCs from 3 donors were isolated as before and LPS-matured followed by treatment with 

20μM Apigenin. 25nM siRelB was transfected in to DCs. sip65 at 25nM was used as 

positive control. 36h post transfection DCs were co-cultured with autologous PBLs for 6d. 

Cytokine secretion was blocked in the final 16h of culture by the addition of Brefeldin A and 

Monensin. Flow cytometry analysis of cell surface markers and intracellular transcription 

factors and cytokines was then performed. A) Live single cell populations were gated for 

CD3+CD4+ T cells. B) Enumeration of the various T-cell subsets upon both RelB 
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knockdown and Apigenin treatment. Statistical significance was determined by 2-way 

ANOVA using Sidak’s test for multiple comparisons (*p<0.05, **p<0.01).
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