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INTRODUCTION  
 

Dendritic cells (DCs) are generally deemed as crucial 

antigen-presenting cells in the human body and the  

 

starting point of the acquired immunity. DCs are 

believed to play a crucial role in inducing the 

differentiation of helper T cells (Th cells). Some 

experiments showed that the induction of the 
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ABSTRACT 
 

It has been reported that allergen dosage can impact the differentiation of dendritic cells (DCs)-mediated T 
cells. However, the mechanisms of such dose-dependent differentiation are poorly understood. In this study, 
bone marrow-derived immature DCs stimulated with Ovalbumin (OVA) of different concentrations (0, 10, 100, 
1000, млллл˃ƎκƳƭΣ respectively). DCs were then co-cultured with naïve T cells. RNA-sequencing detection and 
DNA methylation of DCs were performed. We show that when DCs were stimulated with low-dose όмл˃ƎκƳƭύΣ 
77 genes were up-regulated and 87 genes down-regulated. Most activated genes were related to ribosome 
synthesis and ion channel inhibition. At the medium-dose όмлл˃ƎκƳƭύΣ 339 genes were up-regulated and 168 
genes down-regulated. Most activated genes involved cytokine synthesis and regulation of immune responses. 
At high-dose όмлллл˃ƎκƳƭύΣ 2497 genes were up-regulated and 1156 genes down-regulated. TNF signaling 
pathway, NF-kappa B signaling pathway, antigen processing and presentation signaling pathway were mostly 
up-regulated. The related co-stimulators, co-inhibitory molecules, inhibitory cytokines, negative regulating 
enzymes were highly expressed. The monocarbate, coenzyme, fatty acid, glucolipid, starch, sucrose and other 
metabolism-related signaling pathways were down-regulated. The profiles of DNA methylation and RNA 
synthesis of DCs varied with different doses of OVA, which serves to induce T cells to differentiate in various 
directions. 



 

ǿǿǿΦŀƎƛƴƎ-ǳǎΦŎƻƳ нрпоо !DLbD 

differentiation of Th cells by DCs is determined by 

multiple factors, such as the type and dose of antigens, 

the type of DCs, cytokines (IL-10, IL-12) and 

stimulatory factors (lipopolysaccharides, CpG) etc.  

[1ï3]. DCs that mature under different circumstances 

can dictate differentiational direction of Th cells [4, 5].  

 

It has been well reported and consensus has been 

reached that allergen dose can impact DC-mediated T 

cell differentiation. When DCs are exposed to high-dose 

antigen, they can induce Th0 cells into Treg and Th1 

cells. Nonetheless, when DCs are subjected to low-dose 

antigen, they can induce Th0 to Th2 cells [6ï8]. 

Clinically, exposure to allergens of different doses may 

lead to various outcomes of allergic conditions. For 

instance, a German multi-center study that had followed 

up 1,314 newborns for 20 year found that exposure to 

environmental dust mite allergen was proportional to 

the incidence rate of allergic diseases [9]. When the dust 

mite concentration in the environment exceeded 10ɛg/g, 

the incidence rate of dust mite allergy in famil ies with 

allergy history could be as high as 5.5%. When the 

environmental concentration was lower than 0.1ɛg/g, 

the risk of allergic reactions was very low [10]. Tovey 

et al. found that the highest and lowest exposure 

concentrations in the quintile of dust mite in asthma 

were relatively low in the in children aged 0-5 years  

and the incidence of asthma was highest when the 

exposure concentrations were at 3.5-23.4ɛg/g [11].  

The association between exposure doses and the 

incidence of allergic diseases might be ascribed to the 

aforementioned connection between antigen dose and 

the cell-differentiating effect of DCs in the upstream of 

immune responses. In the allergen-specific 

immunotherapy for allergic rhinitis and asthma, high 

concentrations of allergens were used to stimulate DCs 

in order to elicit the allergen-specific immune responses 

which will induce the conversion of T cells to Treg and 

Th1 cells instead of Th2 cells [12, 13]. On the other 

hand, low-concentration allergens tend to be ineffective 

with such allergen-specific immunotherapy [14]. 

 

Immature DCs (imDCs) are usually found in the 

immunostatic phase, expressing receptors which related 

to antigen recognition (such as Toll-like receptor, 

mannose receptor, etc.). When exposed to the antigen, 

imDCs will engulf the external antigens and, after 

experiencing a series of changes, convert into mature 

DCs (mDCs). These changes involve: (1) loss of 

receptors which mediate endocytosis, (2) over-

expression of MHC-II  molecules and co-stimulators, 

such as CD40, CD80, and CD86, etc., and (3) over-

expression of CCR7 and other related receptors. These 

changes help DCs migrate into secondary lymph nodes, 

and contact with naïve T cells to present antigens  

[15, 16].  

The studies are scanty concerning the differences  

in the signal molecules and cytokines produced during 

the DC activation and the association between such 

differences and the differentiating direction of the 

downstream T cells when imDCs are exposed to 

allergens of different doses. Huang et al. reported that 

DCs promoted the proliferation of Th1 cells, Th2 cells 

and Treg cells, respectively, by secreting different 

cytokines, such as IL-12, IL-1 and IL-2 (Th1 cells), 

IL-4 and IL-13 (Th2 cells), IL-10, IL-35 and TGF-ɓ 

(Treg cells)[17ï21]. Pfeiffer et al. demonstrated that 

when DCs were stimulated by low-dose of antigens, 

they expressed low-affinity peptide-MHC interactions 

and present weak signals to Th cells, thereby inducing 

the differentiation of Th cells into Th2 cells; when 

DCs were exposed to high-dose antigens, strong 

signals were presented and, as a result, Th cells 

differentiated into Th1 cells [22]. Some studies 

reported that exposure to allergens of different doses 

could alter the expression of DC surface markers and 

related factors, such as CD40, CD86, IL-4, IL-12, 

TLR, and TCR, etc., which might change 

differentiating direction of T cells [8, 23, 24]. 

 

DCs-induced differentiation of T cells involve 

multiple signaling pathways and a great many factors, 

including CD40, CD80, CD86, ICAM-1, CCL17, 

RELM-Ŭ, ERK, c-Fos, NF-kB, IRF4, p38-MAPK, 

KLF4, PDL2, Notch, DLL1 and DLL4, among 

others[25ï27]. However, the mechanisms of such 

dose-effect relationship are poorly understood so far. 

In this study, we first looked into the functions of DCs 

after stimulation with Ovalbumin (OVA) of different 

doses. Then, by employing DNA methylation and 

RNA sequencing technology (RNA-seq), we examined 

the differential changes in DCs and in related signaling 

pathways after exposure to allergens of different doses 

and their impact on the differentiation of the 

downstream T cells. 

 

RESULTS 
 

Morphological and flow cytometric analysis of DCs  

 

At low magnifications, a small number of cell colonies 

were observed on day 3. Six days later, large number of 

colonies were seen. At high magnifications, no dendritic 

branches were noticed on day 1. After day 6, the 

dendritic branches were evident (Supplementary Figure 

1). Analyzed for the expression rate of CD11c by þow 

cytometry and the results showed high expression of 

CD11c. On day 7, flow cytometric detection showed 

that the expression of CD40, CD80, CD86 and MHC-II  

on DC increased with the OVA dose. No difference was 

found in the expression of CD11c among the groups. 

(Figure 1A, 1B). 
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Flow cytometrical analysis of Th cells  

 

Flow cytometry showed that naïve T cells could be 

induced to differentiate in different directions after 

co-cultured with DCs stimulated by OVA at different 

doses. In 10 DCs group, Th2 cells (CD4
+
IL -4

+
) were 

dominant. The 100 and 1000 DCs group, show Th1 

cells (CD4
+
 IFN-ɔ

+
) dominance. In 10000 DCs group, 

Treg cells (CD4
+
CD25

+
Foxp3

+
) were dominant. There 

was no significant difference in the number of  

Th17 cells (CD4+IL-17+) among these groups 

(Supplementary Figure 2). Naïve T cells could not be 

activated when co-cultured with imDCs. (Figure  

2A, 2B). 

 

 
 

Figure 1. OVA induces DCs maturation. Immature DCs were cultured in the presence of 0, 10, мллΣ млллΣ млллл˃ƎκƳƭ h±! ŦƻǊ 
24 h. (A). Expression of maturation-related markers on matured DCs (CD11c, CD80, CD86, CD40, MHC-II. Gray shading in histograms 
represents isotype controls. (B). Summary of the mean fluorescence intensity (MFI) of the indicated surface markers. Data indicate the 
mean±SD, n = 4. *ǇғлΦлр ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ ŘƛũŜǊŜƴŎŜs between the treatment group and the control group. 



 

ǿǿǿΦŀƎƛƴƎ-ǳǎΦŎƻƳ нрпор !DLbD 

RNA-seq and DNA methylation of DCs 

 

Since 100 DCs group and 1000 DCs group both induce 

Th1 dominant, we chose the dose of 100ɛg/ml in the 

ensuing experiment. We used 0, 10, 100, 10000ɛg/ml 

OVA to stimulate DC then conduct RNA-seq and 

methylation analysis. The results showed that there 

existed a strong correlation between the gene expression 

level and methylation level in each group, and the 

experimental results were reliable and the sample 

selection was reasonable as shown by the Pearson 

correlation coefficients (> 0.8). We compared groups of 

different doses with the control, and conducted 

clustering analysis on the up-regulated and down-

regulated genes by using RPKM analysis for RNA-seq 

and DMRs analysis for methylation, respectively. The 

results showed that the samples had a high homogeneity 

among samples in each group (Supplementary Figure 3).  

 

Our study showed that DNA methylation, rather than 

demethylation, was the main expression profile in 

different regions of the genome in all dose groups

 

 
 

Figure 2. OVA-treated DCs stimulated T-ŎŜƭƭǎ ǘƻ ŘƛũŜǊŜƴǘƛŀǘŜ ƛƴǘƻ ¢ƘмΣ ¢Ƙн ŀƴŘ ¢ǊŜƎ ŎŜƭƭ ƭƛƴŜǎΦ (A, B). Naïve CD4+ T cells were 

isolated using MACS from mouse systemic lymph nodes and were co-cultured for 72 h with DCs pretreated with different doses of OVA. Data 
indicate the mean±SD, n = 4. Percentage T cells is tested by flow cytometry. *p<лΦлр ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ ŘƛũŜǊŜƴŎŜǎ ōŜǘǿŜŜƴ ǘƘŜ ǘǊŜŀǘƳŜƴǘ ƎǊƻǳǇ 
and the control group. *(P<0.05) represents the differences among the five dose groups. 
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(Figures 3B, 4B, 5B). In this study, the gene 

expression had four patterns and the methylation 

presented six patterns with the increasing dose of 

OVA. Clustering analysis showed that as the OVA 

dose increased, the differential gene expression level 

was obviously lowered or raised, and the differential 

methylation level showed obvious methylation or 

demethylation (Supplementary Figure 4). Our analysis 

showed that some activation signaling pathways 

shared by various dose groups mainly involved 

ribosome synthesis (e.g. Gm13423, Rps4x-ps genes), 

Jak-Stat signaling (e.g. Hamp, Socs1 genes), 

pantozoate, CoA biosynthetic and other cell-

metabolism-related processes (e.g. Vnn3 gene). In the 

study, the differentially expressed genes were 

subjected to GO/KEGG enrichment analysis, and the 

gene body area and overlapping genes with DMRs to 

functional enrichment analysis. As a result, the top 10 

genes with the highest significance were selected to 

make a plot ordered by P values. If the numbers of 

enriched pathways in the sample was less than 10, 

they were all shown in a scatter plot. The results of 

inter-group analyses of 10-0 DCs, 100-0 DCs,  

10000-0 DCs are shown below.  

 

Intergroup analysis of 10-0 DCs  

 

The RPKM results of 10 DCs group showed that 77 

genes were up-regulated and 87 genes down-regulated 

(Figure 3A). The key up-regulated genes included 

Aox2, Ctf2, Hamp, Iglc2, Mid2 and Saa3. The key 

down-regulated genes involved Ighv10-1, Itga2, Slc8a1, 

Vasn. The up-regulated genes were mainly covered 

signaling pathways of ribosome synthesis and ion 

channel inhibitors, and the down-regulated genes 

mainly involved the signal pathway of protein auto-

phosphorylation (Figure 3C, 3D). The functional 

enrichment analysis of methylation showed that the 

DMR coincidence gene (all) pathway were principally 

related to the positive regulation of purine nucleotide 

metabolism, carbohydrate metabolism and negative 

regulation of T-cell activation. The promoter region 

gene (all) pathways were mainly those involving the 

protein catabolic and adenyl ribonucleotide binding. 

The enrichment results of hypermethylated DMR 

coincidence genes (hyper) and hypomethylated DMR 

coincidence genes (hypo) are shown in Figure 3E, 3F. 

Genes that bore significant negative correlation between 

RNA expression and DNA methylation level were 

screened (gene body region and gene promoter region 

respectively). The expression of C530008M17Rik gene 

was negatively correlated with the average DNA 

methylation level of C base in the gene body region. 

The expression of Scgb1a1 gene was negatively 

correlated with the average DNA methylation level of C 

base in gene promoter region.  

Intergroup analysis of 100-0 DCs 

 

The RPKM results of 100 DCs group showed 339 genes 

were up-regulated and 168 genes down-regulated 

(Figure 4A). The key up-regulated genes included Il12a, 

Il1a, Il23, Nos2, Susd2 and Vnn3. The key down-

regulated genes involved Ace, Cav1, Ccnd1, Ear2, 

Erbb2, Flt1 and Fn1. The up-regulated genes were 

involved in the signaling pathways of cytokine 

synthesis, regulation of immune responses and 

cytokine-cytokine receptor interaction, while the down-

regulated genes were mainly those which partook in the 

PI3K signaling pathway (Figure 4C, 4D). The 

functional enrichment analysis of DNA methylation 

exhibited that the DMR coincidence gene (all) pathway 

mainly covered the production of small RNA involved 

in RNA gene silencing and the positive regulation of 

stem cell population. The promoter region gene (all) 

pathways were mainly involved in pyruvate 

dehydrogenase [NAD(P)
+
] and acetylīCoA biosynthetic 

process. Hypermethylated DMR coincidence genes 

(hyper) and hypomethylated DMR coincidence genes 

(hypo) are shown in Figure 4E, 4F. The genes with 

which their RNA expression bore significant negative 

correlation with DNA methylation level were screened 

(gene body region and gene promoter region 

respectively) and results showed that there existed a 

significant negative correlation between the expression 

level of 126 genes and the average methylation level of 

C base in the body region of genes. Protein interaction 

network analysis exhibited there was a strong 

correlation between the two events in these genes: 

Aurkb, Asf1b Atad2, Cep128 Clspn, Cenpe, Cdc6, 

Cdca7, Depdc1B, Kif2C, Nek2, Sgol1, Kif14, Hmmr 

and Ncapg2 (Figure 4G). No gene expression level was 

negatively correlated with the average DNA 

methylation level of C base in gene promoter region. 

 

Intergroup analysis of 10000-0 DCs 

 

The RPKM results of 10000 DCs group showed that 

2497 genes were up-regulated and 1156 genes down-

regulated (Figure 5A). The key up-regulated genes 

included Acod1, Ccl5, Fabp3, Fst, Irf7, Ly6i and 

Tnfsf15. The key down-regulated genes included Ccr2, 

Cd7, Epha3, Mgl2 and Ramp1. The up-regulated genes 

mainly involved the TNF signaling pathway, NF-kappa 

B signaling pathway, antigen processing and 

presentation, while the down-regulated genes mainly 

covered on the signal pathways of carbon, fatty acids, 

glucolipid and sucrose metabolism (Figure 5C, 5D). 

The enrichment analysis showed that the DMR 

coincidence gene (all) pathways mainly involved 

cAMP-dependent protein kinase regulator activity and 

endocytic recycling. The promoter region gene (all) 

pathways principally covered the adenylate cyclase, 



 

ǿǿǿΦŀƎƛƴƎ-ǳǎΦŎƻƳ нрпот !DLbD 

cyclase and lyase activation, and were mainly 

negatively regulated. Hypermethylated DMR 

coincidence genes (hyper) and hypomethylated DMR 

coincidence genes (hypo) are shown in Figure 5E, 5F. 

The genes for which RNA expression was significantly 

negatively correlated with DNA methylation level (gene 

body region and gene promoter region respectively) 

were screened and the results revealed that there existed 

a significant negative correlation between the 

expression level of 253 genes and the average DNA 

 

 
 

Figure 3. Intergroup analysis of 10-0 DCs. (A) Volcano diagram shows the genes that are differentially expressed; the gray points 

represent the genes that had no differential expression; the blue points represent the down-regulated genes; the red points represent the 
up-regulated genes. (B) Distribution of DMR in different regions of the genome. (C) Enrichment analysis of up-expressed genes. (D) 
Enrichment analysis of down-expressed genes. The horizontal axis indicates the significance of the enrichment (using -log10 (p value). The 
vertical axis indicates the enrichment. The dot size indicates the number of differentially expressed genes, and the dot gray scale or degree of 
darkness indicates the degree of rich factor enrichment. Here the 20 top most significant were selected in terms of p values. (E, F). DMR 
overlap gene pathway enrichment analysis. The results are shown by the scatter diagram. n = 3 independent experiments. (E). Gene body 
area (F). Promoter area (transcriptional initiation site upstream 2 kb). 
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Figure 4. Intergroup analysis of 100-0 DCs. (A) Volcano diagram shows the genes that are expressed in the difference. (B) Distribution of 

DMR in different regions of the genome. (C) Enrichment analysis of up-expressed genes. (D) Enrichment analysis of down-expressed genes. 
(E, F) DMR overlapping gene pathway enrichment analysis, the results are shown by the scatter diagram. (E) Gene body area. (F) Promoter 
area (transcriptional initiation site upstream 2kb). (G) Screening for genes with significant negative correlation between RNA-seq differential 
gene expression and average gene methylation level. Significant negative correlation gene-protein Interaction Network Map. n = 3 
independent experiments. 


