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Abstract
Background: Allergen immunotherapy (AIT) is the only etio-
logical and potentially curative therapy for allergic rhinitis 
(AR). Objectives: We sought to investigate the role of epi-
genetic regulator enhancer of zeste homolog 2 (EZH2) in the 
activation of dendritic cells (DCs) in AIT. Method: In this 
study, EZH2 expression in circulating myeloid DCs (mDCs) 
and plasmacytoid DCs (pDCs) were evaluated using flow cy-
tometry. Clinical information from 56 AR patients receiving 
AIT was collected, including 30 subjects with subcutaneous 
immunotherapy (SCIT) and 26 subjects with sublingual im-
munotherapy (SLIT). In vitro, the effect of EZH2 inhibitor, 3 
Deazaneplanocin A (DZNep), on the phenotypic and func-
tional activation of monocyte-derived DCs (moDCs) was 
evaluated. Results: EZH2 expression in circulating mDCs and 
pDCs were both negatively correlated to treatment time of 
AIT (r = –0.39, p = 0.003 and r = –0.47, p = 0.0002, respective-
ly). Furthermore, there was a higher correlation between 
EZH2 expression and AIT treatment time in the SCIT 
group compared to that of the SLIT group in mDCs (r = –0.42, 

p = 0.02 vs. r = –0.23, p = 0.26)and pDCs (r = –0.52, p = 0.003 
vs. r = –0.33, p = 0.10). In vitro, the co-stimulatory molecules 
on moDCs, such as CD80, CD86, and CD83, were significant-
ly inhibited by DZNep in a dose-dependent manner. The 
DC-driven T-cell proliferation was suppressed by DZNep 
(MD = 22.88, 95% CI 7.809–37.96, p < 0.05). Conclusions: Our 
study shows that EZH2, which is required in the activation of 
DCs, mediates the epigenetic modification in AIT and stress-
es the importance of patient adherence during AIT.

© 2019 S. Karger AG, Basel

Introduction

The increasing prevalence of allergic rhinitis (AR) 
causes a higher individual and social burden [1, 2]. AR is 
defined as the symptomatic nasal inflammation induced 
by allergen inhalation in sensitized individuals [3]. AR 
patients show the immune features of the infiltration of 
eosinophils, Th2 polarization, and enhanced allergen-
specific IgE [4]. Up to now, allergen immunotherapy 
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(AIT), including subcutaneous and sublingual immuno-
therapy (SCIT and SLIT), is the only etiological and po-
tentially curative therapy for AR [5]. The mechanism of 
AIT is to induce immunological tolerance and maintain 
Th1/Th2 immune balance with a long-term, low dose of 
allergen exposure [6–9]. However, the cellular and mo-
lecular mechanisms have not been fully elucidated.

Dendritic cells (DCs), as the most potent antigen-pre-
senting cells, play essential roles in regulating immune 
response and immune tolerance [10–12]. There are 2 ma-
jor DC subsets in human peripheral blood, including 
conventional or myeloid DCs (mDCs, Lin–HLA-
DR+CD11c+CD123–) and plasmacytoid DCs (pDCs, Lin–

HLA-DR+CD11c–CD123+) [13–15]. After capturing al-
lergen, immature DCs acquire phenotypic and functional 
characteristics of mature DCs, including upregulated co-
stimulatory molecules and major histocompatibility 
complex (MHC), migrate to draining lymph nodes and 
present antigens to T cells [16]. Increasing evidence sug-
gests that AR is not only the inflammation of nasal tissue 
but also the systemic immune imbalance [17].

Enhancer of zeste homolog 2 (EZH2), the catalytic com-
ponent of polycomb repressive complex 2, is known as the 
histone-lysine N-methyltransferase and catalyzes the tri-
methylation of lysine 27 on histone H3 [18–21]. EZH2 has 
been revealed as an epigenetic regulator in various im-
mune cells, including B cells, T cells, DCs, and so on [22–
25]. EZH2 participates in the development and activation 
of lymphocytes [18]. Gunawan et al. [25] showed that 
EZH2, mediating the post-translational methylation of Ta-
lin1, disrupts the binding of Talin1 and F-actin and regu-
late the adhesion and migration of DCs. The role of EZH2 
in the activation of DCs remains to be determined.

In this study, we hypothesized that EZH2 plays a role 
in regulating the activation of DCs and participates in the 
epigenetic mechanism of AIT. We show that the levels of 
EZH2 in circulating mDCs and pDCs were negatively 
correlated with AIT treatment time in AR patients. In vi-
tro, we applied the inhibitor of EZH2, 3 Deazaneplanocin 
A (DZNep), and found that EZH2 deficiency impaired 
the phenotypic and functional activation of DCs. These 
findings reveal the novel role of EZH2 in the epigenetic 
mechanism of AIT and stress the importance of patient 
adherence during AIT.

Materials and Methods

Subjects
Blood specimens from 56 HDM-sensitive AR patients receiv-

ing AIT were drawn and processed to evaluate the expression of 

EZH2 in circulating DCs. The clinical characteristics of the tested 
subjects were shown in Table 1. The diagnosis of HDM-sensitive 
AR was based on the AR and its Impact on Asthma guidelines, 
including clinical symptoms of nasal obstruction, rhinorrhea, 
sneezing, nasal prupritus, itchy eyes, and watery eyes and sensiti-
zation to HDM (Der p, Der f, or both), as determined by specific 
IgE [26]. Blood specimens from healthy volunteers were drawn 
and processed to explore the role EZH2 in the activation of mono-
cyte-derived DCs (moDCs) in vitro. Every volunteer in this study 
signed and gave their informed consent. This study was approved 
by the Ethics Committee of The First Affiliated Hospital of Sun 
Yat-sen University, Guangzhou, China (Approval No. 2016197).

Flow Cytometry and Antibodies
To determine the expression of EZH2 in human circulating 

DCs, the following anti-human monoclonal antibodies were used: 
FITC anti-human Lineage Cocktail (CD3/14/16/19/20/56) (Biole-
gend), Brilliant Violet 421TM anti-human HLA-DR (Biolegend), 
PE anti-human CD11c (Biolegend), PE/Cy7 anti-human CD123 
(Biolegend), Alexa Fluor® 647 anti-human/mouse EZH2 (BD). 
For the in vitro study, moDCs were harvested and stained with 
the following antibodies: Anti-Human CD1a PE-Cyanine7, Anti-
Human CD83 FITC, Anti-Human CD80 (B7–1) PE-Cy5, Anti-
Human CD86 (B7–2) PE, Anti-Human HLA-DR/MHC II-eFlu-
ro®450 (All from eBioscience). Samples were analyzed using a 
flow cytometer (CytoFLEX S by Beckman Coulter, CA, USA), and 
analyzed using the CytExpert Software (Beckman Coulter).

In vitro Induction of moDCs and EZH2 Inhibitor DZNep 
Treatment
CD14+ cells and CD4+ cells were isolated from PBMCs using 

CD14 Microbeads and CD4 Microbeads (Miltenyi Biotec, Ber-
gisch Gladbach Germany). The cells were seeded into a 24-well 
plate at a density of 5 × 105 cells/well. The complete medium that 
was made up of RPMI-1640 (Gibco), penicillin/streptomycin/L-
glutamine (Gibco), and 10% fetal bovine serum (Gibco, US origin) 
were used to feed CD4+ T cells. To induce DCs from CD14+ cells 
monocytes, complete medium supplemented with granulocyte-
macrophage colony-stimulating factor (GM-CSF, working con-
centration 1,000 U/mL, Peprotech, London, UK), and interleukin 
4 (IL-4, working concentration 1,000 U/mL, Peprotech, London, 
UK) was used for 5 days. The cells were further stimulated by lipo-
polysaccharides (LPS, 100 ng/mL, Sigma, L4516, Germany) with 
or without for EZH2 inhibitor DZNep (Selleck Chemicals, S7120, 
USA) for an additional 48 h. Different doses of DZNep (1, 3, 5, and 
10 µM) were added to explore the role of EZH2 in DCs. Cells were 

Table 1. Clinical characteristics of tested subjects

SCIT (n = 30) SLIT (n = 26) p value

Age, years 21.07±2.057 23.88±3.036 >0.05
Gender, male/female 21/9 11/15 >0.05
Treatment time, days* 368.4±72.38 468.2±55.96 >0.05

* Values are presented as means ± SEMs.
SCIT, subcutaneous immunotherapy; SLIT, sublingual 

immunotherapy.
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harvested on day 7 for phenotype analysis and functional detec-
tion. Culture supernatants were collected and stored at –80  ° C be-
fore cytokine measurement. 

Autologous Mixed Leukocyte Reactions
moDCs on day 7 were collected, washed with PBS, and co-cul-

tured with autologous CD4+ T cells and the proliferation of CD4+ 
T cells was measured by carboxyfluorescein diacetate succinimidyl 
ester (CFSE; eBioscience, San Diego, CA, USA). moDCs on day 7 
were counted and seeded in a 24-well plate at a density of 5 × 104 
cells/well in 1 mL RPMI-1640 complete medium and co-cultured 
with autologous CD4+ T cells at a ratio of 1: 10. Soluble anti-CD3 
(OKT3, 1 µg/mL, eBioscience) and anti-CD28 (CD28.2, 1 µg/mL, 
eBioscience) monoclonal antibodies were added for activating T 
cells. Cells were harvested and analyzed by flow cytometry after 
72 h of co-culture. CFSE data were analyzed by using the ModFit 
software (Verity Software House, Topsham, ME, USA). 

Measurement of Cytokine Levels
To explore the effect of EZH2 inhibitor DZNep on cytokine 

secretion of moDCs, IL-6, and IL-10 were measured in the cell cul-
ture supernatant by Enzyme-Linked Immune Sorbent Assay. All 
Enzyme-Linked Immune Sorbent Assay kits were bought from 
RayBiotech (Norcross, GA, USA).

Statistical Analysis
Results were expressed as means ± SEM. Statistical analysis was 

performed with GraphPad Prism 6 software (La Jolla, CA, USA). 
The correlation analyses were conducted with Spearman’s rank 
test. Considering the individual variations, the data of cell culture 
experiments were analyzed with RM one-way ANOVA with the 
Greenhouse-Geisser correction. We considered a p value of < 0.05 
to be statistically significant. 

Results

EZH2 Expression Levels in Circulating DCs Are 
Negatively Correlated with AIT Treatment Time in 
AR Patients
In this cross-sectional study, we evaluated the expres-

sion of EZH2 in circulating DCs subsets and its correla-
tion with AIT treatment time in AR patients (n = 56). 
Gating strategies for flow cytometry analysis are shown in 
Figure 1a. The results are shown as the relative median 
fluorescence intensity (normalized to isotype control 
staining). The proportions of mDCs and pDCs subsets in 
PBMCs were not significantly correlated with AIT treat-
ment time (r = 0.18, p = 0.19 and r = 0.21, p = 0.12, respec-
tively; Fig. 1b, c). The expression of EZH2 in circulating 
mDCs was negatively correlated with AIT treatment time 
(r = –0.39, p = 0.003; Fig. 1d). A similar correlation was 
found between EZH2 expression in circulating pDCs and 
AIT treatment time (r = –0.47, p = 0.0002; Fig. 1e). There 
was no significant correlation between EZH2 expression 

in circulating DC subsets and clinical symptom (online 
suppl. Fig. S1A, S1B; for all online suppl. material, see 
www.karger.com/doi/10.1159/000500882). These results 
infer that AIT can epigenetically modulate circulating 
DCs in AR patients. 

The Correlation between EZH2 Expression in DCs 
Subsets and AIT Treatment Time in the SCIT and 
SLIT Group
The efficacy comparison SCIT and SLIT has been wide-

ly discussed. Overall, SCIT is more effective than SLIT in 
controlling the clinical symptoms [27, 28]. In this study, 
EZH2 expression in mDCs and AIT treatment time 
showed higher correlation in the SCIT group than that in 
the SLIT group (r = –0.42, p = 0.02 vs. r = –0.23, p = 0.26; 
Fig. 2a). Similar results were found in the correlation be-
tween EZH2 expression in pDCs and AIT treatment time 
(r = –0.52, p = 0.003 vs. r = –0.33, p = 0.10; Fig. 2b). These 
results infer that the epigenetic modulation efficacy of 
AIT treatment may differ from SCIT to SLIT.

EZH2 Inhibition Causes a Dose-Dependent 
Downregulation of Co-Stimulatory Molecules on 
moDCs
In vitro, immature moDCs on day 5 were stimulated 

with LPS for 48 h with or without indicated concentration 
of EZH2 inhibitor DZNep (including 1, 3, 5, and 10 μM). 
Cells were harvested on day 7, and the expression of co-
stimulatory molecules was assessed by flow cytometry. 
The expression of co-stimulatory molecules on moDCs, 
such as CD80, CD86, and CD83, were significantly sup-
pressed after DZNep treatment in a dose-dependent 
manner (Fig. 3a, b). MHC II was significantly inhibited 
after high dose (10 μM) of DZNep treatment (Fig. 3a, b). 
The detailed results for each marker at each dose are 
shown in online supplementary Table S1. We also mea-
sured the levels of IL-6 and IL-10 in the supernatants of 
moDCs, but there were no significant changes after 
DZNep treatment (for IL-6 between LPS treatment vs. 
LPS+ DZNep treatment, MD = 3.791, 95% CI –6.144 to 
13.73, p > 0.05, for IL-10, MD = –28.22, 95% CI –86.63 to 
30.20, p > 0.05; Fig.  3c, d). These results indicate that 
EZH2 inhibitor DZNep suppresses the activation of DCs 
through downregulating the expression of co-stimulatory 
molecules on DCs.

EZH2 Inhibitor DZNep Restrains DCs-Induced T-Cell 
Proliferation
To evaluate the effect of DZNep on the proinflamma-

tory function of DCs, we co-cultured LPS-treated moDCs, 
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LPS+ DZNep-treated moDCs, or medium control moDCs 
with CFSE-labeled CD4+ T cells at a ratio of 1: 10 (moDCs: 
CD4+ T cells). After 72 h of co-culture, cells were collect-
ed for analysis. As shown in Figure 4, the proliferation of 
CD4+ T cells is stimulated by LPS (MD = –12.46, 95% CI 

–20.97 to –3.943, p < 0.05). And the increased prolifera-
tion by LPS could be rescued by EZH2 inhibitor DZNep 
(MD = 22.88, 95% CI 7.809–37.96, p < 0.05). The results 
above show that EZH2 inhibitor DZNep suppresses the 
capacity of DCs to induce T-cell proliferation.
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Fig. 1. The levels of EZH2 in circulating DCs are negatively cor-
related with treatment time of the AIT in AR patients. a Represen-
tative flow cytometric gating strategy to define Lin-HLA-DR + 
CD11c + CD123– mDCs and Lin-HLA-DR + CD11c– CD123+ 
pDCs. b, c The correlation analyses between the proportion of cir-
culating DCs subsets, including mDCs (b) and pDCs (c), and AIT 
treatment time are shown. d, e The correlation analyses between 

EZH2 expression in circulating DCs subsets, including mDCs (d) 
and pDCs (e), and AIT treatment time are shown. The rMFI shows 
the expression of EZH2 in DCs subsets normalized to isotype con-
trol staining n = 56. mDCs, myeloid dendritic cells; pDCs, plasma-
cytoid DCs; rMFI, relative median fluorescence intensity; EZH2, 
enhancer of zeste homolog 2.
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Discussion

This study aimed to investigate the role of EZH2 in the 
activation of DCs and its epigenetic mechanism in AIT. 
AIT is a long-term treatment with poor patient compli-
ance. Lemberg et al. [29] show that the dropout rate of 
AIT was up to 39.0% in SLIT patients and most patients 
who drop out quit during the first year of therapy. The 
evidence is needed to encourage the patients to dedicate 
to the therapy even without significant symptom im-
provement in a limited time. Our study provides epigen-
etic evidence for the necessity for medication adherence. 
We found that even in a cross-sectional study, EZH2 ex-
pression in the circulating DC subsets was highly corre-
lated with the AIT treatment time, which suggests that the 
role of EZH2 in the epigenetic mechanism of AIT is worth 
further research. 

DCs are specialized antigen-presenting cells, which 
play a vital role during the process of allergic inflamma-
tion as well as the course of AIT [30–32]. moDCs from 
HDM-allergic children who had received 1 year of SLIT 
showed decreased capacity to be activated by LPS [30]. 
Consistently, C1Q, known as a regulatory DC marker, is 
increased after AIT and correlates with the clinical effi-

cacy of SLIT [31]. Nevertheless, the previous studies in-
vestigated the changes of DCs during AIT based on 
CD14+ monocytes and moDCs, the effect of AIT on cir-
culating mDCs and pDCs has not been clarified yet. In 
this study, we found that the expression of EZH2 in cir-
culating mDCs and pDCs were both negatively correlated 
with the treatment time of AIT. The proportion of mDCs 
and pDCs in the PBMCs was not significantly correlated 
with treatment time in this cross-sectional study. How-
ever, the weak tendencies in Figure 1b, c infer that pro-
spective studies with a larger cohort are needed to con-
clude.

EZH2 was first found overexpressed in various can-
cers, but its roles in the differentiation of immune cells 
and the development of inflammatory diseases have be-
come an area of active interest [25, 33–35]. EZH2 was 
proved to be involved in the T helper (Th) cells differ-
entiation [36–38]. However, the function of EZH2 in 
the differentiation of Th1 and Th2 cells and its role in 
inflammatory diseases remain controversial. Tumes et 
al. [36] showed that EZH2 deficiency in CD4+ T cells 
caused the accumulation of Th2 cells and resulted in the 
exacerbation of allergic asthma in a mice study. Consis-
tent with this study, Hou et al. [38] reported that the 
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Fig. 2. EZH2 expression in circulating DC 
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levels of EZH2 in both Th1 and Th2 subsets were lower 
in PBMCs in AR patients than healthy volunteers and 
EZH2 negatively mediated the differentiation of Th2 
cells. These studies suggested the suppressive effect on 
Th2 response of EZH2. In contrast, Dobenecker et al. 
[39] reported that inhibition of EZH2 precluded the ac-
tivation of T cells and attenuated the T-cell-driven re-
sponses. EZH2 deficiency impaired the migration of 
DCs and restricted the progression of multiple sclerosis 
in a murine model [25]. In agreement with these find-
ings, our in vitro study showed the phenotypic and 
functional activation of moDCs were significantly sup-
pressed after EZH2 inhibition. These results indicate 

that EZH2 plays an essential role in the activation of 
both DCs and T cells, and the development of inflam-
mation. Further research is needed to elaborate on the 
molecular mechanisms of EZH2 regulation during al-
lergic disease development.

There are several limitations in this study. First, the 
role of EZH2 in the nasal tissues may offer a more de-
tailed picture, but we did not include it due to the unnec-
essary surgical intervention for AR patients and the im-
portance of nasal mucosa in nasal function protection. 
Second, a prospective study with a larger cohort is need-
ed to verify the findings. In this cross-sectional study, 
EZH2 expression in DC subsets was not correlated with 
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Fig. 3. EZH2-inhibitor DZNep is shown to cause a dose-dependent 
suppression of co-stimulatory molecules on moDCs, but no 
changes on the secretion of IL-6 or IL-10. The moDCs from healthy 
donors on day 5 were treated with indicated concentration of 
DZNep (including 0, 1, 3, 5, and 10 μM) for 48 h and the expression 
of co-stimulatory molecules was determined on day 7 with flow 
cytometry. a, b The expression of co-stimulatory molecules on 
DCs, such as CD80, CD86, CD83, and MHC II, were suppressed 

in a dose-dependent manner after 48 h treatment of DZNep. Rep-
resentative data (a) and statistical analysis (b) are shown (n = 3). 
c, d IL-6 (c) and IL-10 (d) were evaluated in supernatants collected 
on day 7 with ELISA (n = 6). Values are presented as means ± 
SEMs. * Denotes p < 0.05 and ** denotes p < 0.01. MHC, major 
histocompatibility complex; LPS, lipopolysaccharides; DZNep, 3 
Deazaneplanocin A; rMFI, relative median fluorescence intensity; 
IL, interleukin.
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the symptom score. However, a prospective study will be 
helpful to explore the role of EZH2 in clinical outcome 
during AIT.

In the future, there are many intriguing questions to 
be explored and answered. First, considering the nega-
tive correlation between EZH2 expression in DC sub-
sets and AIT treatment time and the suppression effect 
of EZH2 deficiency on the maturation of DCs, EZH2 
inhibitor could be exploited as a complementary thera-
py during AIT to improve the efficacy or even shorten 
the therapy time. Second, EZH2 may be a biomarker to 
predict and monitor the efficacy of AIT, but this hy-
pothesis needs to be explored in prospective studies. 
Last but not the least, the underlying molecular mecha-
nism of EZH2 modulating the activation of DCs is 
worth investigation.

In conclusion, our study indicates that EZH2 is re-
quired in the activation of DCs and participates in the 
epigenetic modification in AIT. The results provide evi-
dence for the significance of patient adherence during 
AIT. Future prospective cohort studies will help verify 
and further explore how EZH2 participates in the epigen-
etic mechanism of AIT.
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Fig. 4. EZH2 inhibitor DZNep restrains DCs-induced T-cell pro-
liferation. Immature moDCs on day 5 were treated with LPS (100 
ng/mL) with or without DZNep (3 μM) for 48 h and then co-cul-
tured with autologous CFSE-labeled CD4+ T cells (at a DC/T-cell 
ratio of 1: 10) for another 3 days. a–c CFSE-labeled CD4+ T cells 

showed the proliferation respectively stimulated by control moDCs 
(a), LPS-stimulated moDCs (b), and LPS + DZNep-treated moDCs 
(c). d Statistical analyses among the 3 groups are shown (n = 4). 
* Denotes p < 0.05. CFSE, carboxyfluorescein diacetate succinimi-
dyl ester; LPS, lipopolysaccharides; DZNep, 3 Deazaneplanocin A.
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Figure S1. The correlation between EZH2 expression in circulating DC subsets and
clinical symptom in allergic rhinitis patients receiving allergen immunotherapy.
The correlation analyses between EZH2 expression in circulating DC subsets,
including mDCs (A) and pDCs (B), and total visual analog scale (VAS) Score are shown.
The total VAS score rated 6 symptoms (including nasal obstruction, rhinorrhea,
sneezing, nasal prupritus, itchy eyes, and watery eyes) from absent (0) to very severe
(10). The total VAS score ranged from 0 to 60 for all combined symptoms.[1, 2] The
relative median fluorescence intensity (rMFI) shows the expression of EZH2 in DCs
subsets normalized to isotype control staining. n=56.

1. Brozek JL, Bousquet J, Agache I, Agarwal A, Bachert C, Bosnic-Anticevich S,
Brignardello-Petersen R, Canonica GW, Casale T, Chavannes NH et al: Allergic Rhinitis and its
Impact on Asthma (ARIA) guidelines-2016 revision. The Journal of allergy and clinical
immunology 2017, 140(4):950-958.

2. Bousquet PJ, Combescure C, Neukirch F, Klossek JM, Mechin H, Daures JP, Bousquet J: Visual
analog scales can assess the severity of rhinitis graded according to ARIA guidelines. Allergy
2007, 62(4):367-372.



Table S1. Test statistics of co-stimulatory molecules expression at indicated doses of
EZH2 inhibitor DZNep

Co-stimulatory
molecule

Comparison Mean
Difference

95% CI of difference p-value

CD80 0 vs 1 μM 0.2863 -0.05319 to 0.6259 >0.05
0 vs 3 μM 0.3484 0.03459 to 0.6622 <0.05
0 vs 5 μM 0.3694 0.1971 to 0.5417 <0.05

0 vs 10 μM 0.4102 0.3048 to 0.5155 <0.01
CD86 0 vs 1 μM 0.3254 0.05201 to 0.5989 <0.05

0 vs 3 μM 0.4465 -0.2031 to 1.096 >0.05
0 vs 5 μM 0.4449 0.1824 to 0.7074 <0.05

0 vs 10 μM 0.4842 0.1052 to 0.8632 <0.05
CD83 0 vs 1 μM 0.1381 -0.03227 to 0.3085 >0.05

0 vs 3 μM 0.1925 -0.04939 to 0.4344 >0.05
0 vs 5 μM 0.2014 0.07007 to 0.3328 <0.05

0 vs 10 μM 0.2004 0.1294 to 0.2713 <0.01
MHC II 0 vs 1 μM 0.1620 -0.2232 to 0.5472 >0.05

0 vs 3 μM 0.1604 -0.4765 to 0.7974 >0.05
0 vs 5 μM 0.1109 -0.1386 to 0.3604 >0.05

0 vs 10 μM 0.1811 0.03952 to 0.3226 <0.05
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