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芳香烃受体调控树突状细胞的研究进展 
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(1陆军军医大学大坪医院野战外科研究所第一研究室, 创伤、烧伤与复合伤国家重点实验室, 重庆 400042; 
2西南交通大学生命科学与工程学院, 成都 610031)

摘要    树突状细胞(dendritic cell, DC)作为体内功能最强的抗原递呈细胞(antigen presenting 
cell, APC), 是连接先天性和适应性免疫系统的桥梁, 在启动和放大免疫应答信号中发挥着重要作

用。研究表明, 芳香烃受体(aryl hydrocarbon receptor, AhR)可通过DC调控机体的免疫功能, 参与各

种伤病导致的机体免疫功能紊乱的防治。该文就近年来AhR对DC的调控及其机制作一综述, 为进

一步研究免疫调理关键分子提供文献依据和新思路。
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Abstract       As the strongest antigen presenting cell (APC) in vivo, dendritic cell (DC) is a bridge between 
innate and adaptive immunity. Furthermore, it plays an important role in triggering and amplifying the signals of 
immune response. Recent studies showed that aryl hydrocarbon receptor (AhR) can regulate the immune functions 
via DC, and may be a potential key molecule of immune modulation to participate in the prevention and cure of 
immune dysfunction caused by various injuries and diseases. This review summarized the role and regulatory 
mechanism of AhR on DC according to the related reports for the past few years, so as to provide the literature 
evidence and new idea to investigate the key molecule for immunomodulation.
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创伤、疾病、感染和应激都可能导致机体免疫

功能紊乱, 严重时还可引发各种并发症, 威胁人类健

康。在机体免疫失衡的过程中, 各类免疫细胞发挥

了重要作用, 尤其是树突状细胞(dendritic cell, DC)。
作为目前发现的功能最强的抗原递呈细胞(antigen 
presenting cell, APC), DC是启动和放大先天性及适

应性免疫应答信号中重要的始动者, 也是机体免疫

应答的重要细胞之一[1]。新近研究发现, 芳香烃受体

(aryl hydrocarbon receptor, AhR)能通过影响DC功能

进而调节机体免疫应答[2], 可能作为防治免疫性疾

病的关键分子参与机体的免疫调理。因此, 本文就

近年来AhR调控DC的研究进展进行综述。

1   DC和AhR概述
1.1   DC

DC是美国学者Steinman于1973年发现的, 因其
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成熟细胞具有许多树突状突起而得名, 广泛分布于

机体各重要器官(例如: 皮肤、心脏、肺、肠和脾)[3], 
与免疫激活和免疫耐受密切相关, 在免疫诱导中具

有独特的地位[4-5]。

广义上, DC来源于共同树突状细胞前体(com-
mon dendritic cell precursor, CDP), CDP进一步分化

为浆细胞样DC(plasmacytoid dendritic cells, pDC)和
常规 /经典DC(classical dendritic cells or conventional 
dendritic cells, cDC)[5-7]。一般而言, DC类型可以细

分为pDC、cDC、朗罕氏细胞(langerhans cell, LC)和
单核细胞来源的DC(monocyte-derived DCs, mo-DC)
等, 其中pDC又称E2-2依赖型DC, 系驻留DC; cDC
包括3型ATF样碱性亮氨酸拉链转录因子(basic leu-
cine zipper transcription factor ATF-like 3, BATF3)依
赖型DC[又称cDC1, 为驻留外周CD8+ DC和迁移的

CD103+ langerin+ DC]和干扰素调节因子(interferon-
regulatory factor 4, IRF4)依赖型DC(又称cDC2, 为
驻留CD8− CD11b+ DC和迁移的CD11b+ DC)[8-9]。DC
在不同种属中的表面生物标志物和亚群略有不同。

研究表明, 小鼠DC表达高水平的MHC II类分子和

CD11c[8], 而人DC则高度表达HLA-DR[10]。Guilliams
等[8]研究证明, 除与小鼠相同的DC亚群外, 人体皮肤

和阴道黏膜还存在CD1a+ DC和CD14+ DC等亚群。

正常情况下, 机体DC处于非成熟状态, 尽管具

有极强的内吞和加工处理抗原的能力, 但表达辅助

因子和黏附分子的水平低, 激发混合淋巴细胞反应

(mixed lymphocyte reaction, MLR)的能力也很弱。

如果接受抗原或受到某些分子刺激, 则DC可成熟

并活化, 并将抗原通过MHC分子递呈给T细胞受体, 
从而激活初始T细胞(naïve T cell, Th0)向不同T细胞

亚群分化(例如, IL-12刺激Th0分化为Th1, IL-4刺激

Th0分化为Th2), 进而调节T细胞免疫应答, 并维持

自身抗原免疫耐受[10-13]。研究已经证实, DC亚群的

分化可增加体内适应性免疫的功能[5]。虽然DC在启

动机体免疫功能的重要作用已经得到广泛共识, 但
单独应用DC临床治疗免疫性疾病的效果仍不理想。

因此, 深入探寻能够有效调控DC功能的关键因子始

终是调理机体免疫失衡的重要策略。

1.2   AhR
AhR是配体依赖性激活的转录因子, 由805个氨

基酸构成, 属于碱性螺旋–环–螺旋转录因子家族成

员[14-15]。AhR蛋白的功能结构由3部分组成: bHLH结

构域、PAS(Per-ARNT-Sim)结构域和一个富含Q-结
构域, 其中bHLH位于AhR蛋白的N末端区域, 参与

芳香烃反应元件(aryl hydrocarbon response elements, 
AHRE)和AhR核转运蛋白(AhR nuclear translocator, 
ARNT)的结合, PAS结构域是ARNT结合和配体结合

所必需的, 蛋白C末端区域富含Q-结构域, 主要影响

该蛋白的转录激活[16]。

研究表明, 在缺乏配体的情况下, AhR是作为

胞质蛋白复合物四聚体[包括2个热休克蛋白90(heat 
shock protein 90, HSP90)、辅助蛋白p23和乙型肝炎

病毒X相关蛋白 (hepatitis B virus X-asspcoated pro-
tein 2, XAP2)]的组成部分[17-19], 与配体如2,3,7,8-四
氯二苯二噁英 (2,3,7,8-tetrachlorodibenzo-p-dioxin, 
TCDD)、色氨酸光化产物6-甲酰基吲哚并(3,2-b)咔
唑 [6-formylindolo(3,2-b) carbazole, FICZ]、犬尿氨酸

(kynurenine, KYN)、吲哚 -3-甲醇 (indole-3-carbinol, 
I3C)等结合后, AhR复合物被激活移位到细胞核, 并与

ARNT结合在AHRE上启动靶基因转录[20-21], 激活下

游靶基因如细胞色素P450家族成员1A1(cytochrome 
P450 1A1, CYP1A1)、CYP1A2、CYP1B1、谷胱甘肽

S-转移酶-α、UDP葡萄糖醛酸转移酶、醛脱氢酶和

NAD(P)H醌还原酶-1等的表达[22]。

传统的AhR研究多集中在二噁英的毒理学效

应、药物和杀虫剂代谢、胚胎发育和肿瘤发生等

生物学领域。近年来的研究发现, AhR不但在伤病

介导的免疫功能紊乱中能够影响巨噬细胞的活性, 
而且在T细胞、单核细胞和DC的功能调控中作用

显著[23-26]。

2   AhR对DC生物学功能的影响
2.1   成熟及分化

研究表明, AhR能够活化DC, 而AhR缺失则会

延缓LC的成熟[26-27];  TCDD能够通过AhR促进骨

髓来源树突状细胞 (bone marrow derived dendritic 
cell, BMDC)的成熟, 该过程与RelB、吲哚胺2,3-双
加氧酶 (indoleamine 2,3-dioxygenase, IDO)、趋化因

子受体 6(chemokine receptor 6, CCR6)和白细胞介

素-22(interleukin-22, IL-22)有关, 并伴有CD80、CD86、
RelB和MHC II的表达水平增加, 但对CD83及CD40的
表达无影响[25,28-29]; 而在脾脏和肠系膜淋巴结(mes-
enteric lymph nodes, MLN)的DC中, TCDD激活AhR
对CD8α、CD40、CD54、CD80、CD86和MHC II
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的表达没有明显的影响[30]。另外, AhR激活还可促

进粒细胞巨噬细胞集落刺激因子(granulocyte mac-
rophage-colony stimulating factor, GM-CSF)诱导的小

鼠骨髓细胞分化为CD11c+ DC[31]。

AhR可调节DC的免疫原性, 改变DC的生物学

功能, 从而影响机体的免疫耐受。研究表明, 一种低

分子量复合物转录因子VAF347激活AhR后, 可抑制

人BMDC分泌CD86、HLA-DR和IL-6[32], 原因可能

是VAF347在CDP阶段阻止了单核细胞和LC的分化, 
而祖细胞扩增及粒细胞生成未受到影响[26]。AhR在
髓系亚群分化过程中受到高度调控, LC表达高水平

AhR, 其次是单核细胞, 而嗜中性粒细胞缺乏AhR表
达[26]。

AhR对不同类型DC的分化调控作用各不相

同。Liu等[27]发现, AhR可能选择性抑制pDC的分化

但对cDC的分化无影响。研究表明, AhR沉默可减

少mo-DC分化, 同时增加单核细胞来源的巨噬细胞

(monocyte-derived macrophages, mo-Mac)分化: FICZ
激活AhR后, 可促进mo-DC同时阻止mo-Mac的分化; 
而SR1(stemregenin-1)抑制AhR后, 则促进mo-Mac同
时阻止mo-DC的分化[33]。因此, 有观点认为, AhR可
能是mo-DC与mo-Mac分化的分子开关, 其中IRF4
和V-MAF肌肉腱膜纤维肉瘤癌基因同源体B(v-maf 
musculoaponeurotic fibrosarcoma oncogene homolog 
B, MAFB)可能是关键的调节剂 [33]。研究还表明 , 
AhR活化后可导致MLN中CD11c+ DC数量减少, 同
时不影响CD11b+ DC的数量; 却可使脾脏中CD11c+ 
CD103+ DC的数量增加, 同时不影响CD11c+ CD103− 
DC和CD11b+ DC的数量[30]。

2.2   增殖、凋亡与分泌

研究表明, AhR沉默后可导致人肝癌细胞系

HepG2和人乳腺癌细胞系MCF-7细胞周期停滞, 并
且细胞在G0/G1期中的百分比增加; 而从AhR缺失小

鼠获得的原代肝细胞和胚胎成纤维细胞则表现出较

低的细胞增殖速率, 同时凋亡水平增加[34], 表明AhR
能够影响细胞的增殖和凋亡; Singh等[35]研究也发现, 
TCDD与DC中的AhR结合后, 可以诱导与之共培养

或抗原递呈后的Th0发生凋亡。但目前尚缺乏AhR
直接调控各类DC增殖和凋亡的证据。

Vogel等[31]发现, TCDD激活AhR后可导致BMDC
的分泌功能发生改变: 对脂多糖(lipopolysaccharide, 
LPS)刺激的BMDC, AhR活化可使其分泌IL-6、IL-

10、IL-22和IL-23的水平升高, 同时可抑制特异性趋

化因子DC-CK1的增高; 而对未受LPS刺激的BMDC, 
AhR活化提高CXCL2(C-X-C motif chemokine 2)、
CXCL3和IL-22的表达, 降低IL-10的表达, 不影响

IL-6、IL-12和肿瘤坏死因子α(tumor necrosis factor 
α, TNFα)的表达。另外, 研究还发现, TCDD处理未

受LPS刺激的BMDC后, 还可以导致补体C3a受体

1(C3aR1)和清道夫受体A1(scavenger receptor A1, 
SRA1)的表达增加[31]。

2.3   抗原递呈和T/B细胞分化

DC是启动适应性应答免疫最重要的APC。DC
活化后还能通过共刺激分子、共抑制分子和MHC
分子的共同作用完成特异性抗原的识别和传递, 诱
导淋巴细胞(包括T细胞和B细胞)的分化, 引发细胞

免疫和体液免疫[13]。Chng等[36]通过流式细胞分析发

现, AhR缺失能够导致小肠固有层(lamina propria, LP)
中CD103+ CD11b−  DC、CD103+ CD11b+ DC和CD103−  
F4/80+巨噬细胞细胞表面标志物的表达不稳定, 进而

影响后续对T、B细胞的抗原递呈过程[8]。研究表明, 
AhR活化后可导致胶质瘤细胞CD103表达增加 [37]; 
而Bruhs等[38]发现, AhR依赖型激动剂4-n-壬基苯酚

(4-n-nonylphenol, NP)可调控小鼠DC使其不发生致

敏, 还可诱导调节性T细胞(regulatory T cell, Treg)的
分化。这些结论都提示, AhR可能影响DC的抗原递

呈, 但调控细节仍缺乏详实的证据支撑。

研究表明, AhR缺失的DC引发的抗原递呈可

能改变T细胞的行为, 使其倾向于向Th2分化, 并发

生强烈的炎症反应[39]。Jurado-Manzano等[21]发现, 
FICZ激活mo-DC中的AhR后, 可促进DC的分化和

成熟, 并诱导Th0分化成功能性CD4+ CD25+ Foxp3+ 
Treg细胞, 从而反馈抑制Th0的分化, 引起免疫耐受。

Wei等[40]在研究过敏性鼻炎(allergic rhinitis, AR)病
例时发现, AhR可促进DC和CD4+ T细胞中IL-10分
泌的增加, 并减少CD4+ T细胞中IL-17的表达, 通过

AhR的内源性配体2-(1′H-吲哚-3′-羰基)-噻唑-4-羧酸

甲酯 [2-(1′H-indole-3′-carbonyl)-thiazole-4-carboxylic 
acid methylester, ITE]治疗后可抑制Th17对AR的应

答。de Araújo等 [41]的研究证明 , IDO-AhR轴可通过

对pDC的影响来调节Treg-Th17的平衡。除此之外, 
还有研究发现, ITE活化的AhR可诱导DC产生视黄

酸(retinoic acid, RA), 进而干扰Th17细胞的发育并促

进Foxp3+ Treg的分化[42-45]。
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此外, DC可直接调控B细胞的生长、分化以及

免疫球蛋白的产生, 从而在自身免疫性疾病中发挥

作用[46-47]。AhR是调控B细胞发育和功能的关键分

子, 活化的AHR可以使造血干细胞依次分化为前体B
细胞、成熟B细胞和抗体分泌的浆细胞[16,48]。AhR可
通过BTB与CNC同源基因2(BTB and CNC homology 
2, Bach2)调节B淋巴细胞诱导成熟蛋白-1(B lympho-
cyte induced maturation protein-1, Blimp-1), 在体内抑

制B细胞分化成浆母细胞和分泌抗体的浆细胞, 提示

AhR可能成为调控B细胞反应的新型分子靶标[49]。

3   AhR调控DC的分子机制
3.1   IDO1/TDO2-KYN-AhR信号通路

有研究显示, 将AhR缺失的BMDC与Th0共培

养, 然后加入LPS/CpG刺激并添加合成的L-Kyn后, 
Th0分化形成的Treg-Th17平衡右移[2,50], γ干扰素

(γ-interferon)和LPS处理DC后也会引起Treg增殖, 同
时诱导IDO1表达[51]。因此, AhR的激活可介导DC
促进Treg的分化和增殖[45,48,52-53], 其机制可能与KYN
和RA的作用有关[54]。Cheong等[55]发现, 色氨酸可通

过IDO1/色氨酸2,3-双加氧酶2(tryptophan 2,3-dioxy-
genase 2, TDO2)催化产生KYN, 进而激活AhR, 然后

促使调节性树突状细胞(regulatory DC, rDC)产生并

释放IL-10, 进一步引起Treg的分化, 最终抑制肿瘤微

环境 (tumor microenvironment, TME)的适应性免疫。

可见, 靶向调节IDO1/TDO2-KYN-AhR信号通路可

能为肿瘤免疫疗法提供了新的思路。

3.2   IL-2和STAT信号通路

研究表明, NP和ITE[38,45]激活AhR后可驱动DC分
泌IL-2, 并诱导Foxp3的表达[38,56-58]; 而FICZ或ITE活化

AhR导致DC显著抑制Th0向Th1和Th17的分化[28]。上

述结果提示, AhR活化后介导DC分泌IL-2可能是细胞

后续发生免疫抑制的关键事件, IL-2可能是诱导Treg
分化的关键分子[38]。Quintana等[45]使用转化生长因

子 -β1(transforming growth factor-β1,TGF-β1)和 IL-2激
活AhR后 , 发现小鼠体内CD4+ T细胞中STAT1(signal 
transducer and activator of transcription 1)磷酸化水平增

加, 而STAT5的磷酸化水平没有变化; 而在Th0分化为

Treg和Th17的过程中, STAT3发生了磷酸化。

3.3   TLR和NF-κB信号通路

DC功能受核因子-κB(nuclear factor-kappaB, NF-
κB)信号途径的高度调控[59], 阻断NF-κB通路会影响

DC和淋巴细胞的发育, 并与人类的免疫缺陷和自身

免疫相关[60], 而Toll样受体(Toll-like receptor, TLR)
与NF-κB信号途径的交互作用已得到确认[61]。Kado
等[62]发现, TCDD、FICZ和I3C等激活AhR后, 可引

起TLR诱导的Mo-DC中细胞因子和DC特异性表面

标志物的表达, 其中涉及NF-κB家族成员RelB[63-64]

和免疫调节因子CDX2的表达, 最终使TLR介导的

Mo-DC中IL-1β的表达水平升高, 同时降低了IL-12A
和CYP1A1的表达水平。此外, AhR的活化还可以通

过对TLR和NF-κB信号通路的调控, 促进Th17的极

化[65]。

3.4   MEK-ERK信号通路

作为有丝分裂原活化蛋白激酶(mitogen-activated 
protein kinase, MAPK)信号传递网络的重要组成

部分 , MAPK激酶–细胞外调节激酶 (MAPK kinase-
extracellular regulated protein kinases, MEK-ERK, 
MAPKK-ERK)信号途径可通过级联磷酸化途径高效

地进行信号传递。研究表明, MEK-ERK信号通路的

活化能够减少共刺激分子(如CD49、CD83和CD86
等)、MHC-II的表达以及IL-12p40和IL-12p70的产

生, 增加促炎因子的分泌, 弱化DC对T细胞的刺激

能力, 而抑制该信号途径的效果正好相反[66-68], 提示

MEK-ERK信号通路能够负向调控DC成熟。另外, 
Aguilera-Montilla等[65]利用MEK抑制剂U0126处理

未成熟的mo-DC后发现, 抑制MEK后可导致AhR转
录活性增强, 并且改变原有AhR介导未成熟mo-DC
的关键效应分子的表达, 提示AhR对部分DC的调控

可能依赖于MEK-ERK信号通路。

4   结论与展望
AhR全面参与了先天性和适应性免疫的调节, 

而DC是AhR发挥免疫调节作用的重要靶细胞之一。

AhR通过与内、外源性配体的作用, 直接影响DC的
成熟、分化、增殖、凋亡等生物学功能, 并通过对

其分泌和抗原递呈功能的调控, 干预机体的免疫平

衡, 其机制涉及多条信号通路(图1)。研究表明, ITE
激活的AhR影响了DC的活化和功能从而引起ITE抑
制实验性自身免疫性葡萄膜视网膜炎(experimental 
autoimmune uveoretinitis, EAU)的发展 [69]; FICZ和
ITE激活AHR通过影响白塞病(Behçet’s disease)人来

源的DC的成熟和功能, 抑制Th1和Th17的应答[28], 提
示AhR活化影响DC分化、成熟及功能, 从而调节免
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疫相关疾病的进程。因此, AhR可能成为调控DC功
能的关键分子, 参与创伤、疾病、感染、应激等因

素导致的机体免疫功能紊乱的防治。

但是, 目前对AhR对DC调控的研究还存在许多

问题: AhR对各类DC乃至包括DC在内的各类免疫细

胞功能的影响是否存在交互作用和反馈机制？涉及

的诸多信号途径有无主次之分？能否筛选出以AhR
为靶点、针对部分免疫系统疾病的中西医药物并开

展临床研究？这些问题还有待于长期的、深入的研

究和探讨。

参考文献 (References)
1 De AK, Laudanski K, Miller-Graziano CL. Failure of monocytes 

of trauma patients to convert to immature dendritic cells is relat-
ed to preferential macrophage-colony-stimulating factor-driven 
macrophage differentiation. J Immunol 2003; 170(12): 6355-62.

2 Nguyen NT, Kimura A, Nakahama T, Chinen I, Masuda K, No-
hara K, et al. Aryl hydrocarbon receptor negatively regulates 
dendritic cell immunogenicity via a kynureninedependent mecha-
nism. Proc Natl Acad Sci USA 2010; 107(46): 19961-6.

3 Paul D’A, Andres GB, Niroshana A, Karen B. Brain dendritic 
cells: biology and pathology. Acta Neuropathol 2012; 124(5): 
599-614.

4 Steinman RM, Cohn ZA. Identification of a novel cell type in 
peripherallymphoid organs of mice - I. Morphology, quantitation, 
tissue distribution. J Exp Med 1973; 137(5): 1142-62.

5 Collin M, Bigley V. Human dendritic cell subsets: an update. Im-
munol 2018; 154(1): 3-20.

6 Schultze JL, Aschenbrenner AC. Systems immunology allows a 
new view on human dendritic cells. Semin Cell Dev Biol 2019; 
86: 15-23. 

7 Schlitzer A, Sivakamasundari V, Chen J, Sumatoh HR, Schreuder 
J, Lum J, et al. Identification of cDC1- and cDC2-committed DC 
progenitors reveals early lineage priming at the common DC pro-
genitorstage in the bone marrow. Nat Immunol 2015; 16(7): 718-
28.

8 Guilliams M, Ginhoux F, Jakubzick C, Naik SH, Onai N, Sch-
raml BU, et al. Dendritic cells, monocytes and macrophages: 
a unified nomenclature based on ontogeny. Nat Rev Immunol 
2014; 14(8): 571-8.

9 Segura E. Review of mouse and human dendritic cell subsets 
BT-Dendritic Cell Protocols. In: Segura E, Onai N, editors. New 
York, NY: Springer New York, 2016, 3-15. 

10 Schlitzer A, McGovern N, Ginhoux F. Dendritic cells and mono-
cyte-derived cells: two complementary and integrated functional 

图1   AhR调控DC示意图

Fig.1   The regulatory role of AhR on DC

Exogenous
AhRL

AhR

AhRE

Endogenous
AhRL

Effect

ARNT

A
hR

A
R

N
T

DC

IDO/TDO2-KYN-AhR

IL-22/STAT

TLR/NF-κB

MEK-ERK

AhRL

T cell
differentiation

B cell
differentiation

Co-stimulatory molecular
Co-inhibitory molecular

MHC-II
Cytokine

DC

Cytoplasm

Nucleus

中
国
细
胞
生
物
学
学
报



720 ·  综述 ·

systems. Semin Cell Dev Biol 2015; 41: 9-22.
11 Yoneyama H, Narumi S, Zhang Y, Murai M, Baggiolini M, Lan-

zavecchia A, et al. Pivotal role of dendritic cell-derived Cxcl10 in 
the retention of T helper cell 1 lymphocytes in secondary lymph 
nodes. J Exp Med 2002; 195(10): 1257-66.

12 Whelan M, Harnett MM, Houston KM, Patel V, Harnett W, 
Rigley KP. A filarial nematode-secreted product signals dendritic 
cells to acquire a phenotype that drives development of Th2 cells. 
J Immunol 2000; 164(12): 6453-60.

13 Efron P, Moldawer LL. Sepsis and the dendritic cell. Shock 2003; 
20(5): 386-401.

14 Denison MS, Pandini A, Nagy SR, Baldwin EP, Bonati L. Ligand 
binding and activation of the Ah receptor. Chem Biol Interact 
2002; 141(1-2): 3-24.

15 Stevens EA, Mezrich JD, Bradfield CA. The aryl hydrocarbon 
receptor: A perspective on potential roles in the immune system. 
Immunol 2009; 127(3): 299-311.

16 Xue P, Fu J, Zhou Y. The aryl hydrocarbon receptor and tumor 
immunity. Front Immunol 2018; 9: 286.

17 Perdew GH. Association of the Ah receptor with the 90-kDa heat 
shock protein. J Biol Chem 1988; 263(27): 13802-5.

18 Kazlauskas A, Poellinger L, Pongratz I. Evidence that the co-
chaperone p23 regulates ligand responsiveness of the dioxin (Aryl 
hydrocarbon) receptor. J Biol Chem 1999; 274(19): 13519-24.

19 Ma Q, Whitlock JJ. A novel cytoplasmic protein that interacts 
with the Ah receptor, contains tetratricopeptide repeat motifs, and 
augments the transcriptional response to 2,3,7,8-tetrachlorodiben-
zo-p-dioxin. J Biol Chem 1997; 272(14): 8878-84.

20 Kado S, Chang WL, Chi AN, Wolny M, Shepherd DM, Vogel 
CFA. Aryl hydrocarbon receptor signaling modifies Toll-like 
receptor-regulated responses in human dendritic cells. Arch 
Toxicol 2016; 91(5): 1-13.

21 Jurado-Manzano BB, Zavala-Reyes D, Turrubiartes-Martinez 
EA, Portales-Perez DP, Gonzalez-Amaro R, Layseca-Espinosa E. 
FICZ generates human tDCs that induce CD4+ CD25high Foxp3+ 
Treg-like cell differentiation. Immunol Lett 2017; 190: 84-92.

22 Shivanna B, Chu C, Welty SE, Jiang WW, Wang LH, Moorthy 
B. Omeprazole attenuates hyperoxic injury in H441 cells via the 
aryl hydrocarbon receptor. Free Radic Biol Med 2011; 51(10): 
1910-7.

23 Wu D, Li W, Lok P, Matsumura F, Vogel CF. AhR deficiency 
impairs expression of LPS-induced inflammatory genes in mice. 
Biochem Biophys Res Commun 2011; 410(2): 358-63.

24 Bankoti J, Rase B, Simones T, Shepherd DM. Functional and 
phenotypic effects of AhR activation in inflammatory dendritic 
cells. Toxicol Appl Pharmacol 2010; 246(1-2): 18-28.

25 Benson JM, Shepherd DM. Dietary ligands of the aryl hydrocar-
bon receptor induce anti-inflammatory and immunoregulatory 
effects on murine dendritic cells. Toxicol Sci 2011; 124(2): 327-
38.

26 Platzer B, Richter S, Kneidinger D, Waltenberger D, Woi-
setschlager M, Strobl H. Aryl hydrocarbon receptor activation 
inhibits in vitro differentiation of human monocytes and Langer-
hans dendritic cells. J Immunol 2009; 183(1): 66-74.

27 Liu H, Ramachandran I, Gabrilovich D. Regulation of plasma-
cytoid dendritic cell development in mice by aryl hydrocarbon 
receptor. Immunol Cell Biol 2014; 92(2): 200-3.

28 Wang C, Ye Z, Kijlstra A, Zhou Y, Yang P. Activation of the 
aryl hydrocarbon receptor affects activation and function of hu-
man monocyte-derived dendritic cells. Clin Exp Immunol 2014; 
177(2): 521-30.

29 Thomas R. RelB and the aryl hydrocarbon receptor: dendritic 
cell tolerance at the epithelial interface. Immunol Cell Biol 2013; 
91(9): 543-4.

30 Schulz VJ, Van RM, Bol-Schoenmakers M, van Duursen MB, 
Van dBM, Pieters RH, et al. Aryl hydrocarbon receptor activation 
affects the dendritic cell phenotype and function during allergic 
sensitization. Immunobiology 2013; 218(8): 1055-62.

31 Vogel CF, Wu D, Goth SR, Baek J, Lollies A, Domhardt R, et al. 
Aryl hydrocarbon receptor signaling regulates NF-κB RelB ac-
tivation during dendritic-cell differentiation. Immunol Cell Biol 
2013; 91(9): 568-75.

32 Lawrence BP, Denison MS, Novak H, Vorderstrasse BA, Harrer 
N, Neruda W, et al. Activation of the aryl hydrocarbon receptor 
is essential for mediating the anti-inflammatory effects of a novel 
low-molecular-weight compound. Blood 2008; 112(4): 1158-65.

33 Goudot C, Coillard A, Villani AC, Gueguen P, Cros A, Sarkizova 
S, et al. Aryl hydrocarbon receptor controls monocyte differen-
tiation into dendritic cells versus macrophages. Immunity 2017; 
47(3): 582-96.

34 Kanno Y, Takane Y, Izawa T, Nakahama T, Inouye Y. The Inhibi-
tory Effect of aryl hydrocarbon receptor repressor (AhRR) on the 
growth of human breast cancer MCF-7 Cells. Biol Pharm Bull 
2006; 29(6): 1254-7.

35 Singh NP, Nagarkatti M, Nagarkatti P. Primary peripheral T 
cells become susceptible to 2,3,7,8-etrachlorodibenzo-p-dioxin-
mediated apoptosis in vitro upon activation and in the presence 
of dendritic cells. Mol Pharmacol 2008; 73(6): 1722-35.

36 Chng SH, Parag K, Carmen DB, Wei LT, Kaname K, Yoshiaki 
FK, et al. Ablating the aryl hydrocarbon receptor (AhR) in 
CD11c+ cells perturbs intestinal epithelium development and in-
testinal immunity. Sci Rep 2016; 6: 23820.

37 Opitz CA, Litzenburger UM, Sahm F, Ott M, Tritschler I, Trump 
S, et al. An endogenous tumour-promoting ligand of the human 
aryl hydrocarbon receptor. Nature 2011; 478(7368): 197-203.

38 Bruhs A, Haarmannstemmann T, Frauenstein K, Krutmann 
J, Schwarz T, Schwarz A. Activation of the arylhydrocarbon 
receptor causes immunosuppression primarily by modulating 
dendritic cells. J Invest Dermatol 2015; 135(2): 435.

39 Thatcher TH, Williams MA, Pollock SJ, McCarthy CE, Lacy SH, 
Phipps RP, et al. Endogenous ligands of the aryl hydrocarbon 
receptor regulate lung dendritic cell function. Immunol 2016; 
147(1): 41-54.

40 Wei P, Hu GH, Kang HY, Yao HB, Kou W, Liu H, et al. An aryl 
hydrocarbon receptor ligand acts on dendritic cells and T cells 
to suppress the Th17 response in allergic rhinitis patients. Lab 
Invest 2014; 94(5): 528-35.

41 de Araujo EF, Feriotti C, Galdino NAL, Preite NW, Calich VLG, 
Loures FV. The IDO-AhR axis controls Th17/Treg immunity in 
a pulmonary model of fungal infection. Front Immunol 2017; 8: 
880.

42 Coombes JL, Siddiqui KR, Arancibia-Cárcamo CV, Hall J, Sun 
CM, Belkaid Y, et al. A functionally specialized population of 
mucosal CD103+ DCs induces Foxp3+ regulatory T cells via a 

中
国
细
胞
生
物
学
学
报



刘一佳等: 芳香烃受体调控树突状细胞的研究进展 721

TGF-beta and retinoic acid-dependent mechanism. J Exp Med 
2007; 204(8): 1757-64.

43 Song J, Clagett-Dame M, Peterson RE, Hahn ME, Westler WM, 
Sicinski RR, et al. A ligand for the aryl hydrocarbon receptor 
isolated from lung. Proc Natl Acad Sci USA 2002; 99(23): 
14694-9.

44 Sun CM, Hall JA, Blank RB, Bouladoux N, Oukka M, Mora JR, 
et al. Small intestine lamina propria dendritic cells promote de 
novo generation of Foxp3 Treg cells via retinoic acid. J Exp Med 
2007; 204(8): 1775-85.

45 Quintana FJ, Murugaiyan G, Farez MF, Mitsdoerffer M, Tukpah 
AM, Burns EJ, et al. An endogenous aryl hydrocarbon receptor 
ligand acts on dendritic cells and T cells to suppress experimental 
autoimmune encephalomyelitis. Proc Natl Acad Sci USA 2010; 
107(48): 20768-73.

46 Dubois B, Bridon JM, Fayette J, Barthélémy C, Banchereau J, 
Caux C, Brière F, et al. Dendritic cells directly modulate B cell 
growth and differentiation. J Leukocyte Biol 1999; 66(2): 224-
30.

47 Jego G, Pascual V, Palucka AK, J Banchereau. Dendritic cells 
control B cell gowth and differentiation. Curr Dir Autoimmun 
2005; 8(8): 124-39.

48 Sherr DH, Monti S. The role of the aryl hydrocarbon receptor in 
normal and malignant B cell development. Semin Immunopathol 
2013; 35(6): 705-16.

49 Vaidyanathan B, Chaudhry A, Yewdell WT, Angeletti D, Yen WF, 
Wheatley AK, et al. The aryl hydrocarbon receptor controls cell-
fate decisions in B cells. J Exp Med 2017; 214(1): 197-208.

50 Salazar F, Awuah D, Negm OH, Shakib F, Ghaemmaghami AM. 
The role of indoleamine 2,3-dioxygenase-aryl hydrocarbon 
receptor pathway in the TLR4-induced tolerogenic phenotype in 
human DCs. Sci Rep 2017; 7: 43337.

51 Liu YL, Wang HM, Yu YR, Zhang YJ, Min WP. Effects of IFN-γ 
treatment on biological characteristics and functions of dendritic 
cells. Chinese Journal of Cellular and Molecular Immunology 
2016; 32(8): 1009-13.

52 Hauben E, Gregori S, Draghici E, Migliavacca B, Olivieri S, 
Woisetschlager M, et al. Activation of the aryl hydrocarbon 
receptor promotes allograft-specific tolerance through direct and 
dendritic cell-mediated effects on regulatory T cells. Blood 2008; 
112(4): 1214-22.

53 Mezrich JD, Fechner JH, Zhang X, Johnson BP, Burlingham WJ, 
Bradfield CA. An interaction between kynurenine and the aryl 
hydrocarbon receptor can generate regulatory T cells. J Immunol 
2010; 185(6): 3190-8.

54 Quintana FJ. Regulation of central nervous system autoimmunity 
by the aryl hydrocarbon receptor. Semin Immunopathol 2013; 
35(6): 627-35.

55 Cheong JE, Sun L. Targeting the IDO1/TDO2-KYN-AhR 

pathway for cancer immunotherapy–challenges and opportunities. 
Trends Pharmacol Sci 2018; 39(3): 307-25.

56 Kulhankova K, Rouse T, Nasr ME, Field EH. Dendritic cells con-
trol CD4+ CD25+ Treg cell suppressor function in vitro through 
juxtacrine delivery of IL-2. PLoS One 2012; 7(9): e43609.

57 Zelante T, Fric J, Wong AY, Ricciardi-Castagnoli P. Interleukin-2 
production by dendritic cells and its immuno-regulatory 
functions. Front Immunol 2012; 3(3): 161.

58 Turka LA, Walsh PT. IL-2 signaling and CD4+CD25+Foxp3+ 
regulatory T cells. Front Biosci 2008; 13: 1440-6.

59 Burkly L, Hession C, Ogata L, Reilly C, Marconi LA, Olson 
D, et al. Expression of relB is required for the development of 
thymic medulla and dendritic cells. Nature 1995; 373(6514): 
531-6.

60 Sharfe N, Merico D, Karanxha A, Macdonald C, Dadi H, Ngan B, 
et al. The effects of RelB deficiency on lymphocyte development 
and function. J Autoimmun 2015; 65: 90-100.

61 Vallabhapurapu S, Karin M. Regulation and function of NF-
kappaB transcription factors in the immune system. Annu Rev 
Immunol 2009; 27: 693-733.

62 Kado S, Chang WL, Chi AN, Wolny M, Shepherd DM, Vogel CF. 
Aryl hydrocarbon receptor signaling modifies Toll-like receptor-
regulated responses in human dendritic cells. Arch Toxicol 2017; 
91(5): 2209-21.

63 Vogel CF, Khan EM, Leung PS, Gershwin ME, Chang WL, Wu 
D, et al. Cross-talk between aryl hydrocarbon receptor and the 
inflammatory response: a role for nuclear factor-κB. J Biol Chem 
2014; 289(3): 1866.

64 Feng S, Cao Z, Wang X. Role of aryl hydrocarbon receptor in 
cancer. Biochim Biophys Acta 2013; 1836(2): 197-210.

65 Aguilera-Montilla N, Chamorro S, Nieto C, Sánchez-Cabo F, 
Dopazo A, Fernández-Salguero PM, et al. Aryl hydrocarbon 
receptor contributes to the MEK/ERK-dependent maintenance 
of the immature state of human dendritic cells. Blood 2013; 
121(15): 108-17.

66 Saccani S, Pantano S, Natoli G. p38-Dependent marking of 
inflammatory genes for increased NF-kappa B recruitment. Nat 
Immunol 2002; 3(1): 69-75.

67 Nakahara T, Moroi Y, Uchi H, Furue M. Differential role of 
MAPK signaling in human dendritic cell maturation and Th1/
Th2 engagement. J Dermatol Sci 2006; 42(1): 1-11.

68 Yanagawa Y, Iijima N, Iwabuchi K, Onoé K. Activation of 
extracellular signal-related kinase by TNF-alpha controls the 
maturation and function of murine dendritic cells. J Leukoc Biol 
2002; 71(1): 125-32.

69 Nugent LF, Shi G, Vistica BP, Ogbeifun O, Hinshaw SJ, Gery I. 
ITE, a novel endogenous nontoxic aryl hydrocarbon receptor li-
gand, efficiently suppresses EAU and T-cell-mediated immunity. 
Invest Ophth Vis Sci 2013; 54: 7463-9.

中
国
细
胞
生
物
学
学
报




