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ABSTRACT

Dendritic cells (DCs) form a sentinel network to induce protective immunity against pathogens or self-
tolerance. mRNA stability is an important part of the post-transcriptional regulation (PTR) that controls
the maturation and function of DCs. In this review, we summarize the effects of TTP-mediated regulation
of mRNA stability in DCs, focusing on DC maturation and antigen presentation, T cell activation and
differentiation, immune tolerance and inflammation. We also discuss the potential DC-based immune
treatment for HIV* patients through regulation of mRNA stability. This review proposes the regulation of
mRNA stability as a novel immune therapy for various inflammatory diseases, such as arthritis and

dermatitis.

1. Introduction

After the capture of pathogens, immature dendritic cells (DCs)
migrate to lymph nodes, where they become mature DCs and
present antigens to T cells [1-3], which induce the differentiation
of naive T cells into effector T cells [4]. In addition, DCs play
a major role in the maintenance of central tolerance and periph-
eral tolerance [5,6]. When thymocytes are presented with self-
antigens, DCs induce negative selection, which leads to central
tolerance [6]. The mechanism of peripheral tolerance established
by DCs towards tissue-associated self-antigens involves the PD-L1
/PD1 interaction between DCs and T cells, resulting in the gen-
eration of antigen-specific peripheral iTregs [6].

Accumulating studies have indicated that the regulation of key
gene expression, including transcriptional and post-
transcriptional regulation (PTR), is crucial in the maturation
and function of DCs [7,8]. The transcriptional control of DCs
has been well studied [7]; however, the underlying mechanism of
PTR is not fully understood. Over the past decade, researchers
have focused on miRNA-mediated PTR in DCs [9]. However,
except for the ARE-associated RNA binding protein (RBP) triste-
traprolin (TTP), few studies focus on the PTR mediated by RBPs
in DCs. TTP (also known as TIS11, Zfp36, and Nup475), encoded
by the gene Zfp36, contains two zinc finger domains, a C-terminal
domain and a N-terminal domain, which plays a vital role in the
post-transcriptional regulation of inflammatory responses [10-
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12]. The two zinc finger domains within TTP recognize specific
AREs, such as UUAUUUAUU, in the 3'-UTR of the target
mRNA [13]. Studies demonstrated that TTP recruits the CCR4-
NOT complex via its C-terminal domain to remove the poly(A)
tail at the 3’ end [14] and recruits decapping factors, including
Dcp2, Depla, Edc3 and Hedls, via its N-terminal domain [12].
However, the order of recruitment of these proteins has not been
determined. Interestingly, TTP also recognizes and binds to
motifs with ARE-like sequences or even without AREs in DCs,
but the mechanism requires further research [3]. In general, TTP
dephosphorylation leads to stronger binding to the ARE and
causes mRNA degradation [15]. However, the robust binding
targets of TTP in macrophages and T cells, such as IL-10, Sdc4,
Ifng, and Cd69, showed little decrease at the level of mRNA
stability, indicating that the binding of TTP is important but not
sufficient for mRNA destabilization in macrophages and T cells
[16,17]. In addition to regulating mRNA stability, translational
inhibition is an important part of TTP-mediated PTR of gene
expression [18-20].

Herein, we summarize and discuss the effects of TTP-
mediated regulation of mRNA stability in DCs, focusing on
DC maturation, antigen presentation, T cell activation and
differentiation, and immune tolerance. We also discuss the
target mRNAs of several potential RBPs, including HuR,
Regnase-1 and Roquin (Fig. 1). In addition to TTP, the role
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of RBPs such as HuR, Regnase-1 and Roquin in T cells have
been extensively discussed [21], so we discuss the effects of
TTP-mediated regulation of mRNA stability on T cells.

These findings may help us to understand DC-mediated
immune regulation in health and disease and provide poten-
tial therapeutic applications to treat various diseases, such as
asthma [22] and psoriasis [23].

2. Effects of TTP on mRNA stability in DCs

2.1. TTP influences DC maturation by regulating mRNA
stability in DCs

TNF-a induces the migration of immature DCs from periph-
eral sites into secondary lymphoid organs, where these cells
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become mature DCs that express high surface levels of MHC
IT and costimulatory molecules, enabling efficient T cell sti-
mulation [24]. Silva-Cardoso et al. revealed that CXCL4-
induced monocyte-derived DCs (moDCs) lacking TTP exhibit
higher TNF mRNA stability than their wild-type (WT) coun-
terparts, which indicates that TTP inhibits TNF production
and prevents DC maturation by mediating TNF mRNA decay

[25] (Fig. 1).

2.2, TTP influences antigen presentation of DCs by
regulating mRNA stability in DCs

MHC I is formed by a heavy chain (a chain) that is encoded
by an MHC I gene and a light chain (f 2 microglobulin) that
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Figure 1. TTP-mediated regulation of mRNA stability in DCs. After the capture of pathogens, immature DCs migrate to secondary lymphoid organs and become
mature DCs that express high levels of MHC I, MHC Il and CD86. When antigenic peptides are presented to naive CD8" T cells through MHC |, naive CD8" T cells are
activated and become activated CD8" T cells. when antigenic peptides are presented to naive CD4™ T cells through MHC II, naive CD4" T cells are then activated and
differentiate into Th1 cells, Tregs or Th17 cells in response to different cytokines. mature DCs secrete TNF to promote the migration of immature DCs, IL-6 and IL-23
to promote Th17 cell differentiation, IL-12 to promote Th1 cell differentiation, RA to promote Treg differentiation and IL-1f to promote inflammation. Aldh1a2
encodes the RA-producing protein RALDH2 and promotes the secretion of RA. the enzyme IDO decreases the concentration of tryptophan and causes immune
tolerance. TTP destabilizes Aldh1a2, IL-6, IL-23, IL-12, TNF, IDO, MHC |, CD86 and IL-13 mRNA. Roquin and Reganse-1 potentially destabilize TNF, IER3, PPP1R10 and
Nfkbid mRNA in DCs. Dashed arrows indicate the inhibitory effect on the target or the destabilizing effect on the target mRNA. solid arrows indicate the promotional
effect on the target. solid double arrows indicate HuR and TTP potentially competing for binding site in DCs. molecular interactions are explained in the text.
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is encoded by a non-MHC I gene [26]. DCs gather antigens
and present them to CD8" T cells in the form of MHC
I-bound peptides [27]. A cell that is infected with virus or
expressing mutated genes will display antigenic peptides,
which allows CD8" effector T cells to identify and eliminate
these cells [27].

Emmons et al. showed that TTP specifically binds and
destabilizes MHC I mRNA in DCs [3]. However, MHC I is
not in the ARE database and does not contain ‘ARE-like’
sequences in the 3'-UTR [3] (Fig. 1). We suggest that TTP
regulates MHC I expression via a non-ARE-dependent
mechanism and inhibits antigen presentation by DCs, which
requires further research.

2.3. TTP influences DC-mediated T cell activation by
regulating mRNA stability in DCs

There are two signals required for T cell activation: recogni-
tion of peptide antigens presented by MHCs (signal 1) and
costimulation through CD28 binding to CD80 or CD86
expressed by antigen-presenting cells (APCs) (signal 2) [28].
Studies have shown that CD86 is upregulated upon DC
maturation and plays a critical role in the amplification of
T cell responses [3,29-32].

Although CDS86 is not in the ARE database, it contains two
ARE-like sequences: (nucleotides 1583-1589) UAUUUAU
and (nucleotides 2552-2560) UUAUUUUAU [3]. Emmons
et al. showed that TTP transfection reduced luciferase expres-
sion of the CD86 3'-UTR that contained ARE-like sequences
[3], which could inhibit T cell activation (Fig. 1).

2.4. TTP likely influences DC-mediated T cell
differentiation by regulating mRNA stability in DCs

The differentiation of naive CD4" T cells into T helper (Th)17
or Thl cells is controlled by interactions with DCs and
mediated by cytokines produced by DCs [33]. Previous stu-
dies have shown that DCs produce IFN-y and IL-12 to pro-
mote Thl cell differentiation and TGF-p, IL-1, IL-6 and IL-23
to promote Th17 cell differentiation [33-38]. In addition to
cytokines, retinoic acid (RA) secreted by DCs promotes the
differentiation of regulatory T cells (Tregs). These processes
are posttranscriptionally regulated by TTP through mRNA
decay. Herein, we summarize the modulatory effects of TTP
on DC-induced T cell differentiation and the impact on the
adaptive immune response (Fig. 1).

2.4.1 Th17 cells
IL-23 and IL-6 promote the differentiation of Thl7 cells,
which plays a crucial role in the development of immune
diseases, such as atopic dermatitis and arthritis [39-42].
IL-23 is composed of an IL23p40 subunit and an IL23p19
subunit and can be secreted by DCs [43]. Qian et al. revealed
that TTP knockout (KO) mice exhibit increased IL23p19
mRNA stability in bone marrow-derived DCs (BMDCs) and
exacerbated dermatitis [44]. To further examine the mechan-
ism, Molle and colleagues depleted CAFI, a poly(A) nuclease

complex required for TTP-mediated mRNA decay [45], by
knocking down the CNOT7 gene and observed increased
mRNA levels of IL23p19, indicating that TTP may mediate
IL23p19 mRNA decay through CAF1-dependent deadenyla-
tion in BMDCs [42] (Fig. 1). To assess the binding site of TTP
that controls IL23p19 mRNA, Molle et al. showed that
IL23p19 mRNA contained five AREs within its 3’-UTR, four
of which were conserved [42]. Site-directed mutagenesis
revealed that all five AREs had to be mutated to completely
abrogate the destabilizing effect of TTP, suggesting that all of
them were involved in TTP-mediated regulation in DCs [42].
The binding of TTP to IL23p19 mRNA is regulated by IFN-y
and p38 MAPK signalling pathway activation. Upon inflam-
matory stimulation, the p38 MAPK signalling pathway is
activated, which leads to the phosphorylation and inactivation
of TTP, which inhibits the binding of TTP to IL23p19 mRNA
in DCs [44,46-48]. IFN-y inhibits p38 phosphorylation and
causes TTP protein dephosphorylation, which could result in
stronger binding of TTP to IL23p19 mRNA in DCs [44].

IL-6 produced by DCs promotes the differentiation of
Th17 cells [41]. Silva-Cardoso et al. revealed that CXCL4-
induced moDCs lacking TTP exhibited higher IL-6 mRNA
stability than their WT counterparts [25]. We speculate that
TTP inhibits Th17 cell differentiation by mediating IL-6
mRNA decay in CXCL4-induced moDCs.

2.4.2 Thi cells

IL-12 is composed of an IL12p40 subunit and an IL12p35
subunit, can be secreted by DCs, is required for the develop-
ment of innate and adaptive responses to intracellular patho-
gens by promoting naive CD4" T cell differentiation into Thl
cells [49]. Molle et al. observed higher IL12p35 mRNA levels
in TTP-KO BMDCs than in WT BMDCs [42]. We speculate
that TTP inhibits Thl cell differentiation by mediating IL-12
mRNA decay in BMDCs (Fig. 1). In addition, a p38 MAPK
inhibitor accelerated IL12p35 mRNA decay in a TTP-
dependent manner, suggesting that p38-MAPK-mediated
inhibition of TTP modulated IL12p35 mRNA decay in
BMDCs [42].

2.4.3 Tregs

TTP-KO mice exhibited increased inflammatory markers and
developed ‘“TTP deficiency syndrome’, including arthritis, der-
matitis and conjunctivitis [50-52]. However, researchers
found that DC-specific TTP KO did not cause
a spontaneous phenotype in mice, such as local and systemic
inflammation [53]. La et al. further found that DC-specific
TTP KO mice exhibited expansion of Tregs, which led to the
suppression of inflammation [52]. A previous study showed
that DCs promoted the transformation of primitive CD4"
T cells to Tregs in the gut by producing RA [54]. The
researchers further found that TTP mediated Aldhla2
[which encodes RA-producing protein retinaldehyde dehy-
drogenase 2 (RALDH2)] mRNA decay in DCs by binding to
the ARE, which inhibited primitive CD4" T cell differentia-
tion into Tregs [52] (Fig. 1).



2.5. TTP influences IL-1B mediated inflammation by
regulating mRNA stability in DCs

IL-1B is mainly secreted by immune cells types, such as
macrophages and DCs, and is associated with autoimmune
diseases, nonresolving inflammation and cancer [51,55-57].
Sneezum et al. found that TTP bound to IL-13 mRNA but was
unable to destabilize it in macrophages [51]. However,
increased IL-1p mRNA levels and enhanced production of
IL-1B cytokines was found in TTP KO BMDCs compared to
WT cells, indicating that TTP bound to and destabilized IL-1f3
mRNA [51] (Fig. 1).

IL-1 type-1 receptor (IL-1R1) is the main receptor for IL-
1B and is expressed by various cell types, including innate and
adaptive immune cell types [58]. The researchers then deleted
IL-1R1 in TTP KO mice and found delayed onset and reduced
severity of “T'TP deficiency syndrome’, indicating the impor-
tance of TTP-mediated regulation of IL-1p mRNA stability in
immune homoeostasis [51].

2.6. TTP influences immune tolerance by regulating
mRNA stability in DCs

The enzyme IDO is a potent suppressor of T cell responses and
promotes tolerance by decreasing the local concentration of
tryptophan, an amino acid that is crucial for the proliferation
and differentiation of T cells [59]. RNA immunoprecipitation
and microarray analysis (RIP-Chip) results demonstrated that
IDO was the target of TTP in DCs [3]. Moreover, BMDCs from
TTP KO mice exhibited higher IDO mRNA expression than
their WT counterparts in published RNA-seq results [51]. Thus,
we speculate that TTP mediates IDO mRNA decay in DCs to
inhibit immune tolerance (Fig. 1).

2.7. Clinical applications of TTP-mediated regulation of
mRNA stability in DCs

There are two theories on the role of DCs in HIV infection.
The first theory is that DC subsets need to become infected
with HIV to mediate viral spread. The second theory indicates
that DC subsets simply carry HIV to enable safe passage and
transfer of the virus to a secondary lymph node to infect
CD4" T cells [60].

TTP can inhibit HIV-1 replication by binding to the AU-
rich sequence of HIV-1 RNAs [61]. TTP may inhibit HIV-1
replication by mediating HIV-1 mRNA decay, since
CCR4-NOT complex 1 (CNOT1), a deadenylation complex
that binds to the C-terminus of TTP and induces mRNA
decay, is associated with the response to DC-based immune
treatment in HIV™ patients [14,62,63].

2.8. Negative feedback loop of TTP in DCs

The expression of TTP is affected by negative feedback
mechanisms [64-66]. In moDCs exposed to CXCL4, Silva-
Cardoso et al. found increased TTP mRNA stability caused by
the phosphorylation of TTP, indicating that TTP was able to
destabilize its own mRNA [25] (Fig. 1).
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3. Potential effects of HUR on mRNA stability in DCs

HuR is a member of the Elav/Hu family and contains three
RNA-recognition motifs (RRM) [67], which can selectively
bind to the ARE [68-70]. The third domain (RRM3) simulta-
neously binds to the poly(A) tail, which protects the poly(A)
tail from poly(A) exonuclease [69,71]. Interestingly, studies
showed that HuR and TTP compete for the same AU-rich
sequence but have opposing effects on mRNA stability [72,73]
(Fig. 1). Further study is required to validate the targets of
HuR in mRNA stability in DCs.

4. Potential targets of Regnase-1 and Roquin in
mRNA stability in DCs

Regnase-1, also known as Zc3hl2a or MCPIP1, specifically
recognizes the stem-loop structure and is responsible for
mRNA decay by inducing endonucleolytic cleavage [74] .
The E3 ubiquitin ligase Roquin, encoded by the Rc3hl gene,
specifically recognizes the stem-loop structure and mediates
the degradation of mRNA transcripts through the recruitment
of the CCR4-NOT deadenylase complex [75,76].

De novo prediction of secondary structure motifs in 3’
UTRs in DCs performed by Kumagai and colleagues showed
that TNF, IER3, PPP1R10 and Nfkbid contained stem-loop
structures almost identical to that of Regnase-1 targets and
Roquin targets, suggesting a potential role of Regnase-1 and
Roquin in regulating mRNA stability in DCs [77,78] (Fig. 1).
Further in vivo study is required to clarify the effects of
Reganse-1-mediated mRNA decay and Roquin-mediated
mRNA decay in DCs.

5. Effects of TTP on mRNA stability in T cells
5.1. Primary T cells

IL-22, a member of the IL-10 cytokine family, is produced by
lymphoid cells such as CD4" or CD8" T cells and protects
tissues in infection- and injury-driven diseases at biological
barriers including the intestine, lung and liver [79,80].
Increased IL-22 production was found in TTP KO mice due
to increased IL-22 mRNA stability in primary T cells [79].

5.2. Activated T cells

Interferon-y (IFN-y) and IL-2 are critical T cell-derived cytokines
that play key roles in immune responses by inducing activation,
proliferation and differentiation of T cells [81-83]. In activated
T cells from TTP KO mice, Ogilvie et al. found increased IFN-y
and IL-2 production due to the stabilization of mRNA [84,85].

5.3. Th17 cells

IL-17 is a regulatory cytokine secreted by immune cells, such
as Th17 cells and plays a central role in the development of
autoimmune diseases, such as multiple sclerosis and rheuma-
toid arthritis [86]. A previous study showed that TTP controls
the function of Th17 cells by promoting IL-17 mRNA decay
[87]. Peng’s group further found that T cell-specific TTP-KO
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mice suffered more severe DSS-induced intestinal inflamma-
tion and colitis than WT mice [88].

6. Conclusion and perspective

We summarize the effects of TTP-mediated regulation of
mRNA stability in DCs, focusing on DC maturation, antigen
presentation, T cell activation and differentiation, and
immune tolerance. We also discuss the target mRNAs of
several potential RBPs in DCs, such as HuR, Regnase-1 and
Roquin (Fig. 1). Moreover, we summarize the effects of TTP
on mRNA stability in T cells.

Other potential targets of TTP require further research. In
addition to the regulatory role of TTP in the adaptive immune
response, further studies are required to identify its role in the
innate immune response, such as in the capture of pathogens.
Interestingly, real-time PCR performed by Jillian Emmons
and colleagues showed that TTP specifically bound to the
mRNA of CCL-13, CSTA, PSPA, REA, RHO, S100A6,
snRPD, SOD2, and ZN2216 in DCs [3]. However, the roles
of these mRNAs in the DC-mediated immune response
requires further research.

Acknowledgments

This work was supported by grants from the National Natural Science
Foundation of China (Nos. 31670889 and 31200668) and the National
Key Research and Development Project of China (Nos.
2016YFA0502204). The funders had no role in the study design, data
analysis, or decision to publish.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This work was supported by grants from the National Natural Science
Foundation of China (Nos. 31670889 and 31200668) and the National
Key Research and Development Project of China (Nos.
2016YFA0502204).

ORCID

Zhiyuan Wei (& http://orcid.org/0000-0002-8795-6878

References

[1] Segura E. Review of mouse and human dendritic cell subsets.
Methods Mol Biol. 2016;1423:3-15.

[2] Constantino J, Gomes C, Falcao A, et al. Dendritic cell-based
immunotherapy: a basic review and recent advances. Immunol
Res. 2017;65(4):798-810.

[3] Emmons ], Townley-Tilson WH, Deleault KM, et al
Identification of TTP mRNA targets in human dendritic cells
reveals TTP as a critical regulator of dendritic cell maturation.
Rna. 2008;14(5):888-902.

[4] Qian C, Cao X. Dendritic cells in the regulation of immunity and
inflammation. Semin Immunol. 2018;35:3-11.

[5] Wehr P, Purvis H, Law SC, et al. Dendritic cells, T cells and their
interaction in rheumatoid arthritis. Clin Exp Immunol. 2019;196
(1):12-27.

(6]
(7]

(8]

(9]

[10]

(11]

[12]

[13]

(14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

Waisman A, Lukas D, Clausen BE, et al. Dendritic cells as gate-
keepers of tolerance. Semin Immunopathol. 2017;39(2):153-163.
Amon L, Lehmann CHK, Baranska A, et al. Transcriptional con-
trol of dendritic cell development and functions. Int Rev Cell Mol
Biol. 2019;349:55-151.

Ehlers C, Schirmer S, Kehlenbach RH, et al. Post-transcriptional
regulation of CD83 expression by AUF1 proteins. Nucleic Acids
Res. 2013;41(1):206-219.

Montagner S, Orlandi EM, Merante S, et al. The role of miRNAs
in mast cells and other innate immune cells. Immunol Rev.
2013;253(1):12-24.

Blackshear PJ. Tristetraprolin and other CCCH tandem
zinc-finger proteins in the regulation of mRNA turnover.
Biochem Soc Trans. 2002;30(6):945-952.

Carrick DM, Chulada P, Donn R, et al. Genetic variations in
ZFP36 and their possible relationship to autoimmune diseases.
J Autoimmun. 2006;26(3):182-196.

Lykke-Andersen J, Wagner E. Recruitment and activation of
mRNA decay enzymes by two ARE-mediated decay activation
domains in the proteins TTP and BRF-1. Genes Dev. 2005;19
(3):351-361.

Lai WS, Carballo E, Thorn JM, et al. Interactions of CCCH zinc
finger proteins with mRNA. Binding of tristetraprolin-related zinc
finger proteins to Au-rich elements and destabilization of mRNA.
J Biol Chem. 2000;275(23):17827-17837.

Lai WS, Stumpo DJ, Wells ML, et al. Importance of the conserved
Carboxyl-Terminal CNOT1 binding domain to tristetraprolin
activity in vivo. Mol Cell Biol. 2019; (13):39. DOI:10.1128/
MCB.00029-19

Anderson P, Phillips K, Stoecklin G, et al. Post-transcriptional
regulation of proinflammatory proteins. J Leukoc Biol.
2004;76:42-47.

Sedlyarov V, Fallmann ], Ebner F, et al. Tristetraprolin binding
site atlas in the macrophage transcriptome reveals a switch for
inflammation resolution. Mol Syst Biol. 2016;12(5):868.

Moore M], Blachere NE, Fak J], et al. ZFP36 RNA-binding pro-
teins restrain T cell activation and anti-viral immunity. eLife.
2018;7:€33057.

Zhang X, Chen X, Liu Q, et al. Translation repression via mod-
ulation of the cytoplasmic poly(A)-binding protein in the inflam-
matory response. eLife. 2017;6:€27786.

Hitti E, Iakovleva T, Brook M, et al. Mitogen-activated protein
kinase-activated protein kinase 2 regulates tumor necrosis factor
mRNA stability and translation mainly by altering tristetraprolin
expression, stability, and binding to adenine/uridine-rich element.
Mol Cell Biol. 2006;26(6):2399-2407.

Bros M, Wiechmann N, Besche V, et al. The RNA binding protein
tristetraprolin influences the activation state of murine dendritic
cells. Mol Immunol. 2010;47(5):1161-1170.

Hoefig KP, Heissmeyer V. Posttranscriptional regulation of
T helper cell fate decisions. ] Cell Biol. 2018;217(8):2615-2631.
Dong ], Wong CK, Cai Z, et al. Amelioration of allergic airway
inflammation in mice by regulatory IL-35 through dampening
inflammatory dendritic cells. Allergy. 2015;70(8):921-932.

Singh TP, Zhang HH, Borek I, et al. Monocyte-derived inflam-
matory Langerhans cells and dermal dendritic cells mediate
psoriasis-like inflammation. Nat Commun. 2016;7(1):13581.
Menges M, Rossner S, Voigtlander C, et al. Repetitive injections of
dendritic cells matured with tumor necrosis factor alpha induce
antigen-specific protection of mice from autoimmunity. J Exp
Med. 2002;195(1):15-21.

Silva-Cardoso SC, Bekker CPJ, Boes M, et al. CXCL4 is a driver of
cytokine mRNA stability in monocyte-derived dendritic cells. Mol
Immunol. 2019;114:524-534.

Hassan I, Ahmad F. Structural diversity of class I MHC-like
molecules and its implications in binding specificities. Adv
Protein Chem Struct Biol. 2011;83:223-270.

Cruz FM, Colbert JD, Merino E, et al. The biology and underlying
mechanisms of cross-presentation of exogenous antigens on
MHC-I molecules. Annu Rev Immunol. 2017;35(1):149-176.


https://doi.org/10.1128/MCB.00029-19
https://doi.org/10.1128/MCB.00029-19

(28]

[29]

(30]

[31]

(32]

(33]

(34]

[35]

[36]

[37]

(38]

(39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

(50]

Dyck L, Mills KHG. Immune checkpoints and their inhibition in
cancer and infectious diseases. Eur ] Immunol. 2017;47
(5):765-779.

Mahnke K, Schmitt E, Bonifaz L, et al. Immature, but not inactive:
the tolerogenic function of immature dendritic cells. Immunol
Cell Biol. 2002;80(5):477-483.

Banchereau J, Briere F, Caux C, et al. Immunobiology of dendritic
cells. Annu Rev Immunol. 2000;18(1):767-811.

Caux C, Vanbervliet B, Massacrier C, et al. B70/B7-2 is identical
to CD86 and is the major functional ligand for CD28 expressed
on human dendritic cells. ] Exp Med. 1994;180(5):1841-1847.
Inaba K, Witmer-Pack M, Inaba M, et al. The tissue distribution
of the B7-2 costimulator in mice: abundant expression on den-
dritic cells in situ and during maturation in vitro. J Exp Med.
1994;180(5):1849-1860.

Espinosa V, Rivera A. Cytokines and the regulation of
fungus-specific CD4 T cell differentiation. Cytokine. 2012;58
(1):100-106.

Zhu J, Yamane H, Paul WE. Differentiation of effector CD4 T cell
populations (*). Annu Rev Immunol. 2010;28:445-489.

O’Shea JJ, Paul WE. Mechanisms underlying lineage commitment
and plasticity of helper CD4+ T «cells. Science. 2010;327
(5969):1098-1102.

McGeachy MJ, Cua DJ. Th17 cell differentiation: the long and
winding road. Immunity. 2008;28(4):445-453.

Zanoni I, Tan Y, Di Gioia M, et al. An endogenous caspase-11
ligand elicits interleukin-1 release from living dendritic cells.
Science. 2016;352(6290):1232-1236.

Hochrein H, Shortman K, Vremec D, et al. Differential produc-
tion of IL-12, IFN-alpha, and IFN-gamma by mouse dendritic cell
subsets. ] limmunol. 2001;166(9):5448-5455.

Wilson NJ, Boniface K, Chan JR, et al. Development, cytokine
profile and function of human interleukin 17-producing helper T
cells. Nat Immunol. 2007;8(9):950-957.

Brunner PM, Guttman-Yassky E, Leung DY. The immunology of
atopic dermatitis and its reversibility with broad-spectrum and
targeted therapies. J Allergy Clin Immunol. 2017;139(4):565-S76.
Gubernatorova EO, Gorshkova EA, Namakanova OA, et al. Non-
redundant functions of IL-6 produced by macrophages and den-
dritic cells in allergic airway inflammation. Front Immunol.
2018;9:2718.

Molle C, Zhang T, Ysebrant De Lendonck L, et al. Tristetraprolin
regulation of interleukin 23 mRNA stability prevents
a spontaneous inflammatory disease. ] Exp Med. 2013;210
(9):1675-1684.

Li Y, Wang H, Lu H, et al. Regulation of memory T cells by
Interleukin-23. Int Arch Allergy Immunol. 2016;169(3):157-162.
Qian X, Ning H, Zhang J, et al. Posttranscriptional regulation of
IL-23 expression by IFN-gamma through tristetraprolin.
J Iimmunol. 2011;186(11):6454-6464.

Zheng D, Ezzeddine N, Chen CY, et al. Deadenylation is prere-
quisite for P-body formation and mRNA decay in mammalian
cells. J Cell Biol. 2008;182(1):89-101.

Carballo E, Cao H, Lai WS, et al. Decreased sensitivity of
tristetraprolin-deficient cells to p38 inhibitors suggests the invol-
vement of tristetraprolin in the p38 signaling pathway. J Biol
Chem. 2001;276(45):42580-42587.

Mahtani KR, Brook M, Dean JL, et al. Mitogen-activated protein
kinase p38 controls the expression and posttranslational modifi-
cation of tristetraprolin, a regulator of tumor necrosis factor alpha
mRNA stability. Mol Cell Biol. 2001;21(19):6461-6469.

Stoecklin G, Stubbs T, Kedersha N, et al. MK2-induced
tristetraprolin:14-3-3 complexes prevent stress granule association
and ARE-mRNA decay. Embo J. 2004;23(6):1313-1324.
Kastelein RA, Hunter CA, Cua DJ. Discovery and biology of IL-23
and IL-27: related but functionally distinct regulators of
inflammation. Annu Rev Immunol. 2007;25(1):221-242.

Taylor GA, Carballo E, Lee DM, et al. A pathogenetic role for
TNF alpha in the syndrome of cachexia, arthritis, and

[51]

[52]

(53]

[54]

[55]

[56]

[57]

(58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

RNA BIOLOGY (&) 2155

autoimmunity resulting from tristetraprolin (TTP) deficiency.
Immunity. 1996;4(5):445-454.

Sneezum L, Eislmayr K, Dworak H, et al. Context-dependent IL-1
mRNA-destabilization by TTP prevents dysregulation of immune
Homeostasis under steady state conditions. Front Immunol.
2020;11:1398.

La C, De Toeuf B, Bindels LB, et al. The RNA-binding protein
tristetraprolin regulates RALDH2 expression by intestinal dendri-
tic cells and controls local Treg homeostasis. Mucosal Immunol.
2021;14(1):80-91.

Andrianne M, Assabban A, La C, et al. Tristetraprolin expression
by keratinocytes controls local and systemic inflammation. JCI
Insight. 2017;2(11):2.

Jaensson E, Uronen-Hansson H, Pabst O, et al. Small intestinal
CD103+ dendritic cells display unique functional properties that
are conserved between mice and humans. ] Exp Med. 2008;205
(9):2139-2149.

Mantovani A, Barajon I, Garlanda C. IL-1 and IL-1 regulatory
pathways in cancer progression and therapy. Immunol Rev.
2018;281(1):57-61.

Garlanda C, Dinarello CA, Mantovani A. The interleukin-1
family: back to the future. Immunity. 2013;39(6):1003-1018.
Dror E, Dalmas E, Meier DT, et al. Postprandial
macrophage-derived IL-1beta stimulates insulin, and both syner-
gistically promote glucose disposal and inflammation. Nat
Immunol. 2017;18(3):283-292.

Zhang W, Borcherding N, Kolb R. IL-1 Signaling in Tumor
Microenvironment. Adv Exp Med Biol. 2020;1240:1-23.

Mellor AL, Munn DH. IDO expression by dendritic cells: toler-
ance and tryptophan catabolism. Nat Rev Immunol. 2004;4
(10):762-774.

Rhodes JW, Tong O, Harman AN, et al. Human dendritic cell
subsets, ontogeny, and impact on HIV infection. Front Immunol.
2019;10:1088.

Maeda M, Sawa H, Tobiume M, et al. Tristetraprolin inhibits
HIV-1 production by binding to genomic RNA. Microbes Infect.
2006;8(11):2647-2656.

Moura R, Pontillo A, D’Adamo P, et al. Exome analysis of HIV
patients submitted to dendritic cells therapeutic vaccine reveals an
association of CNOT1 gene with response to the treatment.
J Int AIDS Soc. 2014;17(1):18938.

Fabian MR, Frank F, Rouya C, et al. Structural basis for
the recruitment of the human CCR4-NOT deadenylase
complex by tristetraprolin. Nat Struct Mol Biol. 2013;20
(6):735-739.

Kratochvill F, Machacek C, Vogl C, et al. Tristetraprolin-driven
regulatory circuit controls quality and timing of mRNA decay in
inflammation. Mol Syst Biol. 2011;7(1):560.

Ross EA, Smallie T, Ding Q, et al. Dominant suppression of
inflammation via Targeted mutation of the mRNA Destabilizing
protein Tristetraprolin. J limmunol. 2015;195(1):265-276.

Tiedje C, Diaz-Munoz MD, Trulley P, et al. The RNA-binding
protein TTP is a global post-transcriptional regulator of feedback
control in inflaimmation. Nucleic Acids Res. 2016;44
(15):7418-7440.

Hinman MN, Lou H. Diverse molecular functions of Hu proteins.
Cell Mol Life Sci. 2008;65(20):3168-3181.

Pabis M, Popowicz GM, Stehle R, et al. HuR biological func-
tion involves RRM3-mediated dimerization and RNA binding
by all three RRMs. Nucleic Acids Res. 2019;47(2):1011-1029.

Fan XC, Steitz JA. Overexpression of HuR, a nuclear-cytoplasmic
shuttling protein, increases the in vivo stability of ARE-containing
mRNAs. Embo J. 1998;17(12):3448-3460.

Peng SS, Chen CY, Xu N, et al. RNA stabilization by the AU-rich
element binding protein, HuR, an ELAV protein. Embo J. 1998;17
(12):3461-3470.

Ma WJ, Chung S, Furneaux H. The Elav-like proteins bind to
AU-rich elements and to the poly(A) tail of mRNA. Nucleic Acids
Res. 1997;25(18):3564-3569.



2156 Y. ZHANG ET AL.

[72]

(73]

(74]

[75]

[76]

[77]

(78]

[79]

Bhandare S, Goldberg DS, Dowell R. Discriminating between HuR
and TTP binding sites using the k-spectrum kernel method. PloS
One. 2017;12(3):e0174052.

Astakhova AA, Chistyakov DV, Sergeeva MG, et al. Regulation of
the ARE-binding proteins, TTP (tristetraprolin) and HuR (human
antigen R), in inflammatory response in astrocytes. Neurochem
Int. 2018;118:82-90.

Uehata T, Takeuchi O. Regnase-1 is an Endoribonuclease essential
for the maintenance of immune Homeostasis. | Interferon
Cytokine Res. 2017;37(5):220-229.

Schaefer JS, Klein JR. Roquin-a multifunctional regulator of
immune homeostasis. Genes Immun. 2016;17(2):79-84.

Sgromo A, Raisch T, Bawankar P, et al. A CAF40-binding motif
facilitates recruitment of the CCR4-NOT complex to mRNAs
targeted by Drosophila Roquin. Nat Commun. 2017;8(1):14307.
Kumagai Y, Vandenbon A, Teraguchi S, et al. Genome-wide map
of RNA degradation kinetics patterns in dendritic cells after LPS
stimulation facilitates identification of primary sequence and sec-
ondary structure motifs in mRNAs. BMC Genomics. 2016;17
(S13):1032.

Mino T, Murakawa Y, Fukao A, et al. Regnase-1 and Roquin
regulate a common element in inflaimmatory mRNAs by
Spatiotemporally ~ distinct  mechanisms.  Cell.  2015;161
(5):1058-1073.

Hardle L, Bachmann M, Bollmann F, et al. Tristetraprolin regula-
tion of interleukin-22 production. Sci Rep. 2015;5(1):15112.

(80]

(81]
(82]

(83]

(84]

(85]

(86]

(87]

(88]

Muhl H, Scheiermann P, Bachmann M, et al. IL-22 in
tissue-protective therapy. Br ] Pharmacol. 2013;169
(4):761-771.

Boehm U, Klamp T, Groot M, et al. Cellular responses to
interferon-gamma. Annu Rev Immunol. 1997;15(1):749-795.
Smith KA. Interleukin-2: inception, impact, and implications.
Science. 1988;240(4856):1169-1176.

Essery G, Feldmann M, Lamb JR. Interleukin-2 can prevent and
reverse antigen-induced unresponsiveness in cloned human T
lymphocytes. Immunology. 1988;64(3):413-417.

Ogilvie RL, Sternjohn JR, Rattenbacher B, et al. Tristetraprolin
mediates interferon-gamma mRNA decay. ] Biol Chem. 2009;284
(17):11216-11223.

Ogilvie RL, Abelson M, Hau HH, et al. Tristetraprolin
down-regulates IL-2 gene expression through AU-rich
element-mediated mRNA decay. ] Iimmunol. 2005;174
(2):953-961.

Iwakura Y, Nakae S, Saijo S, et al. The roles of IL-17A in inflam-
matory immune responses and host defense against pathogens.
Immunol Rev. 2008;226(1):57-79.

Lee HH, Yoon NA, Vo MT, et al. Tristetraprolin down-regulates
IL-17 through mRNA destabilization. FEBS Lett. 2012;586
(1):41-46.

Peng H, Ning H, Wang Q, et al. Tristetraprolin regulates TH17
cell function and Ameliorates DSS-induced Colitis in mice. Front
Immunol. 2020;11:1952.



	Abstract
	1.  Introduction
	2.  Effects of TTP on mRNA stability in DCs
	2.1.  TTP influences DC maturation by regulating mRNA stability in DCs
	2.2.  TTP influences antigen presentation of DCs by regulating mRNA stability in DCs
	2.3.  TTP influences DC-mediated Tcell activation by regulating mRNA stability in DCs
	2.4.  TTP likely influences DC-mediated Tcell differentiation by regulating mRNA stability in DCs
	2.4.1  Th17 cells
	2.4.2  Th1 cells
	2.4.3  Tregs

	2.5.  TTP influences IL-1β mediated inflammation by regulating mRNA stability in DCs
	2.6.  TTP influences immune tolerance by regulating mRNA stability in DCs
	2.7.  Clinical applications of TTP-mediated regulation of mRNA stability in DCs
	2.8.  Negative feedback loop of TTP in DCs

	3.  Potential effects of HuR on mRNA stability in DCs
	4.  Potential targets of Regnase-1 and Roquin in mRNA stability in DCs
	5.  Effects of TTP on mRNA stability in Tcells
	5.1.  Primary Tcells
	5.2.  Activated Tcells
	5.3.  Th17 cells

	6.  Conclusion and perspective
	Acknowledgments
	Disclosure statement
	Funding
	References

