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MicroRNA Regulation of T Helper Cell Differentiation and
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Department of Microbiology & Immunology, Sandler Asthma Basic Research Center, University of
California San Francisco, San Francisco, CA 94143, USA.

Abstract

T helper (Ty) cells orchestrate appropriate cellular and humoral immune responses to a wide
variety of pathogens and are central to the success of vaccines. However, their dysregulation can
cause allergies and autoimmune diseases. The Ty cell universe is characterized by a diversity of
distinct cell types, such as Ty1, Ty2, Ty17 cells, regulatory T cells, and T follicular helper cells,
each featuring specific functions and gene expression programs, but also by plasticity among the
different Ty cell subsets. Here, we review recent advances and emerging concepts on how
microRNAs, small endogenously expressed oligonucleotides that modulate gene expression, fit
into the regulatory networks that govern T helper cell fate decisions and regulate their effector

functions.

Introduction

Following their activation by antigen and costimulatory signals, CD4" T cells can
differentiate into several distinct types of effector T helper (TR) cells. Since the discovery of
Tw1 and T2 cells approximately 25 years agol, an ever-increasing number of Ty cell
subsets have been described. Historically, Ty cell subsets were distinguished based on the
cytokines they secrete following restimulation with antigen. For instance, Tyl cells produce
interferon-y (IFNy which is required for clearance of intracellular pathogens, whereas T2
cells produce interleukin-4 (IL-4), IL5 and IL-13, which mediate immune responses against
helminths. However, as the diversity of subsets increased and distinct subsets were found to
express overlapping sets of cytokines, ‘lineage-defining’ or “‘master’ transcription factors
have become important classifiers of Th cell subsets. For a long time, Tyl and T2 cells
have been widely referred to as stably differentiated lineages. However, the recent
emergence of additional subsets, such as peripherally derived regulatory T (Treg) cells, T
follicular helper (Tgy) cells, Ty17, TH9 and T22 cells, forced some reconsideration in the
field and focused attention on the plasticity of Ty cells2=. It has become clear that a
complex network of transcription factors, epigenetic changes, and post-transcriptional
regulators is responsible for the development and maintenance of the different T helper cell
subsets and their characteristic gene expression programs®-19,

MicroRNAs (miRNAs) are small (~21 nucleotide) endogenously expressed RNAs that
regulate gene expression. They are sequentially processed from longer transcripts by the
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RNase 111 enzymes DROSHA and DICER and exert their function by guiding the Argonaute
(AGO) protein-containing miRNA-induced silencing complex (miRISC) [G] to specific
target MRNAS by complementary base pairing (Box 1). The miRISC destabilizes target
mRNAs and reduces their translation into proteinll: 12, Whether an mRNA is targeted by
miRISC depends on several factors, including alternative splicing and poly-A site usage, and
interplay with RNA binding proteins. Moreover, the expression of miRNAs is regulated at
several stages during their biogenesis, often involving feedback from their target gene
products!3. Each miRNA has many targets, and several mRNAs are subject to regulation by
more than one miRNA (Box 2). Thus, similarly to transcription factors, miRNAs are integral
parts of gene expression networks that determine cell identity and function. Conventional
methods for the study of coding genes have been complemented by a large number of
miRNA-specific technologies that improve our ability to measure miRNA expression,
determine their biological functions, and empirically identify their mRNA targets (Box 3).

Because of their evolutionary conserved abundance and wide range of functions, miRNAs
are emerging as an integral part of the cellular machinery that confers overall robustness to
biological processes®. There is also growing evidence that miRNAs are critical modulators
of development and function in the immune system and that miRNAs regulate important
aspects of Ty cell differentiation1®-21,

In this review, we first discuss how miRNAs are important for modulating naive CD4* T
cell maintenance, activation and expansion and how miRNA expression itself is regulated
during these processes. We then examine how miRNAs regulate the differentiation of
distinct effector T cell subsets and their lineage-defining effector functions by focusing on
Thl, Ty2, Tyl7 and Tgy cells. Finally, we review the literature that is available on the
miRNA-mediated regulation of Treg cell differentiation and function, before concluding
with an outlook on future challenges and the clinical relevance of miRNA biology.

MicroRNA regulation of T cell activation

Effector Ty cell differentiation is highly influenced by the strength of T cell antigen receptor
(TCR) stimulation, the nature of the co-stimulatory molecules expressed on antigen
presenting cells, and by the cytokine environment °. Early systematic miRNA profiling
studies in cells of the hematopoietic system identified cell type-specific patterns of mMiRNA
expression that suggested an important role for miRNAs in cell lineage specification and
effector functions22. These findings were corroborated and extended in subsequent miRNA
profiling studies that used small RNA sequencing or high throughput quantitative PCR to
profile CD4* and CD8" T cells23, naive and in vitro activated CD4* T cells?4, several
human Ty cell subsets?® and a broad range of hematopoietic cell types2®.

Alterations in miRNA-mediated control following T cell activation

Not surprisingly, T-cell specific deletion of essential factors in the miRNA biogenesis
pathway, such as DICER%7-2%, DROSHA30 and DGCR83!, reduced the survival and
proliferation of T cells following activation (Figure 1a). However, miRNA-deficient CD4* T
cells also exhibit a surprising increase in effector Ty cell differentiation and cytokine
production?’: 30. 32 The enhanced differentiation of miRNA-deficient T cells indicates that
miRNAs are critically involved in the maintenance of the naive T cell state?”: 30 32, This
raises the question of how T cells overcome the miRNA barrier when they receive signals
that induce differentiation.

One possibility is that key mRNAs that are held in check by miRNA control in naive T cells
are transcriptionally induced to such a large degree upon activation that their repression by
miRNAs is rendered relatively insignificant. However, at least two other contributing
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mechanisms have been discovered. Proliferating T cells utilize alternative polyadenylation
sites to produce mRNAs with shortened 3’ UTRs and thus fewer miRNA binding sites®3. In
addition, T cell activation induces the ubiquitylation of AGO2 and its proteasome-dependent
turnover, reducing its half-life to less than 2 hours32. This results in a global reduction in
miRNA abundance, and also rapidly remodels the miRNA repertoire to favor expression of
a few miRNAs that are transcriptionally upregulated upon T cell activation.

Among the miRNAs that are substantially downregulated upon T cell activation are some,
such as miR-29, that inhibit the differentiation of particular Ty cell subsets3l: 3435, Others,
such as miR-125, appear to inhibit effector T cell differentiation in general. miR-125b is
highly expressed in human naive CD4" T cells as compared with various memory T cell
populations, and it inhibits several genes involved in T cell differentiation, including IFNG,
IL2RB, IL10RA, and PRDM1 (encoding BLIMP1)Z® (Figure 1b). Interestingly, miR-125b is
not regulated in this way in mouse CD4* T cells?. Instead, its close relative miR-125a is
highly expressed in naive mouse T cells and rapidly downregulated upon activation32. In
addition, among the miR-125b target genes identified in human T cells, only Prdml has
retained the predicted miR-125 binding site during the evolution of its respective murine
gene?®, Attention to species differences like these is important, since the miRNomes of
human and murine lymphocytes and their targets are apparently under evolutionary pressure
and are not strictly conserved.

miRNA-mediated regulation of TCR signaling

During their development in the thymus, T cells undergo the processes of positive selection
[G] and negative selection [G]. In the periphery, activation of mature naive T cells that
encounter foreign antigen leads to clonal selection and differentiation into effector cells. In
all of these processes, the sensitivity of a TCR to recognize cognate peptides has important
implications for the fate of the T cell. It is not surprising that the signaling cascade
downstream of TCR activation is highly regulated at multiple levels, and several miRNAs
have been shown to critically participate in this regulation (Figure 1b).

The miR-181 miRNA family [G] is one such regulator of TCR signaling with clear effects
on T cell development and homeostasis. Inhibition of miR-181 in thymocytes reduces TCR
sensitivity and impairs positive and negative selection in the thymus3®. Conversely,
overexpression of miR-181a in mature T cells augments sensitivity to peptide antigen in the
periphery36. miR-181 targets multiple phosphatases that dampen TCR signals, including
SH2 domain-containing protein tyrosine phosphatase 2 (SHP2), protein tyrosine
phosphatase, non-receptor type 22 (PTPN22), dual-specificity protein phosphatase 5
(DUSP5) and DUSPS6, thereby reducing the TCR engagement threshold for cellular
responses3® (Figure 1b). As a consequence, an endogenous peptide that positively selects T
cells in the thymus but fails to activate specific T cell responses in the periphery can become
an autoantigen when T cells develop in the absence of miR-181 activity3’.

The miR-181 family consists of 4 unique mature miRNAs encoded in three miRNA clusters
[G], but one of these, miR-181a1b1, is particularly important in T cells. Three independent
studies identified defects in thymocyte development in mir181alb1-deficient mice38-40,
Natural killer T (NKT) cell development is particularly dependent on miR-18138: 40,
Providing an agonistic TCR ligand? or eliminating the miR-181 target phosphatase and
tensin homologue (PTEN)38 rescued the defective NKT cell development of mir181albl-
deficient mice, indicating an important role for miR-181 in regulating PI3K signaling. In
addition to its effect on TCR signals, miR-181 targets Nrarp (Notch-regulated ankyrin
repeat protein) and dampens Notch signals that are critical for thymocyte development3®.
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miR-181albl-deficiency also compromises peripheral T cell homeostasis and TCR
signaling3®: 39, In addition, naturally occurring changes in miR-181 expression have been
implicated in the age-associated decline in CD4™ T cell immunity. Decreased miR-181a
expression with age is associated with increased DUSP6 expression and reduced TCR
sensitivity*!. Neonatal CD4* T cells expressed more miR-181a than did adult peripheral
blood CD4* T cells, concomitant with increased activation-induced calcium flux and
extracellular signal-regulated kinase (ERK) phosphorylation. However, neonatal cells
display an independent defect in AP1-dependent transcription, ultimately resulting in
impaired T cell activation2. Taken together, these data suggest that regulation of miR-181a
expression may influence age-dependent changes in T cell responsiveness, but additional
mechanisms have a dominant influence in special contexts, as in the case of human
neonates.

miR-146a is an important feedback regulator of nuclear factor-xB (NF-xB) signaling
(Figure 1b). It is abundantly expressed in human memory T cells, and further induced by
NF-xB p50 activation in response to TCR engagement#3-45, In turn, miR-146a targets
TRAF6 and IRAK1, forming a negative feedback loop that controls the intensity and
duration of NF-«B signaling®6. Absence of this feedback loop causes spontaneous
myeloproliferation and myeloid cell tumorigenesis in miR-146a-deficient mice®®. In T cells,
it causes hyperresponsiveness to TCR signals and failure to resolve T cell-mediated
inflammation“®. Together with its role in Treg cells (discussed below), these effects make
miR-146a a powerful inhibitor of autoimmunity.

miRNA-mediated control of T cell proliferation and survival

The miR-17~92 cluster comprises six mMiRNAs from four miRNA families that regulate
several aspects of T cell activation and activated T cell fate. This cluster and the related
miR-106a~363 and miR-106b~25 clusters are all expressed in CD4* and CD8" T cells32 47,
Overexpression of miR-17~92 in T cells causes lymphoproliferation and an autoimmune-
like disease characterized by elevated serum antibody levels and production of
autoantibodies*8. Both miR-17 and miR-92 family miRNAs can enhance T cell proliferation
in the absence of other miRNAs3L. Another miR-17~92 cluster member, miR-19, positively
regulates activated T cell survival. These miRNAs mediate their effects through many direct
target genes, including PTEN and the pro-apoptotic protein BIM#8: 42 (Figure 1b).

PI13K signaling and downstream regulators of metabolic activity are subject to intense
miRNA control in T cells. PTEN is a common target of several miRNA families that are
differentially expressed during T cell development and activation, including miR-17,
miR-19, miR-181 and miR-2138. 48,50 Another phosphatidylinositol phosphatase, SHIP-1,
is a validated direct target of miR-1554% 51, the miRNA most highly induced by TCR
stimulation32 52. 53 miR-155 deficiency reduces T cell-dependent humoral and cellular
immune responses, likely through its activity on many mRNA targets®3-56, Transcriptome-
wide biochemical analysis of Ago2 binding to mRNAs in activated primary mouse T cells
identified over 300 sites containing miR-155 seed recognition sequences, and almost 200
miR-155-dependent sites, including a large fraction (~40%) that lack canonical miR-155
seed recognition sequences®®. Thus, the regulation of T cell behavior by miR-155, and by
extension miRNAs in general, involves a large network of co-regulated target mMRNAsS.

IL-2 is another important regulator of CD4* T cell metabolism and proliferation®”. It is
produced by activated T cells and can act in an autocrine fashion, and it is also frequently
added to in vitro T helper cell cultures as a growth factor. miR-146a has been implicated as
a negative regulator of 1L-2 production in activated human CD4* T cells**, and miR-9 has
been described as a positive regulator of IL-2 production through a mechanism involving
direct targeting of PRDM1, which encodes the transcriptional repressor B lymphocyte-
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induced maturation protein 1 (BLIMP1)38: 59, In addition, miR-182 enhances clonal
selection downstream of IL-2 by inhibiting forkhead box O1 (FOXOL1), a transcription factor
that is highly expressed in naive T cells and limits T cell proliferation60. At early time points
during T cell stimulation, FOXOL is inactivated by phosphorylation downstream of TCR
signals. Later in the response, however, IL-2 produced by activated T cells induces
miR-182, which represses Foxol post-transcriptionally (Figure 1b).

In summary, miRNAs can have powerful effects on biological processes by regulating genes
that control signaling thresholds. Several miRNASs operate in this capacity to regulate T cell

development, homeostasis, and activation. These effects have important consequences for T
cell immune function, and they are complemented by miRNA regulation of particular T cell

differentiation pathways and effector mechanisms.

MicroRNA regulation of effector T helper cells

MicroRNAs are increasingly recognized as important modulators of Ty cell fate decisions
and effector functions. Their ‘fine-tuning’ activity is particularly well suited to act early in
the response when small changes in the expression of key genes can have a big effect on cell
fate. In addition, miRNAS can regulate the plasticity and effector functions of differentiated
Th cell subsets.

Tl cell differentiation and function

Thl cells, orchestrate immune responses against viruses, intracellular pathogens and tumors.
The first evidence for miRNA regulation of Ty cell differentiation came from studies with
DICER-deficient CD4™* T cells, which exhibit increased differentiation into effector cells
expressing the Tyl cell lineage-defining transcription factor T-bet and its transcriptional
target, the Tyl cell hallmark cytokine IFNy27. T cells lacking DROSHA or DGCRS display
a very similar phenotype of aberrant T1 cell differentiation3%: 31,

A functional screen in DGCR8-deficient CD4* T cells revealed that among CD4* T cell-
expressed miRNAs, miR-29a and miR-29b are the most potent inhibitors of Tl cell
differentiation and IFNy expression3l. miR-29 is highly expressed in naive T cells, and it
inhibits TH1 cell differentiation through multiple direct targets (Figure 2). T-bet is one of the
direct miR-29 targets in CD4* T cells, but miR-29 also targets the closely related
transcription factor eomesodermin (EOMES), which is usually not expressed in CD4* T
cells3l. EOMES regulates IFNy production in natural killer (NK) cells and CD8* T cells,
and in the absence of miRNAs it is also inappropriately expressed in CD4* T cells and
contributes to the aberrant IFNy3L. miR-29 may also directly target the 1fng mMRNAS3S.
Transgenic mice expressing a miRNA sponge [G] that reduces miR-29a-mediated control
exhibited higher serum IFN-vy levels and more effective clearance of the intracellular
bacterium Listeria monocytogeness®. A recent study confirmed the importance of miR-29 in
restraining IFN-y expression by T cells using mir-29ab1 knock-out mice34.

Several other miRNASs regulate Tyl cell differentiation and function (Figure 2). miR-146a-
deficient CD4* T cells produce more IFNy in vitro and in vivo®6: 1. 61 As discussed above,
miR-146a inhibits T cell responses in general by targeting TRAF6 and IRAK146. However,
it may also specifically regulate Ty1 differentiation by targeting signal transducer and
activator of transcription 1 (STAT1)51, By contrast, miR-155 enhances both Ty1 and Ty17
cell-dependent tissue inflammation®®. Among its many identified targets in T cells*®,
miR-155 inhibits the negative regulators of cytokine signaling SOCS1 and SHIP151 62, In
addition, miR-155 targets Ifngrl mRNA and may be responsible for the downregulation of
IFNy receptor in activated CD4™ T cells that differentiate into Ty cells®2. Epistasis
experiments showed that miR-155 deficiency is dominant over miR-146 deficiency, as cells
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lacking both miRNAs are as defective in IFN-y expression and anti-tumor immunity as
those lacking miR-155 only®?.

The miR-17~92 cluster also impacts Ty1 cell differentiation. CD4* T cells freshly isolated
from peripheral lymph nodes of 10- to 12-month-old mice that expressed a transgene
encoding the human miR-17~92 cluster showed a dramatic increase in the percentage of
IFNy-expressing cells*8. Similarly, naive miR-17~92 transgenic CD4* T cells produced
higher amounts of IFNy under Ty1 polarizing conditions in vitro*®. Conversely, T cell-
specific deletion of the miR-17~92 cluster in mice resulted in a gene dose-dependent
reduction of IFNy-secreting CD4* T cells®3. Reconstitution of miR-17~92-deficient CD4* T
cells with individual miRNA mimics [G] identified miR-19b as sufficient to restore IFNy
production®3,

miRNAs can influence Tyl cell differentiation indirectly by targeting genes in immune cells
other than CD4* T cells. For example, miR-21 regulates Tyl cell differentiation by
modulating IL-12 production by dendritic cells (DCs). IL-12 is an important cytokine that
induces T-bet and IFNy expression and supports the growth and survival of Ty cells®4.
miR-21 is highly expressed in DCs, and directly targets the mMRNA that encodes IL-12p35%°.
miR-21 deficiency increases IL-12 expression in DCs, and enhances TH1 cell development
and delayed type hypersensitivity responses in vivo®. It is possible that other miRNAs that
modulate DC activity and cytokine production also have important indirect effects on Ty
cell differentiation and immune function.

Studies of Ty1 cell differentiation and function have led the way to insights into the T-cell
intrinsic and extrinsic roles for miRNAs in T cell differentiation, and set paradigms for the
logic of miRNA-mediated regulation of cell differentiation in general. Some of the miRNAs
that regulate Tyl cells also play identical or related roles in other IFN-y producing
lymphocytes, such as cytotoxic CD8* T cells and NK cells87: 88, |_essons learned through
the study of Tyl cells will likely continue to inform our understanding of miRNA regulation
of the immune system.

Ty2 cell differentiation

T2 cells orchestrate innate immune responses against helminths89, and dysregulated T2
responses cause allergies and asthma’®. Over the past decades, much progress has been
made in our understanding of the molecular requirements for the generation of T2 cells. In
vitro differentiation systems and more recently elegant in vivo approaches have established
the powerful influence of a positive feedback loop involving the hallmark T2 cytokine IL-4
and the transcription factors STAT6 and GATA-binding protein 3 (GATAS3) in amplifying
TH2 responses, though the initial signals leading to T2 cell differentiation have been harder
to define’L. In addition to 1L-4, T2 cells express the genetically linked cytokines IL-5 and
IL-13, which drive type 2 inflammation through their effects on myeloid and non-
hematopoietic cells’.

Compared to Tyl cells, miRNA regulation of T2 cell differentiation is poorly understood.
Overexpression of miR-21 in T cells increases T2 cell differentiation in vitro’2, whereas
overexpression of miR-27 or miR-128 decreases the secretion of IL-4 and IL-5 by activated
CD4* T cells’3. Further work is needed to characterize the importance of these miRNAs in
TH2 cell responses. In addition, miR-155-deficient T cells display a mild bias towards T2
differentiation in vitro. This is accompanied by dysregulation of many target genes,
including MAF (also known as c-MAF), a transcription factor that regulates IL-4
production®3: 54, Approximately 50% of ageing miR-155 knockout mice develop
spontaneous lung inflammation, which displays some but not all of the hallmarks of type 2
inflammation that have been associated with asthma®?. This pathology may be caused by
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cell-intrinsic defects in T2 cell differentiation, but it may also reflect other changes in T
cell responses or requirements for miR-155 in other cells.

The lung’s accessibility for local drug delivery makes asthma an attractive target for
miRNA-directed therapies. MicroRNA expression patterns associated with asthma have
been detected in both lung epithelial cells and purified T cells from human asthmatic
subjects’® 7, In addition, several proof-of-concept studies have shown that miRNA
inhibitors can be protective in mouse models of allergic asthma. House dust mite allergen
(HDM) challenge increases miR-126 expression in the airway wall, and intranasal
administration of a miR-126-specific antagomir [G] (cholesterol-linked single stranded
RNA complementary to miR-126) reduces airway hyperresponsiveness and eosinophil
recruitment to the lung’®. Treatment with the miR-126-specific antagomir also reduced lung
eosinophilia in a mouse model of chronic asthma, but it did not have sustained effects on
inflammation or airway remodeling’’. As miR-126 is strongly expressed in the airway
wall”®: 77 but is present in T cells and other hematopoietic cells at only very low
abundance?8: 31, it seems likely that miR-126-specific antagomir acts on epithelial cells or
other non-hematopoietic cells in the lung rather than directly on infiltrating T2 cells in
these models.

A miR-145-specific antagomir also inhibited allergic airway disease in the HDM model,
possibly through effects on smooth muscle cells, which express a large amount of
miR-14578. Members of the let-7 family of miRNAs are highly expressed in most cells.
Let-7 directly targets 1123 mRNA and reduces 1L-13 production by T cells in vitro’® 80,
However, intravenous administration of locked nucleic acid [G] (LNA) inhibitors of let-7
ameliorated lung inflammation and airway hyperresponsiveness in a mouse model of
asthma, rather than exacerbating the disease as may have been expected if the dominant
effect of let-7 inhibitors was to derepress IL-13 expression in T2 cells. Let-7 also targets
1120 mRNA, and increased IL-10 levels in HIV patients correlate with decreased let-7
expression in CD4* T cells®l,

Taken together, these studies show that individual miRNAS can have a strong impact on
type 2 immunity, but also underscore the complexity of miRNA biology in vivo. In
particular, they indicate that targeted delivery of miRNAs or miRNA inhibitors specifically
to T cells will be important for manipulating miRNA-mediated control of T2 cell gene
expression, differentiation and effector functions, be it for scientific or therapeutic purposes.

Twl7 cell differentiation

TH17 cells are defined by expression of the transcription factor retinoic acid receptor-related
orphan receptor-yt (RORyt) and cytokines of the 1L-17 family®2 and have an important role
in the defense against extracellular bacteria and fungi. In addition, they have been implicated
in the etiology and pathology of several autoimmune diseases including psoriasis, multiple
sclerosis, colitis, arthritis, and even asthma83.

MiRNA profiling in T cells from patients with multiple sclerosis, as well as studies in mice
and rats with experimental autoimmune encephalomyelitis (EAE) [G], a model system for
multiple sclerosis, have revealed distinct contributions for miRNAs in the regulation of Ty
cell subsets involved in this disease®4. Expression of miR-326 in Ty cells correlated with
disease severity in mice with EAE and also in patients with multiple sclerosis®®. miR-326
targets ETS1, a negative regulator of T417 cell differentiation and increases Ty17
differentiation in vitro®.

Conversely, expression of miR-10a in CD4* T cells can limit T17 cell differentiationS®.
This effect depends on the presence of retinoic acid, which induces both miR-10a and T-bet.
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Suppression of the miR-10a targets Bcl6 or Ncor by RNA interference limited T17 cell
differentiation in wild-type, but not T-bet-deficient T cells. As BCL-6 and NCOR modulate
the expression and transcriptional activity of T-bet8”89 and T-bet in turn inhibits the
expression of RORyt%, miR-10a and T-bet may cooperate to balance Tyl and T17
differentiation in retinoic acid-rich microenvironments. In line with these observations,
miR-10a overexpression in myelin oligodendrocyte glycoprotein (MOG)-specific CD4* T
cells delays neurological disease in EAESS.

miR-155 knockout mice are strongly resistant to EAE. Detailed analysis revealed both a T
cell-intrinsic role for miR-155 in Ty17 cell differentiation, as well as an indirect role
through the regulation of production of T17 cell-polarizing cytokines by DCs®% 91,
Impaired T17 cell responses of miR-155-deficient T cells were also observed in a mouse
model of Helicobacter pylori infection and in a mouse model of Ty17-driven chronic
colitis®. Thus, miR-155 promotes T cell-mediated tissue inflammation through the
regulation of both Tyl and TH17 cell responses. Finally, miR-301a enhances TH17 cell
differentiation, possibly through targeting PIAS3, which inhibits STAT3 signaling and Ty17
cell differentiation92.

Although the last few years have seen substantial progress in defining the transcriptional
requirements for T17 cells®, studies on miRNA function in Ty17 cells remain sparse.
Given the high plasticity associated with this Ty cell subset, it is anticipated that miRNAs
will play an important role in defining and maintaining the gene expression program of
differentiated TH17 cells.

Tgy cell differentiation

T follicular helper (Tgp) cells preferentially localize in close proximity to B cells in the
follicles and germinal centers (GCs) of secondary lymphoid organs®4-96 and regulate
humoral immunity®’. Ty cells are necessary for effective T cell-dependent antibody
responses such as those induced by common vaccines, and Tgy cell dysregulation is
involved in several autoimmune diseases®. Tgy cells express the chemokine receptor CXC
chemokine receptor 5 (CXCRS5), the co-inhibitory molecule programmed cell death 1 (PD-1)
and the co-stimulatory molecule inducible T cell co-stimulator (ICOS), and they shape the
humoral immune response by providing cytokines that influence immunoglobulin
production by B cells¥. The transcriptional repressor BCL-6 is necessary and sufficient to
induce Tgy cell differentiation88 8999, An initial BCL6*CXCR5* Tgy cell population
develops directly from naive CD4* T cells after priming by DCs190. 101 Supsequent
interactions with antigen-specific B cells further polarize T cells, induce GCs, and
contribute to the maintenance of the Tgy cell phenotype?9: 102-104,

Several miRNAs are differentially expressed in Tgy cells as compared to other Ty cell
subsets?®. miRNAs are essential for an early step in Tgy cell differentiation, as activated
DGCRS8-deficient CD4* T cells fail to upregulate CXCR5 and downregulate CCR7, thus
preventing their migration to the T-B zone border and into B cell follicles'9®. This defect
stands in sharp contrast to the role of miRNAs in other Ty cell subsets, such as Tyl and
TH2, as these can still be generated from naive miRNA-deficient CD4* T cells, even with
aberrantly high efficiency in some cases?’: 31, The fact that Tr cell differentiation strictly
requires a transcriptional repressor (BCL-6) and post-transcriptional repressors (miRNAS)
indicates that silencing of alternative differentiation pathways has a crucial role in
specifying or maintaining the Tgy cell gene expression program.

To date, only a few studies have provided insight into the roles of individual miRNAs or
miRNA families in Tgy cells. In sanrogue mice, a mutation of the RNA-binding protein
Roquin-1 leads to excessive Tgy cell accumulation, which ultimately causes a lupus-like
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autoimmune diseasel%. Initially, it was suggested that Roquin limits Try cell responses by
repressing the 3” UTR of Icos mRNA through a process involving miR-101 binding within
processing bodies (P-bodies) [G]1%7. However, later studies clarified that Roquin represses
Icos by direct binding to its 3° UTR in a miRNA-independent manner08,

The miR-17~92 cluster promotes Tgy cell differentiation and function independent of its
effect on T cell proliferation105 109 miR-17~92 targets PTEN in CD4* T cells*®, and this
leads to a modest reduction in the number of developing BCL6TCXCR5* T4 cells very
early following protein immunization10% 109 However, other derepressed miR-17~92 target
genes likely contribute to the significantly reduced frequency of Tgy cells that accrues later
in the response. In this regard, derepression of the miR-17~92 target gene Phlpp22, an Akt
phosphatase involved in the ICOS signaling pathway, has been linked to the defective
migration of activated miR-17~92-deficient T cells into B cell follicles1%®. A feedback
mechanism may limit the expression of miR-17~92 in Tgy cells, as BCL-6 transduction
reduced miR-17~92 expression in primary T cells, and miR-17~92 overexpression reduced
CXCR5 expression in B cells8. However, the degrees to which the reported miRNA
expression differences reflected the T cell activation status versus direct effects of BCL6
remain unclear.

miR-17~92 also prevents the expression of Tgy cell-inappropriate genes characteristic of
Th17 or Th22 cells, including CC chemokine receptor 6 (Ccr6), 1122, and Rora, which
encodes the transcription factor RORa1%. All four miRNA families represented in the
miR-17~92 cluster target the Rora mRNA, and aberrant RORa expression is at least partly
responsible for the increased expression of CCR6 and IL-22 in miR-17~92-deficient T
cells. These findings highlight the ability of miRNAs to ensure the fidelity of T subset-
specific gene expression programs. Similarly, miR-10a inhibits the conversion of
peripherally derived Tgeg cells into Ty cells under lymphopenic conditions by directly
targeting BCL6 and its co-repressor NCOR286. Transient BCL-6 expression occurs during
the development of other Ty cell subsets, including central memory T (Tcp) cells and Tl
cells101. 110-112 " Although Ty and effector memory T (Tgpw) cells are important for
protective immunity against reinfection with certain pathogens and memory T cells
contribute to the pathogenesis of chronic autoimmune diseases!13, not much is known about
the involvement of miRNAs in the generation and maintenance of Ty and Ty cells.

Further work is needed to comprehensively profile miRNA expression in developing Tgy
cells and to dissect how these miRNAS contribute to the balance between Tgy versus
effector cell differentiation and to the maintenance of the Tgy cell identity.

MiRNA-mediated control of Tgeq cells

CD4" regulatory T (TRreg) cells are essential mediators of peripheral tolerance!l4. They
counterbalance the actions of effector T cells, preventing inappropriate or exaggerated
immune responses that cause autoimmunity and immunopathology. Thymus-derived Treg
cells are formed during positive selection in the thymus, but naive CD4* T cells can also
differentiate into peripherally derived Treg cells 115 The gene expression program and
functional identity of both Treg cell types depend on the lineage-defining transcription
factor forkhead box P3 (FOXP3). Research on the requirements for miRNA expression in
Treg cells, as well as on the specific contributions of individual miRNASs in Treg cell
development, function, and plasticity has generally outpaced research on conventional T
cells, though much remains to be learned.

MiIRNAs support Treg cell development and homeostasis, and they also are important for
the maintenance of their immunosuppressive function. Early studies suggested that miRNAs
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have a predominantly tolerogenic role in T cells, as CD4™ T cells lacking miRNAs failed to
develop into Treg cells in the thymus and showed reduced differentiation into in vitro-
induced Treg cells?8, Moreover, a substantial percentage of mice with miRNA-deficient
CD4* T cells developed spontaneous autoimmunity as they aged?8. Notably, it was recently
confirmed that miRNA deficiency in conventional CD4* T cells is in fact protective against
the induction of autoimmunity2®. By contrast, conditional deletion of DICER or DROSHA
only in FOXP3* Treq cells causes early onset of severe spontaneous

autoimmunity3% 116&17. Thus, MiRNA expression in Treg cells is important for the
maintenance of self tolerance (Figure 3a).

Several miRNAs have been identified to impact Treg cell development and function (Figure
3b). Although Tgeg cells and conventional (non-Treg) effector CD4* T cells express a very
similar set of miRNAs, expression profiling has uncovered several miRNAs that are
differentially expressed in Treg cells?> 26: 28, miR-155 is highly expressed in Treg cells, and
miR-155-deficient mice exhibit reduced numbers of thymus-derived and peripherally
derived Treg cells®2. FOXP3 controls this high level of miR-155 expression in TReg cells,
and binds to an intronic region of Bic, the gene that encodes the primary transcript of
miR-15562 118, 119 mjR-155 ensures Tgeg cell homeostasis by targeting the suppressor of
cytokine signaling 1 (SOCS1)82, a negative regulator of the IL-2 signaling pathway, which
has a crucial role in Treg cell development. miR-155-deficiency also reduces IL-2
production by conventional CD4* T cells®4, suggesting that this miRNA may regulate I1L-2-
directed Tyeq cell homeostasis through both cell intrinsic and extrinsic mechanisms.

miR-146a also impacts Treg cell function substantially. miR-146a-deficiency limited mainly
to FOXP3* Treg cells using a mixed bone marrow chimera approach resulted in an IFNy-
and Th1 cell-mediated pathology®?, similar to the disease observed in mice with Tgeg cell-
specific DICER or DROSHA deficiency3%: 116. 117 This pathology could result from
increased expression of the miR-146a target STATL1 in Treg cells®1. However, dysregulated
miR-146a-deficient myeloid cells*> may also contribute in this system, so confirmation of a
TReg cell-intrinsic role for miR-146a in the development of autoimmunity remains to be
confirmed with conditional miR-146a-deficient mice.

The miR-17~92 cluster represses Treg cell formation in vitro®3, miR-17 directly targets
TGF-p receptor 11 (Tgfbr2) and cAMP-responsive element binding protein 1 (Crebl), both
of which are implicated in Treg cell differentiation in vitro%3, In thymus-derived TReg cells,
miR-17~92 seems to be particularly important during antigenic responses.miR-17~92 is
dispensable for the development of thymus-derived Tgeg cells in vivo®3: 120, but miR-17~92-
deficiency does reduce the number of MOG-specific Treg cells that are peripherally induced
during EAE120, Similarly, transgenic overexpression of miR-17~92 does not affect total
FOXP3™ Tgreg cell numbers in a protein immunization model, but does increase the
frequency of follicular Treg cells that emerge from thymus-derived Treg cellsi®. Tgeq cell-
specific miR-17~92-deficiency also reduces the frequency of IL-10 producing Treg cells,
which are particularly important for dampening immune responses'20, Further studies are
needed to identify the molecular targets and mechanisms of miR-17~92 in the regulation of
TReg cell activity.

miR-10a is selectively expressed in Treg cells?6, and it regulates the stability of peripherally
derived and in vitro-induced Treg cells. Retinoic acid synergizes with TGFp to induce
miR-10a expression in conventional CD4" T cells, and these conditions also promote the
differentiation of peripherally derived Tgeg cells® 121, miR-10a is not required for FOXP3
induction in in vitro-induced Treg cells, but it contributes to Treq cell stability by
maintaining high FOXP3 expression!2l, miR-10a also inhibited the conversion of
peripherally derived Treg cells into Ty cells under lymphopenic conditions®, a
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phenomenon that was originally described for FOXP3* Tge, cells that had been adoptively
transferred in the Peyer’s patches of T cell-deficient micelzg. MiR-10a expression in Treg
cells correlates inversely with susceptibility to autoimmune disease: Treg cells from the
autoimmunity-resistant C57B1/6 mouse strain have high miR-10a expression, whereas Treg
cells from the autoimmunity-prone NOD mouse strain have low miR-10a expression
levels?1, miR-10a may prevent inappropriate activation of a Tgy cell gene expression
program in Tgreg cells by directly targeting the mRNAs encoding the Tgy cell lineage-
defining transcriptional repressor BCL-6 and its co-repressor NCOR286. As discussed
above, miR-10a also limits Ty17 cell differentiation86, adding another layer to the complex
regulatory network that constrains Treg cell plasticity.

The availability of genetic tools that facilitate the study of Treg cells in vivo has hastened the
pace of research on miRNA function in Treg cells. mMiIRNAs clearly perform critical
functions in regulating the development and function of Treg cells in maintaining immune
tolerance. Still, further studies are needed to dissect the impact of individual miRNAs and
their targets in Treg cells, and to elucidate their role in the plasticity that is associated with
this Ty cell subset.

Concluding remarks and future perspectives

MiRNAs are now generally recognized as important regulators of gene expression in most,
if not all, vertebrate cells. The last few years have seen much progress in the field of miRNA
regulation of lymphocyte development and immune function!23, and particularly in T helper
cells®7. 124,125 T helper cell differentiation is particularly sensitive to small changes in
transcriptional regulation, which is also reflected in the variety of known Ty cell subsets and
the observed plasticity among some of these apparently differentiated cell types. Since
miRNAs have evolved as a mechanism to fine tune biological processes4, it is very likely
that miRNAs represent an equally plastic and adjustable system for the regulation of Ty cell
differentiation and plasticity.

The complexity and redundancy of miRNA networks underscores the importance of precise
gene regulation in the programming of the great variety of cells that comprise a human body
and their appropriate responses to developmental and environmental cues. This is also
reflected in the observation that defects in single miRNAs within the same cell type can
have diverse effects in different experimental settings, as discussed in this review for the
different Ty cell subsets. Most of the progress on miRNA function in Ty cells has so far
been based on mouse in vitro and in vivo models, and relatively little is known about
miRNA function in human Ty cells. As one of the means to compensate for this lack of
knowledge, it will be interesting to use systems biology approaches such as exome
sequencing to discover mutations in patients that might correlate with altered miRNA
expression. Such tools might also allow screening for alterations in miRNA target sequences
that might contribute to the etiology of immune diseases.

Elucidating miRNA function in Ty cells can be leveraged to promote our understanding of
the complex molecular pathways that govern the behavior and cell fate decisions of these
cells. Future studies will not only provide insights into the role of miRNAs themselves, but
most likely will also reveal novel mechanisms of immune regulation through the
identification and functional analysis of miRNA target genes. Ideally, these studies will
identify novel targets for the treatment of conditions in which T helper cell functions are
impaired or exaggerated. Recent years have seen considerable progress in the field of
miRNA-based therapies'26. The first miRNA-targeted therapy, miraversen, blocks miR-122
in hepatocytes and reduced hepatitis C virus RNA in patients enrolled in a phase 2a trial12’.
Serious challenges remain though before miRNA-targeted therapies can be used in
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immunological diseases. It will be particularly important to develop enhanced methods for
the delivery of these modalities specifically to Ty cells in patients!28, One advantage of the
immune system is that many of its effector cells recirculate between sites of inflammation

an

d secondary lymphoid organs via the blood and lymph. Thus, systemic delivery of agents

that target certain immune cell types might be easier accomplished than delivery to solid
organs. Local administration at sites of inflammation may also be sufficient to safely alter
immune activation while averting the need for cell type specific targeting. In any case, our
expanding knowledge of these powerful but tiny regulators of Ty cell function promises
new avenues for harnessing and shaping immune responses.
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Glossary terms

T helper cell Effector T cell that develops from naive CD4* T cells. Upon

activation in the periphery, Th cells produce cytokines that
orchestrate cellular and humoral immunity.

secondary Organized lymphoid structures in which adaptive immune responses

lymphoid organs are elicited, e.g. spleen and lymph nodes.

positive selection Immature T cells are selected in the thymus for expression of a
functional TCR.

negative Immature T cells that harbor high affinity for self-antigens are deleted

selection in the thymus to prevent egress of auto-reactive T cells into the
circulation.

germinal center Specialized anatomic structure in secondary lymphoid organs in

which Tgy cells provide help to B cells to generate high affinity
antibodies, memory B cells, and long-lived plasma cells.

processing Molecular structures within the cytoplasm that are major sites for
bodies mRNA turnover.
miRISC The miRNA-induced silencing complex consists of a miRNA bound

to an Argonaute protein. The miRNA provides sequence specificity
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for the complex’s function in translational repression and decreasing
target mRNA stability.

mMiRNA cluster miRNAs are often found within clusters in the genome, and these
clusters are typically transcribed together to form primary miRNA
transcripts that are processed to yield multiple mature miRNAs.

miRNA family miRNAs are classified into “families’ that share the same seed
sequence, and are therefore predicted to share many of the same
target mMRNAs. For example, the polycistronic miR-17~92 cluster
comprises six MiRNASs representing four separate miRNA families:
the miR-17 family (miR-17, miR-20a), the miR-18 family (miR-18a),
the miR-19 family (miR-19a, miR-19b), and the miR-25 family
(miR-92a).

miRNA sponge A genetically engineered construct containing several miRNA
binding sites that compete with endogenous miRNA binding sites,
reducing specific miRNA availability and function.

MiRNA mimics Small transfectable synthetic RNAs that mimic endogenous miRNAs
used to study the effects of MiRNA overexpression.

antagomir Also known as anti-miR, miRNA inhibitor, and miRNA antagonist.
Small synthetic nucleic acid oligonucleotides that bind to endogenous
miRNAs and inhibit their function. Antagomirs are often chemically
modified to promote their stability and/or entry into target cells.

locked nucleic RNA oligonucleotides bearing a modification of the ribose moiety in

acids (LNA) their backbone that “locks” them in a favorable conformation for base
pairing, increasing their binding affinity. LNASs are used in various
applications for miRNA detection and in miRNA inhibitors for
experimental and therapeutic use.

experimental An animal model of multiple sclerosis — a chronic demyelinating
autoimmune disease in humans. In animals, EAE is induced by the injection of
encephalitis several different antigens that are derived from the myelin sheath,
(EAE) including myelin basic protein, proteolipid protein or myelin

oligodendrocyte glycoprotein, together with a potent adjuvant.
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Box 1 | miRNA biogenesis and function

MicroRNA genes are transcribed into primary miRNAs (pri-miRNAs) by RNA
polymerase II. Pri-miRNAs are bound by Dgcr8 and processed by the RNase 11 activity
of Drosha into hairpin structures called pre-miRNAs. Exportin-5 shuttles pre-miRNAs
from the nucleus into the cytoplasm where the RNase Il Dicer cleaves off the pre-
miRNA’s hairpin loop. The resulting duplex segregates and the mature single-stranded
miRNA associates with Argonaute and other accessory proteins to form the miRNA-
induced silencing complex (miRISC), which mediates translational repression and
increased degradation of its mMRNA targets. A mature miRNA bound to an Argonaute
(Ago) protein forms the core of the miRISC. Ago recruits other protein complexes that
antagonize translation and deadenylate the targeted mMRNA29, This ultimately leads to
MRNA decapping and degradation, so the effect of miRNA repression can be observed at
both the protein and mRNA level. The miRNA provides specificity through
complementary base pairing with target mMRNAs!. Nucleotides in positions 2—8 from the
5 end of a miRNA, termed the seed sequence, are a major determinant of target
recognition. However, complementarity in the 3" half of the miRNA does contribute to
binding, and ‘seedless’ targets that rely on non-seed sequences for binding also exist.
Most functional miRNA binding sites occur in the 3’ UTR of target mMRNAs, and many
of these are deeply conserved, indicating co-evolution of miRNAs and their targets.
These principles have been exploited to develop algorithms for bioinformatic prediction
of miRNA targets. Though useful for hypothesis generation, these programs remain
imperfect. Predicted targets must be confirmed experimentally, and many true targets are
missed.
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Box 2 | Regulation of gene expression networks by miRNAs

The magnitude of repression of direct miRNA targets is relatively low — less than 50% at
both the protein and mRNA level in the vast majority of cases. Nevertheless, miRNASs
can have big effects on biological processes. Target genes are frequently inhibited by a
combination of several miRNAs. Similarly, each miRNA targets many genes at the same
time. In some cases, miRNA effects are amplified through coordinated repression of
several target MRNASs in a common pathway. Small changes in individual targets can
also have big effects in systems governed by feedback mechanisms and activation
thresholds. In this context, miRNAs can be important to maintain effective gene silencing
in the face of “leaky” transcription that produces a functionally significant amount of
mMRNA in an inappropriate cell type or biological condition. Finally, the combined effect
of miRNAs acting on many target genes can buffer noise associated with transcriptional
processes and effectively set thresholds for signals that induce programmed changes in
gene expression, such as those that mediate Ty cell differentiation and plasticity.

MIRNA mMRNA ————  Target —p Q:‘:l;';'e

MRNA ———— 59t — Biology

Target \ miRNAs

S <o N

Buffering
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Box 3 | Methods for studying miRNAs and their function

Several methods exist to profile and quantify miRNA expression in cells, tissues and
body fluids. These range from measuring single miRNAs by conventional or multiplexed
gPCR in purified T cell subsets to genome-wide analysis of miRNA expression by
microarrays and RNA-sequencing 74 130, Online databases catalog miRNA sequences
and annotation!31, and both bioinformatically predicted'32 and experimentally
validated33 miRNA targets.

MicroRNA function can be studied by a variety of gain- and loss-of-function
technologies. Conditional deletion of key molecules of the miRNA biogenesis pathway
showed that miRNAs as a whole regulate many aspects of CD4* T cell behavior, but the
current challenge is to understand how each miRNA contributes to these effects. Two
consortia have generated freely available miRNA-deficient ES cells'34 and conditional
knock-out micel3® that will be very helpful in advancing our understanding of miRNA
function in vivo. Specific miRNA inhibition can also be achieved using a variety of
transfectable or self-deliverable synthetic antagonists (often called ‘antagomirs’), or by
overexpressing target mMRNAS that act as ‘sponges’ of miRNAs, decreasing their activity
against endogenous targets36. Overexpression of specific miRNAs can be achieved with
transfectable synthetic miRNA mimics, expression constructs, viral vectors, or
transgenesis in mice.

Understanding the mechanism of miRNA function requires methods to identify its
targets137. Genome-wide transcriptional profiling of specific miRNA-deficient or
overexpressing cells and controls can be used to assess global target gene expression
changes, though it is often difficult to distinguish direct and indirect targets with this
approach. Direct targeting can be validated with 3" UTR luciferase reporter assays, but
validating functional relevance requires genetic rescue experiments. Recently,
biochemical techniques such as high-throughput sequencing of RNA isolated by
crosslinking immunoprecipitation (HITS-CLIP)138 and photoactivatable-ribonucleoside-
enhanced crosslinking and immunoprecipitation (PAR-CLIP)139, have been developed to
identify RNA sequences that bind to RNA-binding proteins such as Argonaute proteins.
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Online summary

T helper (Ty) cells represent a central component of the adaptive immune
system. They coordinate cellular and humoral responses by producing cytokines
and growth factors. Several Ty cell subsets have been described, including Ty1,
TH2, TH17, THY, TH22 cells, regulatory T (Treg) cells, and T follicular helper
(TEy) cells.

MicroRNAs are small evolutionarily conserved nucleotide sequences that
regulate gene expression by interfering with mRNA translation and stability.

MicroRNA-deficient CD4* T cells display impaired survival and proliferation,
but also exhibit increased sensitivity to signals that induce effector Ty cell
differentiation and cytokine production.

An expanding list of individual microRNAs and co-expressed microRNA
clusters have been shown to have significant effects on Ty cell fate decisions
and immune functions.

MicroRNAs are critical for the proper regulation of Treg development,
homeostasis, plasticity, and the maintenance of immune tolerance.

Research on microRNA function can be used as a tool for the discovery of novel
pathways that regulate Ty cell biology, and may identify novel targets for the
treatment of conditions in which Ty cell functions are impaired or exaggerated.

Nat Rev Immunol. Author manuscript; available in PMC 2014 April 09.




1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Baumjohann and Ansel

a

cytokines

(<]
o

Activation

(<}
o

\
Q miRNAs ’ ‘

Activation

Dicer’-

\ Drosha™
-
Tnalve Dgcr8
Ago2--
@, cosn
°
°

apoptotic %o

o
cell

cytokines
(more IFNg)

Figure 1. miRNA regulation of T helper cell activation

- / DifferentiationT

Foxo1 \/

Page 24

|

\/DUSPSIS
PTPN22
I e

miR-146a

N e

SHIP-1
l NFAT1 — miR-155 — | SOCS1

—e o (-
T mTOR turnover
\‘ / ~
c-myc
.—‘ PTEN
T~ mir-17~92
i Bim
\ IFNG Apoptosis|

miR-125b ——] g—ég&

Differentiation |

miR-182

a | MicroRNAs are important regulators of effector T cell differentiation, including T cell
activation, acquisition of effector functions such as cytokine production, and T cell
proliferation (top panel). Genetic ablation of key molecules of the miRNA biogenesis
pathway in CD4* T cells underlines the importance of miRNAs for these processes (lower
panel). Activation of microRNA-deficient CD4* T cells results in increased and aberrant
cytokine production, reduced cell proliferation. b | Mechanistic overview illustrating
miRNA participation in regulatory networks that control T cell activation, expansion, and
effector cell differentiation. Note that specific miRNAs are both regulated targets and
upstream regulators of signaling pathways that govern T cell behavior. Selected miRNA
target genes are indicated. Tggr, effector T cell; Thaive, Naive T cell.
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IFN-v production and signaling in Th1l cells is regulated by several miRNAs at distinct
levels. The lineage determining transcription factor T-bet induces expression of the Thl
hallmark cytokine IFN-y. T-bet is induced by TCR signaling, by IL-12 via STAT4 signaling,
and by IFN-y itself in a positive feedback loop via STAT1. miR-146a directly targets
STATL and the NF«B signaling molecules TRAF6 and IRAK1. TCR activation induces
miR-155, which in turn downregulates negative regulators of cytokine signaling SHIP1 and
SOCSL. However, miR-155 has also been proposed to induce downregulation of IFNyR1.
miR-29 limits Th1 cell differentiation and IFN-y production by targeting the mRNAs
encoding T-bet, Eomes, and IFN-y itself.
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a | Treg-specific miRNA expression is required to restrain effector T cell responses. In the
absence of miRNA expression in Treg Cells, for example due to deletion of essential
components of the miRNA biogenesis pathway, such as DICER or DROSHA, Tgegq cells fail
to maintain tolerance, which might result in autoimmunity. b | Examples of miRNA
pathways that contribute to the regulation of Treg cell function and plasticity. Terr, effector
T cell; Treg, regulatory T cell.
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