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Abstract

The immune system is under strict regulatory control to ensure homeostasis of inflammatory
responses, lying dormant when not needed but quick to act when called upon. Small changes
in gene expression can lead to drastic changes in lineage commitment, cellular function, and
immunity. Conventional assessment of these changes centered on the analysis of mRNA
levels through a variety of methodologies, including microarrays. However, mRNA synthesis
does not always correlate directly to protein synthesis and downstream functional activity.
Work conducted in recent years has begun to shed light on the various post-transcriptional
changes that occur in response to a dynamic external environment in which a given immune
cell type encounters. In this chapter, we provide a critical review of key post-transcriptional
and translational mechanisms of regulation of gene expression in the immune system, with
an emphasis of these regulatory processes in various CD4+ T cell subsets and their related
effector functions.

Keywords: inflammation, CD4+ T cells, transcriptional, translatome, immune regulation,
immunity

1. Introduction

CD4+ T cells are key players in the adaptive immune response, capable of adapting their function
depending on the immune challenge being faced. CD4+ T cells employ a wide variety of signal-
ing pathways to integrate environmental cues and translate them into the requisite gene expres-
sion programs required to carry out their effector functions. These gene expression programs are
enacted by a complex network of factors, involving the direct action of transcription factors to
drive mRNA synthesis, epigenetic modification of DNA accessibility to modulate gene expres-
sion, as well as a variety of post-transcriptional mechanisms including RNA-binding proteins
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and microRNA that influence the stability and translation of synthesized mRNA. This complex-
ity ensures that CD4+ T cells can mount an appropriate and adequate response to a wide variety
of pathogens.

2. Transcriptional regulation of CD4+ T cell activation

Complex transcriptional changes are required for CD4+ T cell generation and egress from the
thymus (reviewed in [1]). Recent thymic emigrant naive CD4+ T cells are maintained in the
periphery through the action of important cytokines, like IL-7, which support cell survival.
Naive CD4+ T cells maintain high levels of the IL-7 receptor (CD127), which is maintained in
part through the action of the transcription factor, ETS-1 [2]. ETS-1 has been shown to directly
bind the il7ra promoter to maintain expression on the cell surface, with levels of ETS-1 being
shown to directly correlate with the levels of CD127 expression. Runx1 is another transcription
factor that is required for CD127 expression in naive CD4+ T cells, possessing a binding site in
close proximity to ETS-1 in the il7ra promoter [3]. Signaling through CD127 is necessary to
trigger phosphorylation of STAT5 and the expression of the antiapoptotic proteins BCL-2,
BCL-xL, and MCL-1, all necessary for the survival of naive CD4+ T cells during homeostatic
expansion. This results in the maintenance of the pool of naive cells prior to antigen engage-
ment of the T cell receptor (TCR) [4]. The recognition of the cognate antigen by the TCR is
responsible for the initial changes to the T cell transcriptional program through the activation
of the Nuclear Factor of Activated T Cells (NFAT) transcription factor family. In naive CD4+ T
cells, NFAT is maintained in a phosphorylated and inactive state through the action of the
kinases GSK3 and CK1 [5, 6]; however, the TCR signaling cascade and subsequent calcium
influx result in the dephosphorylation of NFAT by calcineurin allowing for nuclear transloca-
tion of NFAT to enact its transcriptional program [7]. The nature of this transcriptional pro-
gram is dependent on the presence of the NFAT binding partner, AP-1. The AP-1 complex
consists of the FOS and JUN transcription factors and is assembled upon activation of the
CD28 co-stimulatory pathway [8]. The cooperative action of NFAT and AP-1 drives the tran-
scription of IL-2, which acts in an autocrine and paracrine fashion, and drives the proliferation
of CD4+ T cells via phosphorylation of STAT5. STATS5 signaling is responsible for enhancing
the transcription of genes necessary for the proliferation and survival of CD4+ T cells following
activation, including promoting the expression of the high-affinity component of its own
receptor CD25 (IL-2Ra chain), while reducing the transcription of CD127 [9, 10]. Co-
engagement of the TCR and CD28 co-stimulatory molecule also promotes the activation of
the NF-kB family of transcription factors, necessary to prevent activation-induced cell death
and apoptosis [11]. While NFAT and NF-kB are necessary during the initial stages of T cell
activation, they are also necessary for the differentiation o CD4+ T cells into distinct Th cell
subset each endowed with its cytokine signature and specific effector functions [12, 13]. The
CD4+ T cell lineage choice is determined largely by the extracellular milieu and presence of
various cytokines that trigger the expression of a diverse network of transcription factors upon
activation of the cytokine signaling pathways. This lineage choice is determined by a number
of factors including the nature of the pathogen and genetic background of the host. Several Th
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cell subsets have been identified and include Thl effector T (Tggr) cells arise to enhance
cytotoxic activity of immune cells against intracellular bacterial and viral infections, Th2 cells
facilitating antibody generation, and Th17 cells protecting against extracellular pathogens
including parasites and fungi, while regulatory T cells (Trgc) are necessary for the resolution
of inflammation and to control aberrant T cell responses in the periphery to promote self-
tolerance [14].

2.1. Transcription factor networks regulating CD4+ T cell differentiation

Th cell lineage commitment is dependent on the expression and function of lineage-specifying
transcriptional factors. The transcription factor TBX21 (T-bet) is thought to be the main driver
of the Th1 transcriptional program, which is initiated through the activation of STAT pathways
by Interferon gamma (IFNy) and IL-12 secreted by antigen-presenting cells (APCs) [15]. IFNy-
activated STAT1 binds the Tbx21 promoter to drive the first round of T-bet expression [16].
This prompts the expression of the IL-12 receptor 32 subunit, allowing IL-12 present in the
extracellular milieu to activate STAT4, which further drives T-bet expression [17]. T-bet also
activates the transcription of the transcription factors H2.0-like homeobox (HLX) and runt-
related transcription factor 3 (RUNX3) [18, 19]. T-bet can bind the IFNy promoter facilitating
chromatin looping, allowing for T-bet binding partners HLX and RUNX3 to drive IFNy
expression in Th1 cells [20]. IFNYy acts in a feed-forward loop to drive continued T-bet expres-
sion through STAT1. The production of IFNY is also regulated by the NF-xB family member,
RelA, with RelA deficiency being shown to reduce IFNy expression. Additionally, the recruit-
ment of RelA to the ifng locus is dependent on T-bet expression [21]. NFAT has also been
shown to act synergistically with T-bet by binding the 5" enhancer region of the ifng gene [22].
However, the NFAT enhancing activity is not limited to the Th1 cell differentiation, as it has
been linked to the promotion of a variety of activation-induced genes in CD4+ T cells, with
activation of these genes being blocked by calcineurin inhibitors [23]. T-bet is responsible for
activating the majority of Thl-related genes including the chemokine receptors CXCR3 and
CCRS5 as well as the requisite ligand CCL3 and CCL4 for attracting other Th1 cells to the site of
inflammation [24]. The T-bet-mediated Th1 transcriptional program also drives the expression
of other Th1 cytokines including TNFa and lymphotoxin-a [25].

The Th2 transcriptional program is largely mediated through the action of GATA3. While
GATAS3 expression is already present in naive CD4+ T cells, it is insufficient to drive Th2
polarization [26]. Enhanced expression of GATA3 in Th2 cells can occur in response to two
distinct pathways. IL-4 activates STAT6 to activate the transcription of GATA3 while signaling
through the Notch pathway can activate GATA3 transcription independent of STAT6 [27, 28].
Activation of GATA3 induces its partner transcription factor c-MAF [29]. Together, they induce
the expression of IL-4, which acts as an enhancer of Th2 differentiation in an autocrine loop
through STAT6 leading to increased GATA3 expression [30]. GATA3 and STAT6 act in con-
junction to activate transcription of Th2 cytokine genes il5 and il13, as well as further transcrip-
tion of 74 [26]. The transcription factor BCL3 has also been shown to transactivate the GATA3
promoter [31]. The NF-kB family member p50 is important for Th2 function, as mice lacking
p50 are unable to transcribe il4, il5, and 113 [32]. NFAT is also known to act as an enhancer for
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GATA3 binding to il4 locus to further cement Th2 lineage commitment due to an IL-4 feed-
forward loop [33]. While GATA3 drives the Th2 transcriptional program, it can also restrict
Th1 differentiation by repressing the transcription of IFNy and STAT4 [34]. Conversely, T-bet
in conjunction with RUNX3 can suppress il4 transcription by competing with GATA3 for
binding to the i/4 promoter [19].

Th17 cells arise in specific conditions where Th1 and Th2 differentiation can be inhibited as the
presence of the Thl or Th2 transcriptional program can repress Th17 differentiation. The
transcription factor RORYT (encoded by the rorc gene) is responsible for driving Th17 differ-
entiation and effector function [35]. RORYT induction is dependent on the Transforming
Growth Factor B (TGF-P) signaling pathway, which inhibits both Th1 and Th2 differentiation
[36, 37]. TGF- signaling on its own favors the development of Trgg cells; however, the
presence of exogenous IL-6 redirects cells toward a Th17 fate. IL-6 mediated activation of
STATS3 is responsible for blocking expression of the master regulatory transcription factor of
Treg cells, Foxp3 [38, 39]. In the absence of Foxp3, TGF-f3 induces the transcription of RORYT
that activates the transcription of Th17-related cytokines including IL-17A/F, IL-21, and IL-22
[35]. IL-21 amplifies STAT3 activity through an autocrine loop to further enhance Th17 differ-
entiation [40]. RORYT is also responsible for inducing the expression of the IL-23R to allow for
enhanced maintenance of RORYT expression [37]. Exogenous IL-23 and autocrine IL-21 act in
concert with TGF-{ to activate further transcription of RORYT, enhancing commitment to the
Th17 lineage. The transcription factor DDx5 partner with RORYT to drive Th17 cytokine
expression; however, it is dispensable for RORYT induction [41]. DDX5 and RORYT co-localize
to the il17a and il17f loci to enhance Th17 effector function. The transcription factor BATF is
another important early regulator of the Th17 transcriptional program. BATE-deficient mice
possess normal Thl and Th2 differentiation; however, Th17 induction in these mice was
severely impaired as they failed to induce the expression of IL-21 and RORyT [42].

Treg cells are central to the maintenance of peripheral tolerance and the resolution of inflamma-
tion. Tgreg cells can differentiate in the thymus or under unique stimulatory conditions in the
periphery. As such, The Trgg cell pool consists of thymic-derived Trgg cells (tTrpc) as well as
peripherally induced Trgg cells (pTrec) cells [43]. Foxp3 expression in tTgrpg cells has been
shown to be dependent on the binding of several transcription factors to both the foxp3 promoter
and conserved noncoding sequences (CNS), which function as enhancers of foxp3 transcription
[44]. The NFAT and AP-1 complexes bind to the foxp3 promoter following TCR stimulation in the
thymus to drive Foxp3 expression [44]. The NF-«xB family member c-Rel is responsible for
enhancing tTrgg generation through binding to CNS3, while the Foxo family member proteins,
Foxol and Foxo3, enhance expression through binding to the foxp3 promoter as well as to CNS2
[45, 46]. In the periphery, induction of Foxp3 in pTrgg cells is dependent on the action of key
cytokines like TGF-. TGF- signaling activates Mothers Against Decapentaplegic Homologues
2 and 3 (SMAD2/3), which act in concert with NFAT to drive Foxp3 expression by binding to
CNSI1 [47]. Foxp3 has been shown to interact with ~361 binding partners that allow it to enable
the Trgg transcriptional program. Foxp3 acts mostly as a transcriptional repressor preventing the
expression of Thl and Th2 characteristic cytokines including IFNy, IL-2, and IL-4. This repres-
sive activity is dependent on the interaction of Foxp3 and NFAT and Eos [48-50]. Repression of
IL-2 expression and production means that Trgg cells, anergic by nature, are entirely dependent
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on exogenous sources of IL-2 for proliferation and survival. However, this need is in part met by
enhanced CD25 transcription by Foxp3. Moreover, upregulation of CD25 in Tgrgg cells allows
them to receive the requisite STAT5 signals for the mediation of their suppressive effector
function [43]. The transcriptional program enacted by Foxp3 is also responsible for upregulating
the expression of genes that give Trpg cells their suppressive capacity. This includes the anti-
inflammatory cytokine, IL-10, as well as surface proteins such as CTLA4 for contact-dependent
inhibition of APCs, and CD39/CD73 to shift the extracellular milieu from an ATP-driven inflam-
matory state through conversion of ATP to adenosine [48, 51, 52]. Trrg cells have also been
shown to depend on co-expression of T-bet, GATA3, and RORYT to mediate suppression of the
CD4+ Th cell subsets, in turn enabling them to express distinct chemokine receptors to allow
Treg cells to traffic to inflammatory sites and suppress the corresponding Tggr cell type [53].
Treg cells are also known to downregulate Foxp3 expression resulting in their reprogramming
into highly pro-inflammatory cells under certain inflammatory contexts [54]. However, the
nature of environmental triggers, stability, and reversibility of this transformation remains a
topic of intense investigation.

3. Epigenetic control of transcriptional programs in Th cell subsets

The transcriptional programs described thus far shed light on the mechanism leading to the
differentiation of various CD4+ T cell subsets (Figure 1). However, the ability of transcription
factors to drive their relative gene expression programs is dependent on several key factors
including transcription factor abundance, their location, any posttranslational modifications,
and importantly, whether the enhancer or promoter region they bind to is accessible in the
DNA. The accessibility of DNA is dictated by chromatin accessibility dependent on nucleo-
some modifications as well as the methylation status of the DNA itself.

Methylation of cytosines in cytosine-phosphate-guanine (CpG) dinucleotides in promoter and
enhancer regions of the DNA has been shown to directly impact the ability of transcription
factors to drive mRNA expression by either directly inhibiting transcription factor binding or
through recruitment of methyl-CpG-binding domain proteins [55]. DNA methylation markers
are transferred to progeny DNA through the action of DNA methyl transferase 1 (DNMT1),
while demethylating enzymes such as Tet2 can facilitate the removal of methyl groups from
CpG islands [56, 57]. Unlike DNA methylation, the nucleosome modifications present in
chromatin can be dynamic and varied. Nucleosomes can vary in their composition with
variant form of histone H2, H3, and linker histones being incorporated or removed from the
nucleosome to alter DNA accessibility. Histone modifications include the addition of acetyl or
methyl groups as well as sumoyl, ubiquitin, and ADP-ribose to modify DNA-binding sites for
regulatory elements that can either enhance or repress transcription [58]. Accessible DNA
results in the creation of DNasel hypersensitivity sites, which has allowed for identification
of permissive sites in the DNA [59]. Recent studies have uncovered a wide array of possible
histone modifications that take place within mammalian cells; however, a few main types of
modifications stand out as being characteristic of silenced, readily accessible, and inactive but
ready to be transcribed genes. Silenced genes are characterized by the presence of histone H3 with
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Figure 1. A generalized overview of CD4+ T cell activation and differentiation. Activation of the TCR and CD28
co-stimulation pathways is required for the induction of genes necessary for T cell proliferation and survival, allowing
for further differentiation based on requisite signals. Activation of STAT1 and STAT4 pathways, triggered by IFNy and
IL-12 respectively, is required to induce the expression of T-bet resulting in the secretion of IFNy and other Thl cytokines.
The Th2 lineage is driven by GATA3 upon activation of the STAT6 pathway by IL-4. TGF-f in conjunction with STAT3
activating signals is required to drive a Th17 response via expression of RORYT. Similarly, TGF-f3 and NFAT can facilitate
the conversion of Tggr cells to a Treg phenotype through induction of Foxp3, resulting in the expression of proteins
required for Trgg suppressive function but making them dependent on exogenous IL-2 for proliferation and survival.

either dimethylation or trimethylation of lysine 9 or 27 (H3K27 and K3 K9), whereas readily
accessible and transcribed genes possess single, di-, or tri- methylation of lysine 4 on histone 3
(H3K4) [60]. In addition, the presence of acetyl groups on histones increases the mobility of
nucleosomes, allowing enhanced transcription of genes in proximity to acetylated histones. Genes
that are inactive but poised and ready to be transcribed possess bivalent modifications incorporat-
ing both permissive and silencing modifications. In recently activated naive CD4+ T cells, the
presence of these bivalent modifications at important cytokine loci allows Th subset-dependent
factors to make the corresponding loci more accessible while silencing loci associated with
alternate lineages. TCR stimulation results in the creation of DN Ase-1 hypersensitivity sites in
the ifng and il4 loci dependent on the recruitment of NFAT to these loci, as inhibition of TCR
activation with CsA ablated the creation of these sites [61].
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During Thl lineage commitment, the ifng locus is marked by the presence of both H3K4 and
H3K27 modifications; however, progression through Thl differentiation in response to the
initial upregulation of T-bet leads to a significant increase in the presence of permissive H3K4
modifications, while H3K27 modifications are removed throughout the locus [62]. This results
in a marked increase of DNase-1 hypersensitivity sites at regulatory elements of the IFNy
locus. STAT4 further contributes to the generation of a permissive environment at this locus
through recruitment of chromatin-remodeling complexes to the promoter allowing for
increased IFNy expression [63]. However, while STAT4 signaling is required for enhancing
Th1 differentiation, T-bet can drive lineage commitment in the absence of STAT4 signaling due
to its ability to bind the ifng locus when it is repressively methylated and to recruit histone
demethylases to remove repressive H3K27 modifications [64]. Additionally, T-bet is known to
recruit methyl-transferases to create permissive H3K4 trimethylation [65]. Thus, T-bet expres-
sion can override the repressive modifications to the ifng locus during the process of Th2
differentiation.

The epigenetic modifications that arise during Th2 differentiation have been extensively stud-
ied in past decades. Unlike the loci for other subset-specific cytokines, the il4 promoter pos-
sesses a reduced degree of CpG methylation allowing low-level transcription of /4 mRNA
following the TCR stimulation, allowing this locus to convert to a more permissive state as the
level of Th2 cytokine signaling increases [66, 67]. The increased IL-4 signaling through STAT6
results in the recruitment of histone acetyl transferases to the GATA3 promoter [68]. As the
expression of GATAS3 increases in Th2 cells, it mediates a variety of epigenetic changes at Th2
cytokine loci. One action of GATA3 is to inhibit the binding of MBD proteins to CpG methyl
groups and restrict the action of DNMT1, resulting in a loss of CpG methylation as cells
continue to divide under Th2 polarizing conditions [69]. Even in committed Th1 cells, inhibi-
tion of DNMT1 results in the ability of Th1 cells to secrete IL-4, demonstrating the importance
of GATA3-mediated demethylation of the Th2 cytokine locus in Th2 cell commitment [66].
GATAS3 is also able to sustain its own expression through recruitment of methyltransferases to
the gata3 promoter to induce permissive H3K4 modifications, indicating that while STAT6 is
necessary for the initiating the conversion of naive CD4+ T cells to a Th2 phenotype, GATA3
transcriptional activity and epigenetic modifications are responsible for stabilizing commit-
ment to the Th2 cell fate. In addition to maintain Th2 differentiation, GATA3 is known to bind
the ifng promoter in conjunction with STAT6 to mediate recruitment of methyltransferases to
increase the presence of repressive H3K27 modifications, as well as by recruiting histone
deacetylase complexes to further repress transcription of the ifng locus and suppress Th1 cell
commitment [70].

Unlike with Thl and Th2 differentiation, there is no evidence that the master transcription
factor of the Th17 lineage, RORYT, can induce the necessary epigenetic changes to facilitate the
Th17 transcriptional program. However, STAT3 is known to recruit histone acetyltransferases
to the i/17a and il17f promoters to promote Th17 effector function [71]. Interestingly, analysis
of histone modifications in freshly isolated Th17 cells has revealed that they possess bivalent
modifications at both the ifng and tbx21 loci, allowing for the generation of IFNy+IL-17+
Th cells. These loci are thought to become permissive following TCR stimulation, and studies
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with immunization of OT-II mice with ovalbumin reveal an increase in the amount of double
positive cells compared to unimmunized controls with higher levels of i/12rb2 mRNA found
within the Th17 cells of immunized mice [72].

The epigenetic landscape of Trgg cells is crucial for the induction and stable expression of
Foxp3 and ensuing Trgg transcriptional program through alterations to the CNS regions of
the foxp3 locus. While the binding of c-REL to CNS3 is important for Foxp3 induction in
tTreg cells in the thymus, and the binding of SMAD/NFAT complexes to CNS1 is responsible
for the induction of Foxp3 in pTgrgg cells, CNS2 has been identified as being necessary for
sustained Foxp3 expression in the maintenance of the Trgg phenotype [73]. This region,
termed as the Treg-specific demethylated region (TSDR), contains binding sites for various
transcription factors involved in maintaining Foxp3 expression, including ETS-1, STATS,
CREB/ATE, as well as Foxp3 itself [74]. In tTrgg cells, this region is devoid of CpG methyla-
tion while being highly methylated in induced Trgg cells; however, pTrgg cells induced
in vivo possess partially hypomethylated TSDRs resembling that of tTrgg cells [75]. Mainte-
nance of the TSDR in Trgg cells is achieved in part through regulation of DNMT1 expression.
DNMTT1 has been shown to be able to disrupt the TSDR in tTgrgg cells. DNMT1 expression is
induced via activation of STAT3 in response to exogenous IL-6, resulting in methylation of
the TSDR and downregulation of Foxp3 expression. In addition, the strength of TCR signal-
ing during pTreg induction has been shown to regulate the level of DNMT expression, with
high levels of TCR signaling resulting in the impaired induction of Foxp3. Conversely, TGF-3
signaling is known to antagonize DNMTT1 activity in Tgrgg cells [76, 77]. Furthermore, the
MBD protein MBD2 has been demonstrated to be essential for maintenance of the TSDR in
tTreg cells. tTreg from MBD2—/— mice were shown to possess demethylated TSDR in the
thymus but were unable to maintain the TSDR in the periphery. This is due to impaired
recruitment of the demethylase Tet2 to the TSDR in the absence of MBD2, suggesting a role
for MBD2 in the active demethylation of the TSDR [78].

4. Regulation of mRNA stability in CD4+ T cell subsets

Thus far, we have examined how transcriptional and epigenetic changes are able to influence
various gene expression programs of CD4+ T cell subsets through the induction of mRNA
synthesis to enact both lineage commitment and effector function. However, recent studies
have demonstrated that the level of mRNA within a cell is dependent not only on the genera-
tion of new mRNA transcripts but also on the stability of mRNA in the cytosol allowing for
continued protein expression. Several mechanisms have been described that are capable of
regulating mRNA stability including RNA-binding proteins (RBP) as well as other RNA
molecules.

RBPs are a specialized group of proteins that recognize conserved sequences present in the
untranslated regions (UTR) of mRNA. One of the determinants of mRNA stability is the length
of the polyadenylated tails with the removal of mRNA poly-a-tails being a precursor to the
removal of 5° CAP and subsequent degradation of mRNA [79]. The RBP CPEB1 has been
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shown to recognize cytosolic polyacetylation motifs in the UTR of mRNA and can modulate
the length of the poly-a-tail depending on its phosphorylation status. Other RBPs such as
tristetraprolin (TTP) recognize AU-rich elements (ARE) and are responsible for degrading
mRNA synthesized under homeostatic conditions, but can be inactivated in inflammatory
contexts to facilitate mRNA translation. Conversely, RBPs-like HuR can stabilize mRNA
within the cytosol, allowing for prolonged gene expression [80].

Recent years have seen an emergence in the study of how noncoding RNA molecules can
regulate mRNA stability. This group consists of short RNA sequences called micro-RNA
(miRNA) as well as longer noncoding sequences (LncRNA). miRNAs are synthesized as
longer pre-miRNA; however, processing by various RNAse proteins, such as Drosha, Dicer,
and DGCRS, cleaves the miRNA molecule to its mature ~22 nucleotide length consisting of a
sequence that is antisense to its mRNA target, with binding sites being found primarily in the
UTR regions of target mRNA transcripts. Mature miRNA recruits the RNA-induced silencing
complex to target mRNA transcripts, inducing their degradation [81]. On the other hand,
LncRNA has been shown to play a variety of roles, including miRNA sponges by providing
decoy sites for miRNA binding as well as factors involved in facilitating transcription factor
complex formation [82].

These mRNA stability mechanisms play an important role in the activation of naive CD4+ T
cells. The absence of miRNA in T cells through ablation of the processing enzyme DICER
resulted in a decrease in the expansion of DICER-deficient CD4+ T cells following TCR stimu-
lation [83]. Importantly, the miR 17~92 cluster has been found to have an important function in
facilitating the CD28 co-stimulatory pathway through repression of the inhibitory protein
PTEN, allowing for T cell proliferation [84]. miRNA has also been shown to modulate TCR
sensitivity, with miR-181a targeting the inhibitory kinases PTPN22 and SHP-2, which act to
terminate TCR signaling. Antagonizing miR-181a abolishes CD69 expression, a characteristic
marker of recent TCR stimulation [85]. miR-21 also contributes to the epigenetic landscape in T
cell by targeting DNMT1 mRNA, creating hypomethylated regions in CD4 + T cells, resulting
in aberrant activation and cytokine secretion [86]. On the other hand, several miRNAs are
known to restrict CD4+ T cell activation, and miR181c targets IL-2 mRNA to repress expression
in naive CD4+ T cells; however, its expression is downregulated following TCR stimulation
allowing for IL-2 secretion [87]. mIR-125b has also been shown to be important in keeping
CD4 + T cells in a naive state by targeting key cytokines and cytokine receptors involved in
CD4 + T cell differentiation [88]. However, another study has demonstrated that TCR activa-
tion causes lymphocytes to produce mRNA transcripts with shortened UTRs negating some of
the inhibitory effect of miRNAs [89]. In addition, expression of the RBP HuR is increased in
activated CD4+ T cells, resulting in increased mRNA stability [90].

mRNA stability has been shown to be a contributing factor in regulating Th1/Th2 differentia-
tion. miR-155 facilitates Th1 differentiation by targeting the Th2 accessory transcription factor
c-Maf to limit Th2 differentiation, while miR-17 has been shown to restrict expression of the
TGEF-B receptor subunit 2 to block Th17 and pTgrgg conversion [91-93]. Other miRNAs have
been shown to limit Thl differentiation. miR-138 has been shown to alter the Th1/Th2 cell
balance by targeting RUNX3 mRNA impeding the T-bet-mediated induction of IFNy [94].
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Signaling through STATT1 initiates the transcription of miR-29, which contributes to the restric-
tion of Th1 lineage commitment by directly targeting both T-bet and IFNy mRNA, preventing
the IFNy-mediated feed-forward loop from driving further T-bet expression [95]. The RNA-
binding protein TTP is also known to degrade IFNy mRNA in activated T cells resulting in a
twofold reduction of the half-life of IFNy-mRNA in CD4+ T cells [96]. TTP has also been shown
to facilitate degradation of TNFax mRNA in other cell types, suggesting that a similar mecha-
nism may be present in Th1 cells. The RBP HuR has shown to increase the half-life of il4 and
il13 mRNA to promote Th2 differentiation. Furthermore, HuR protected GATA3 from TTP-
mediated degradation by blocking the ARE element present in GATA3 mRNA [97-99].
miRNA has also been linked to increased Th2 responses. Studies employing the use of asthma
models have revealed that miR-19 and mIR-146a are able to enhance Th2 responses with
elevated levels being detected in Th2 cytokine-secreting cells [100]. Elevated cytokine secretion
was seen in cells that express miR-19 compared to miR-19-deficient cells that express high
levels of GATA3. Ablation of miR-146a resulted in a skewing toward Th1/Th17 differentiation
[101]. Other miRNAs act to increase the DNA-binding activity of GATA3 with mIR-126
targeting a negative regulator of GATA3 transcriptional activity [102]. Conversely, some
miRNAs act to reduce Th2 differentiation directly with miR-340 destabilizing IL-4 mRNA or
indirectly with miR-128 resulting in increased ubiquitin-mediated degradation of GATA3
through targeting of BMI1 [103].

Many studies in recent years have also demonstrated the importance of miRNA in regulating
Th17 and Tggg differentiation and function. miR-21 facilitates TGF-3 signaling pathway by
targeting the negative regulator SMAD 7, which can enhance the generation of both cell types
[104]. The STAT signaling activity in these cells is also under regulation of miR-155. mIR-155 is
thought to enhance Tgrgg survival through attenuation of SOCS1, and inhibitor of STAT
signaling to enhance STAT5 activity in Trgg cells [105]. This miRNA, however, has also been
shown to be important for the IFNy and IL-17 secretion in response to H. Pylori infection
indicating that miRNA can play a role in both suppressing and driving inflammation [106]. In
Th17 cells, miR-155 has not been shown to directly target RORYT or BATF mRNA; however,
there is a significant reduction in 717, il17a, and il22 mRNA transcripts in the absence of miR-
155 [107]. miR-326 has an indirect effect in enhancing Th17 differentiation by targeting ETS-1, a
known negative regulator of the Th17 lineage [108]. Other miRNAs have been shown to have
subset specific functions. Elevated expression of miR-10a is detected in both tTrrg and pTrec
cells. While ablation of miR-10a results in a slight reduction of Foxp3 levels in tTrgg cells, its
expression is important in maintaining lineage commitment in pTgrgg cells through degrada-
tion of Bcl-6 mRNA to inhibit conversion of these cells to a follicular T helper (Tth) phenotype
[109]. Other miRNAs are involved in modulating Trgg effector function. miR-466 1 has been
shown to mask ARE elements in the 3’ UTR of IL-10 mRNA to prevent degradation via TTP in
other cell types, while the miR-17~92 cluster has been demonstrated to be necessary for the
expansion of IL-10 secreting Trgg cells [110, 111]. Conversely, miR-210 is involved in the
downregulation of Foxp3 expression and miR142-3p and miR-31 are known to target the
cAMP generation pathways, inhibiting Trpc metabolism [112-114].

The study of mRNA stability has revealed a convoluted network of miRNA and RBPs while
adding another layer of complexity to the transcription factor and epigenetic modifications
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dictating CD4 + T cell subset differentiation and function. Due to the permissive nature of
miRNA base pairing, further investigation is necessary to uncover the mechanism by which
miRNA targets specific mRNA for degradation depending on the context a cell finds itself in.

5. The emerging role of differential mRNA translation in modulating
CD4+ T cell functions

The accessibility of DNA, the activity of necessary transcription factors, and the mechanisms
governing how long mRNA lasts in the cytosol are all key factors in determining the total
abundance of specific mRNA transcripts within cells. Historically, techniques measuring
RNA abundance including RT-PCR and microarrays have been used to identify how specific
factors mediate their effect in CD4+ T cells through examination of their RNA signature.
These transcriptional signatures have been useful in inferring the genes involved in giving
CD4+ T cell subsets their diverse and specific functions in regulating the adaptive immune
response to achieve a balance between necessary inflammatory functions for host protection
without undue detrimental effects from over activity. However, studies in recent years have
revealed discrepancies between mRNA transcript and protein levels within cells, suggesting
that mechanisms controlling gene transcription and mRNA stability are insufficient to
explain the full scope of regulatory mechanisms governing immune cell function [115, 116].
From a functional standpoint, translational regulation of gene expression offers several
advantages in controlling immune responses. Thus, translational regulation of gene expres-
sion enables rapid integration of environmental cues to control protein activity, allows rapid
onset and reversibility of the response by utilizing the existing mRNA pool within a cell, and
forgoes the need for de novo mRNA synthesis. The advent of techniques to measure ribo-
some loading on individual mRNA transcripts has led to the identification of multiple genes
in both the innate and adaptive immune systems that are regulated at the level of mRNA
translation.

Studies in CD4+ T cells have shown distinct translational regulation regulating several key
components of cell function. IL-2 is translationally repressed in naive CD4+ T cells through
inhibition of ribosome loading to prevent aberrant expression prior to TCR stimulation [117].
The MAPK-signal integrating kinase, Mnk1, has been shown to promote the translation of
TNFa via phosphorylation of the translational silencer hnRNP A1, preventing its binding to
TNFa mRNA [118]. Additionally, the rate of GATA3 translation is increased following the
activation of the CD28 co-stimulatory pathway in CD4+ T cells without direct increase in
GATA3 mRNA abundance, while IL-4 signaling can facilitate IL-4 translation in a similar
manner [97, 119]. Recently, a genome-wide study examined the role of mRNA translational
regulation in CD4+ T cell subsets [120]. The isolation of polyribosome-bound transcripts,
enriched with highly translated mRNA transcripts and comparison with total cytosolic
mRNA, identified distinct translational signatures differentiating Trgg and Tggr cells. While
there was little discrepancy in the translational signature of naive unstimulated cells, TCR
stimulation causes these subsets to acquire divergent translational programs. The identified
translationally regulated mRNAs were found to be co-regulated in groups corresponding to
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specific biological processes. Among these, the genes involved in cell cycle progression were
found to be translationally silenced in TCR-stimulated Trgg cells compared to Tgpg cells.
Within this group of genes, there was a significant reduction in the translation of the eukary-
otic translation initiation factor, elF4E.

elF4E is a key component of the eIF4F translation initiation complex responsible for binding
the 5’CAP of mRNA to initiate ribosome assembly and mRNA translation. eIF4E is necessary
for the translation of many genes encoding for proliferation, survival, and cell cycle progres-
sion [121]. During homeostatic conditions, the e[F4E-binding proteins, e[F4E-BP1 and 2, bind
and sequester elF4E. Growth factors, hormones, or cytokines signaling through the PI3K/
AKT axis activate the mammalian target of rapamycin (mTOR). Activation of the mTOR
pathway results in the phosphorylation of eiF4E-BP and the release of eIF4E into the cytosol,
allowing for eI[F4E-mediated translation. Consistent with the translational silencing of eIF4E
in Trgg cells, mTOR gene deficiency or inhibition can abrogate the proliferation and differ-
entiation of Thl, Th2, or Th17 cells, while promoting Foxp3 expression and adopting a Trgc
phenotype [122]. In line with this, inhibition of eIF4E activity in CD4+ T cells abrogated their
proliferation in response to TCR stimulation in the presence of IL-2 [120]. Surprisingly,
inhibition of elF4E activity in activated Tggr cells also resulted in the induction of Foxp3
expression in a subset of cells, suggesting that modulation of eIF4E expression may impact
CD4+ T cell lineage identity, with translational silencing of elF4E being required for Tggg
stability.

The study of mRNA translation regulation is an emerging concept in the study of CD4+ T cell
function, offering a new perspective on the regulation of the complicated gene-expression
programs found in CD4+ T cells. Further investigation is necessary to understand how CD4+
T cells can integrate environmental signals to fine tune a transcriptional landscape to modulate
function without undoing the complex transcriptional and epigenetic changes necessary to
acquire their specialized functions in the first place.

6. Conclusion

Several post-transcriptional mechanisms regulate gene expression for many key aspects of T
cell activation, differentiation, and effector functions. During immune responses, the rapid
induction and termination of various immune cell effector activities must be controlled in a
timely and efficient manner to prevent the adverse consequences of pathologic inflammation.
To achieve this fine control of biological responses, transcriptional mechanisms play an essen-
tial role for the regulation of gene expression. Moreover, many post-transcriptional mecha-
nisms, including translational control of gene expression, are particularly advantageous to a
cell as it integrates inflammatory signals with rapid and context-dependent protein synthesis
and effector responses without the energy expenditures associated with time-consuming de
novo mRNA synthesis. Recent single gene or genome-wide approaches highlight how post-
transcriptional mechanisms control gene expression in various innate and adaptive cell types
and potentiate a modular regulation of gene expression for a more efficient response to cellular
activation and environmental cues.
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The past decade has witnessed a rapid rise in research on post-transcriptional mechanisms
directing gene expression programs in innate immune cells. However, the mechanisms under-
lying the regulation of adaptive immunity still remain poorly defined. For instance, uncov-
ering the regulatory steps that control gene expression events during cell function in CD4+ T
cell subsets, key orchestrators of adaptive immunity, may shed light into the identification of
novel immune “checkpoints” and therapeutic applications. Unraveling the molecular defini-
tion of key pathways involved in T cell proliferation or differentiation, promotion of Foxp3+
Trec activities in metastatic tumors, or those that induce pathogenic T cell lineages in autoim-
mune diseases, for example, could allow for the development of novel therapies to restore

immune quiescence.
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