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Abstract CD4 T cells are an integral part of adaptive immunity. microRNAs have been
identified as fundamental regulators of post-transcriptional programs and to play roles in
T lymphocytes’ development, differentiation, and effector functions. To better understand
the role of miRNAs in T cells and to identify potential therapeutic tools and targets, we
have undertaken studies of miRNAs that modulate or are modulated by T-cell receptor
signaling. We identified miR-181a as a key regulator of TCR signaling strength, and hence
T-cell development, and the miR-17-92 cluster as an important player in CD4 T cells’
response against antigens. These discoveries, coupled with work by other researchers,
reveal the power and importance of miRNA-mediated regulation in T-cell responses and
offer new insights into the burgeoning field of immunoregulation.
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Introduction

A properly functioning immune system must distinguish foreign and self-antigens and
mount a response against the former with remarkable sensitivity and specificity [1]. T cells
achieve this goal by specific antigen recognition through their antigen receptor (the TCR)
and a highly regulated development and differentiation process both in the thymus
and in secondary lymphoid tissues. The signal transduction machinery downstream of
TCR:peptide major histocompatibility complex (pMHC) engagement has been heavily
studied, and the detailed functions of several kinases, phosphatases, and adaptor/scaffold
molecules in this pathway are well documented [2-5]. As we better understand these
signaling networks involved in T-cell activation and differentiation, we are increasingly
amazed by the elegant precision with which these networks are dynamically regulated to
ensure the demanded functional outcome. However, many questions remain. For example,
how is the signaling modulated to ensure proper development of thymocytes, such as
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maintaining the higher sensitivity of a DP T cell to facilitate positive and negative
selection? Or, how is this network re-programmed when a T cell responds to its antigen,
and how do pathogens or tumor cells utilize such regulatory mechanisms to favor their
invasion? Or, how does this network integrate other cues from the microenvironment to
turn on lineage-specific genes and silence the fate-unrelated genes when a T cell differ-
entiates into diverse effector or regulatory subsets? While multiple approaches might be
applied to clarify such questions and to perturb such networks for therapeutic benefits, our
laboratory is focusing on investigating how these processes are regulated by microRNAs
(miRNAsS).

miRNAs are 22- to 24-nt small, non-coding RNAs that modulate gene expression post-
transcriptionally through inducing mRNA degradation or translational repression [6]. As
the overall importance of miRNAs for hematopoiesis [7] and immune regulation [8] has
been now well recognized [9], illustrating the function and mechanisms of individual
miRNAs in specific immune cells is gaining increasing interest. Using a high-throughput
expression profiling platform developed in the laboratory, we identified a large group of
miRNAs that are dynamically regulated during T-cell development, following antigen
challenge, during differentiation, as well as during infectious disease progression. Spe-
cifically, we are currently working on elucidating the function and molecular mechanisms
of several miRNAs in regulating these processes.

Regulating thymocyte development: mir-181a as an intrinsic antigen sensitivity
rheostat

The elaborate T-cell responses to antigens are largely dictated by the affinity of
TCR:pMHC complexes, particularly their dissociation rate. In general, peptides with
slower dissociation rates elicit stronger TCR signals and lead to higher T-cell reactivity to
antigenic peptides [10-13]. Variations in the antigenic peptide affinity to the TCR may
lead to both quantitative and qualitative changes in its ability to elicit the TCR signaling
cascade and T-cell responses [14]. With increasing dissociation rates, peptide ligands are
ranked from agonists (ligands that evoke full T-cell responses) to weak agonists (ligands
that are able to activate T cells in substantially higher concentrations), to antagonists
(ligands that are unable to activate T cells by themselves and block TCR activation to
otherwise stimulatory concentrations of agonist ligand) [15], to co-agonists (ligands that
are unable to stimulate the TCR but can assist agonist signaling) [16], to null peptides
(ligands that cannot participate in TCR signaling). Although a number of models have been
proposed to explain the kinetic discrimination in T-cell activation, how T cells sense
quantitative changes in antigenic peptide affinity through the TCR and yield both quan-
titatively and qualitatively different responses is still an intensive area of study.

More interestingly, T-cell responses and TCR signaling to a specific antigen also vary in
T cells of different developmental stages, suggesting that T-cell sensitivity to antigen is
regulated during development [17-20]. Qualitatively, in immature CD4 CDS8 double
positive thymocytes, low-affinity antigenic peptides that are unable to activate mature
effector T cells are sufficient to induce strong activation and clonal deletion [17]; antag-
onists, normally inhibitory to effector T cells, can induce positive selection [21, 22] or even
negative selection [8]. Quantitatively, while mature CD4 [23, 24] and CDS8 [25] T cells
demand 10 agonist pMHCs in order to form a mature immunological synapse and execute
a sustained effector response, two are sufficient to trigger apoptosis in DP thymocytes [26].
These observations demonstrate that T-cell sensitivity is intrinsically regulated to ensure
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the proper development of specificity and sensitivity to foreign antigens while avoiding
self recognition at the mature stage. A few studies have described factors that may help
explain this fascinating phenomenon. For example, CD5 could influence the fate of DP
cells by acting as a negative regulator of TCR-mediated signal transduction [27]; alter-
native sialylation of cell surface molecules could partially alter TCR sensitivity during
development [28]; and very recently, the reciprocal action of CD45 and Csk tightly reg-
ulates the function of Lck, the key kinase initiating the whole signaling cascade, and
therefore the responsiveness of a T cell [29]. However, other molecular programs are
clearly at play.

Our initial interest was the elucidation of the cell-intrinsic factors responsible for
modulating the sensitivity of the TCR throughout development, which led us into the
miRNA field. miR-181a had previously been shown to impact both B- and T-cell devel-
opment when expressed in hematopoietic progenitor cells [7] and also had high expression
in the thymus [7]. Upon profiling of the expression levels in T cells throughout thymic
development, we observed a dynamic regulation of miR-181a levels with a gradual
decrease in copy number as maturation progressed [8]. When one considers that the cells
are also changing in size, the relative cytosolic concentration matches what one would
predict for a modulator of TCR signaling strength, given the sensitivity pattern outlined
previously. Using a transgenic TCR system, we showed that mature T cells expressing
ectopic miR-181a required only two peptides to elicit a half-maximal calcium response, an
~two-fold increase over the 5 peptides normally required. More strikingly, this increase
also allows miR-181a to effectively convert an antagonist to an agonist, eliciting TCR
signaling. The mechanism involves the downregulation of a network of phosphatases
responsible for negatively regulating distinct steps of TCR signaling: PTPN22, which
removes activating phosphorylation on Lck and ZAP70 [30, 31]; SHP2, an effector for
inhibitory transmembrane adapter proteins (TRAPs) such as SIT and TRIM, which have
also been shown to influence thymocyte sensitivity and tolerance [32]; DUSPS5, which
dephosphorylates activated ERK in the nucleus; and DUSP6, which targets cytosolic
ERK1/2 [33]. Notably, miR-181a only moderately represses each target (a decrease in
protein level as small as 40%), and the synergistic repression of multiple targets in the
network is required. The summed reduction in the negative regulatory network results in a
dramatic increase in both steady-state and TCR-signaling-induced levels of activated Lck
and ERK1/2.

Based on these molecular aspects, one would expect miR-181a to play a key role during
the selection process in the thymus. Using fetal thymic organ cultures (FTOC), we dem-
onstrated that elimination of miR-181a via a miR-181a-specific antagomir increased the
number of T cells coming out of negative selection and decreased the number in a positive
selection setting [8]. The direct prediction from the former effect is the generation of
mature self-reactive T cells and a skewing of the TCR repertoire toward higher affinities.
In support of this notion, SP cells developed ex vivo in the presence of antagomir-181a
inhibition contain a population that responds to syngeneic APCs with constant elevation of
CDG69, a marker for early T-cell activation, and production of proinflammatory cytokines
such as IFNy, TNF, and IL-17. Furthermore, to test whether there is an evidential repertoire
shift generating autoresponsive T cells specific to particular self-peptides of notably high
affinity, we made use of the two self-peptides that we had previously found to have the
highest capacity to stimulate the 5C.C7 TCR: GP, and ATPase 11c. By fixing the 5C.C7§
chain but allowing the TCR« chain to vary as normal, we hoped to generate a pre-selection
repertoire that would be biased toward recognizing these two peptides. We then allowed
the 5C.C7f-transgenic thymocytes to mature in thymi in which miR-181a was inhibited.
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Using GP-I-E* and ATPase-I-E* tetramers, we could then see that miR-181a-inhibited
thymi had allowed the maturation of 30-fold more GP- and ATPase-reactive T cells, when
compared to otherwise unmanipulated 5C.C7pf-transgenic thymi [34]. Taken together,
these results strongly suggest that, in addition to the spectrum of presented endogenous
peptides, the abundance of certain self antigen, and the structural characteristics (e.g.
affinities) of recombined TCRs on each DP thymocytes, the net “readiness” (with respect
to both quantity and quality) of key signaling intermediates represents the fourth layer of
complexity in determining the outcome of selection.

A question, however, remains: how is miR-181a expression modulated throughout
T-cell development? One provocative explanation is that TCR signaling itself provides
direct feedback to downregulate miR-181a expression levels. By forming this loop of
mutual regulation, the sensitivity of the TCR is strongly enforced in pre-selection T cells
and conveniently restrained in post-selection ones. We have seen that miR-181a is rapidly
downregulated within 1 h following TCR engagement by either negatively or positively
selecting ligands [34]. Although the mechanism mediating this process is still under vig-
orous investigation, and we cannot rule out other entirely distinct regulatory mechanisms,
the rapid change of miR-181a levels upon TCR engagement would eloquently explain the
attenuated response of T cells throughout their thymic development. Given that DN3/4 T
cells have higher expression of miR-181a than DP cells and that miR-181a enhances DN3/
4 to DP progression in OP9-DL1 co-cultures [35], one might also speculate that the higher
sensitivity (perhaps even hypersensitivity) in DNs might allow for the sensing of signals
from the oligomerization of pre-TCR [36], which could conceivably then downregulate
miR-181a to the level seen in DP cells. Furthermore, it could provide another layer of
modulation to affirm peripheral tolerance. It was reported that T cells selected by high-
affinity, positively selecting ligands appear to be attenuated in their responsiveness in the
periphery [37]. If relatively stronger TCR signals in the thymus induce greater miR-181a
downregulation, and if this low miR-181a expression is maintained during the remainder of
the T-cell’s maturation, then this low miR-181a might render the resulting mature T-cell
population hyporesponsive, even though they carry higher-affinity TCRs.

The elucidation of the function of miR-181a and mechanisms regulating its expression
will not only offer further insight into T-cell development, especially with respect to the
role of TCR signaling, but should also help fill in some gaps related to the development of
autoimmune diseases. Autoimmunity is an undesirable immune response that occurs when
the immune system goes awry and attacks its host. In many cases, it seems to be the result
of a breakdown in T-cell tolerance. Central tolerance evolved to enable each mature T cell
to discriminate self from non-self in the context of MHC and ideally there would be no
self-reactive TCRs in the peripheral mature T-cell repertoire [38]. However, there are self-
reactive T cells that can escape negative selection and enter the peripheral T-cell pool
despite expression of their cognate antigen in the thymus [39, 40]. Under normal cir-
cumstances, this potential risk is well buffered by the mechanisms of peripheral tolerance
[41], but, as in any buffer system, buffering capacity is finite. One of the challenges to this
delicate balance is the avidity of T-cell responses. The sensitivity of a mature T cell
directly determines its avidity. Some evidence suggests that T cells with high avidity
toward self antigen are a pathogenically relevant population in peripheral tissues [42]. In
contrast, other research indicates that lower avidity T cells are abundant at earlier stages of
disease [43]. The proposed mechanism is that high-avidity T cells require less antigen and
co-stimulation and therefore will be the first and fastest to expand [44]. Such expansion
will initiate a wave of inflammation and consequently create a microenvironment more
favorable for the activation of low-avidity T cells at a later stage[45]. However, when we
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consider that T-cell sensitivity cannot be “overgeneralized” (i.e. considered only in terms
of TCR affinity), an alternative model that reconciles such seemingly disparate evidence
emerges: T cells’ readiness for responses is heterogenic. As discussed previously, the
“individualism” of the T cell, enforced by its internal regulatory machinery (such as
miR-181a, CD45, or Csk), shapes the characteristics of T-cells’ responses to antigen. Such
a model allows T cells with high-affinity antigen receptor but a low level of response
readiness to escape death during thymic selection; it could also enable T cells with low-
affinity receptor but a high level of response readiness to become a violent initiator of self-
destruction. Taking the model one step further, the dynamic regulation on the cytosolic
level of miR-181a can be considered a mechanism of active tolerance in the periphery.
Nevertheless, much remains to be determined regarding the extent to which TCR signaling
strength, not solely the TCR affinity, impacts the onset and progression of autoimmunity,
and miRNAs certainly represent one of many avenues to explore.

Importance of miRNAs for T-cell effector function: mir-17-92 as a comprehensive
promoter of the CD4 T-cell antigen response

A typical T-cell response against foreign or altered self-antigens involves robust clonal
expansion followed by a contraction phase to maintain immune homeostasis [46, 47].
Activation also drives CD4 T cells to differentiate into particular effector lineages [48]:
Tyl cells are responsible for clearance of intracellular infection and are implicated as the
effectors in various autoimmune malignancies, T2 cells control extracellular microbe
infection as well as mediate chronic inflammation and allergic responses, and a recently
identified third subset, Ty;17 cells, has been linked to a growing list of autoimmune disorders.
Naive CD4 T cells can also differentiate into a subset of cells having inhibitory functions:
regulatory T cells (Tgegs). Proliferation, differentiation, and programmed cell death con-
stitute the basic aspects of a typical T-cell response and proper regulation ensures the
clearance of specific pathogens or tumors. Identifying miRNAs that are actively regulating
these effector functions will facilitate the development of immune therapeutic methods.

Work by other researchers has already identified several miRNAs important for T-cell
effector function and differentiation. For example, miR-146a is upregulated following TCR
stimulation and functions to suppress IL-2 production and protect T cells from activation-
induced cell death (AICD) [49]. It is also required for Treg-mediated suppression of Tyl
responses by targeting Statl [50] and was identified, along with miR-150 and miR-155, as
a miRNA upregulated during the differentiation of Ty17 cells [51]. miR-150 was identified
as miRNA expressed in both B and T cells and blocks development in the former when
expressed prematurely [52]. More recently, it was demonstrated to inhibit the development
of central memory CD8 T cells [53]. miR-155 was demonstrated to be important for
balancing Ty 1/Ty2 cell differentiation [54] and for the germinal center reaction, specifi-
cally, T-cell-dependent antibody responses [55]. Recently, it was found that the level
of miR-155 expression is under the control of Foxp3 protein [56, 57], and, reciprocally,
miR-155 is required for maintaining Tge, identity [58, 59] by targeting suppressor of
cytokine signaling 1 (SOCS1) protein [58].

Following our investigations into how miR-181a controls the sensitivity of TCR sig-
naling, we wondered if antigen challenge might regulate the levels of miRNAs globally and
reasoned that upregulated miRNAs would likely help modulate the effector response.
We performed miRNA expression profiling and observed, strikingly, that around 70% of
miRNAs rapidly decline in CD4 T cells following antigen stimulation. A few, however,
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showed significant upregulation, and the miR-17-92 cluster, with its six miRNAs, represented
a significant proportion of upregulated miRNAs and formed a distinct group, although each
miRNA within the cluster exhibited individual expression dynamics (unpublished data).

The miR-17-92 cluster (miR-17, miR-18a, miR-19a, miR-20a, miR-19b, and miR-92a)
[60, 61] was originally described as an “oncomiR” because it was shown to collaborate
with c-Myc to induce B-cell lymphomas [62]. Further work in B cells highlighted a role for
the cluster in driving B-cell development from the pro-B to pre-B stage via downregulation
of the proapoptotic protein Bim [63]. Transgenic mice overexpressing miR-17-92 in
lymphocytes develop autoimmunity, an unsurprising phenotype given that the lymphocytes
are hyperproliferative and resistant to activation-induced cell death (AICD) [64]. The data
begged for an exploration of the function of the whole cluster as well as the individual
miRNA functions in the CD4 T-cell antigen response.

Utilizing an in vitro retroviral overexpression system and the miR-17-92 T-cell-specific
knockout mice, we found that miR-17-92 is a comprehensive and indispensable positive
regulator of CD4 T-cell response to tumor challenge (unpublished data). We noted that
mice with a conditional deletion of miR-17-92 in T cells were quite vulnerable to B16
melanoma challenge. Detailed analysis of miR-17-92-deficient CD4 T cells revealed a
significant proliferative, survival, and Tyl differentiation disadvantage, explaining the
tumor susceptibility phenotype. We further noted that miR-17-92 is critical in inhibiting
the induction of iTgc,s, Which are often induced within the tumor microenvironment and
then function in tumor maintenance [65]. Intriguingly, the individual miRNAs within the
miR-17-92 cluster have distinct functions. Specifically, miR-19b is the key element pro-
moting CD4 T-cell proliferation, survival, and IFNy production through targeting PTEN,
while miR-17 blocks iTg., differentiation and inhibits AICD by downregulating TGFSRII
and CREBI expression. Quite surprisingly, miR-18a and miR-92a seem to play antago-
nizing functions against the whole cluster, as they promote apoptosis of effector CD4 T
cells upon antigen rechallenge. Elucidation of the detailed mechanism and direct targets of
these two miRNAs is currently in progress.

miR-17-92 is the first identified miRNA cluster that promotes cancer progression, and it
does so at multiple stages and in multiple cell types [66]. Our study indicates that indi-
vidual miRNAs within this cluster possess individual or even antagonizing functions, even
though several of them belong to the same family, and our current knowledge fails to
predict divergence of their targeting. To treat these six miRNAs as an indivisible unit
became obviously misleading for our comprehension and dangerous for therapeutic design.
On the cancer biology front, this complexity calls for detailed functional and mechanistic
dissection to optimize antitumor therapy. On the immunology front, the functions of these
miRNAs are carried out through multiple protein targets, and the suppression of each
individual target is at a relatively moderate level. This provides a unique means to
effectively modulate the overall quality of T-cell responses, whose decision making usu-
ally involves multiple pathways and multiple genes in each pathway. Since it is unlikely
that the physiological function of other types of cells depends upon the same combination
of targets, treatments targeting miRNAs may have minimal side effects.

Although the role of the miR-17-92 cluster in CD4 T cells has been extensively
characterized by us and others, little is known about its function in CD8 T cells. Given the
potent antitumor phenotype observed in CD4 T cells, members of the miR-17-92 cluster
may strongly augment or suppress CD8 T-cell effector responses in antitumor immunity.
To answer this question and better understand the therapeutic potential of miR-17-92-
mediated immune therapies, we are currently working to dissect the role of the miR-17-92
cluster in CD8 T cells.
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Besides regulations following TCR engagement, relevant signaling events also regulate
miRNA expression in a variety of other cell types. Using miR-17-92 as an example,
estrogen receptor o signaling [67], stress-induced senescence [68], and hypoxia [69] have
all been shown to regulate miR-17-92 levels. Taken together, such data indicate that the
regulation of miRNAs plays an important role in the phenotype switching following the
sensing of extrinsic signals by the cell. Indeed, it may even be that messages interpreted by
one cell type result in phenotypic changes in other cell types via the organized secretion of
miRNAs by the sensing cell. A recent study has demonstrated that monocytes secrete a
variety of miRNAs (e.g. miR-150) in targeted microvesicles (MVs) and that the fusion of
such M Vs with target cells results in protein level decreases within the target cell [70]. The
implication here is rather dramatic: not only do cells store miRNAs intracellularly for
directed secretion, but the regulatory potential of a given miRNA stretches beyond the cell
in which it is produced. Such targeted regulation outside the cell of origin could affect
rapid phenotypic changes in cells otherwise oblivious to a particular signal, perhaps even
priming them to better receive or more strongly react to upcoming signaling events.

Closing remarks: a new frontier in immunoregulation

Our work on miR-181a demonstrated the first molecular mechanism of miRNA immu-
noregulation [8, 34]. Mounting evidence indicates that miRNAs regulate at least 20-30%
of protein coding genes in vertebrates at a significant level [71-73], representing a fun-
damental layer of the post-transcriptional program modulating immune cell development,
immune responses to infection, and the incidence of autoimmune disease and allergy [9].
Hence, miRNAs can be used as effective tools to manipulate a specific immune response
and for discovery. Identification of miRNAs’ functionally relevant targets may uncover
novel proteins (or novel functions of known proteins) as immediate targets for immune
therapy. Furthermore, unlike the lengthy and costly process of protein-based drug devel-
opment, designing and delivering an oligonucleotide-based miRNA mimic or inhibitor is
simple and effective [74-76]. miRNAs are opening many new areas for exploration and
add a further layer of complexity to the regulation of cellular responses. Given the power
of miRNA manipulation, proper dissection of miRNA function in the context of immune
regulation should provide much simpler and more controllable clinical tools for the
treatment of both cancer and autoimmunity.
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