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Abstract

MicroRNAs (miRs) were only discovered little more than a decade ago, yet it has become rapidly
clear that they are crucial posttranscriptional regulators of gene expression by decreasing the
abundance or translational efficiency of MRNAs [1, 2]. While the role of miRs in cell fate
decisions linked to proliferation, differentiation and apoptosis was recognized early on, the
importance of these non-coding small RNAs on immune system development and response has
only recently become evident. In addition to facilitating cell fate decisions of immune cells (e.g.
miR-181a and miR-223), miRs also regulate central elements of the adaptive immune response
such as antigen presentation (e.g. miR-155) and T-cell receptor signaling (mir-181a). Furthermore,
miRs are involved in innate immunity through regulation of Toll-like receptor signaling and
cytokine responses (e.g. miR-146). Intriguingly, cellular miRs not only alter immune cell
development and function, but are also able to directly affect viral replication. Conversely, virus-
encoded miRs shape the host-virus interactions and regulate the viral life cycle. Here we provide a
brief overview on the role of cellular and viral miRs in the development and function of the
immune system.

MIRs IN IMMUNE SYSTEM DEVELOPMENT

Dicer is a key enzyme in the generation of miRs, and its absence precludes the formation of
mature miRs. T cell-specific abrogation of Dicer expression results in significantly reduced
T cell numbers, and even though CD4*/CD8" T cell lineage commitment appears to be
largely unaffected [3, 4], the impaired development of regulatory T cells leads to
autoimmune pathology [5]. Deletion of Dicer at the early B cell stage causes an almost
complete block at the pro- to pre-B cell transition that coincides with a significant
upregulation of the pro-apoptotic protein Bim [6]. This broad ablation of miR expression
illustrates the importance of miRs in general in the development and function of the immune
system, and tightly coordinated expression of specific miRs has over the last few years been
shown to influence myeloid and lymphoid lineage commitments [7, 8]. Importantly, more
information is rapidly becoming available on the specific roles of individual miRs in
immune system development. (Table 1)

Chen et al. reported that miR-181a is highly expressed in the thymus, and is also detectable
in the spleen and bone marrow progenitors and B220* B cells. Ectopic expression of
miR-181a in hematopoietic stem/progenitor cells leads to an increase in B-lymphocytes,
with a concomitant decrease in T lymphoid cells, particularly CD8* T cells [9]. This appears
to be a modulatory control rather than a developmental switch, as the increase in B-lineage
cells did not completely block the differentiation of other lymphoid and myeloid cell types.
The strong expression of miR-181a in the thymus and its enrichment in CD4*CD8* cells
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suggested a contribution to T cell development. Indeed, miR-181a appears to target Bcl-2,
CD69 and the T cell receptor, all of which coordinately mediate positive selection [8, 9].
Furthermore, miR-181a regulates T cell selection by altering their sensitivity to peptide
antigens, an effect that is at least partly achieved through the downregulation of multiple
phosphatases that act as negative regulators of T cell receptor signaling [10].

miR-150 is induced during B and T cell maturation and is found in mature, resting B- and T-
cells, but not in their progenitors. Its presence in splenic B or naive T cells, but not in pro-B
cells or Ty or Ty clones further supports the notion of a developmental role of miR-150,
which is further supported by a lack of miR-150 expression in Rag2-deficient spleen and
thymus [11]. Interestingly, when ectopically expressed in hematopoietic stem cells, miR-150
significantly blocks pro-B to pre-B stage transition, but has little effect on the formation of
CD4" or CD8* T cell or myeloid cells [12]. Xiao et al. demonstrated that the expression of
the primary predicted target of miR-150, the transcription factor c-Myb which directs
multiple steps of lymphocyte development, is indeed controlled by miR-150 in vivo, and
miR-150 and c-Myb-deficient mice display mostly opposing phenotypes [13]. Conversely,
miR-150 transgenic mice show a phenotype similar to c-Myb-/- animals with respect to
abnormal B cell development and loss of B1 cells [13].

The B/C locus, which represents a common retroviral integration site in chicken, encodes
miR-155, a microRNA that has received a lot of attention due to its oncogenic potential and
elevated expression in human lymphomas [14-17]. The identification of a viral orthologue
of miR-155 in Kaposi’s-sarcoma-associated herpes virus (KSHV) raises the possibility that
this viral miR may contribute to the induction of KSHV-positive B-cell tumors [18].
MiR-155 expression is up-regulated in activated B and T cells [19], in germinal center B
cells and in activated monocytes [20]. Abrogated expression of miR-155 leads to defects in
germinal center formation and Ig class switching [21, 22] as well as a skewing towards the
Tho lineage [22, 23], while forced B-cell specific expression causes lymphoblastic
leukemia/high-grade lymphoma [24]. The activation-Induced Cytidine Deaminase (AID) has
been identified as an important target for regulation by miR-155 [25, 26].

Similar to miR-155, the miR-17~92 locus encoding miRs-17, 18a, 19a, 20a, 19b-1 and 92-1
harbors oncogenic potential, and miR-17~92 transcripts are elevated in B cell lymphomas
[27]. Absence of miR-17~92 leads to increased levels of Bim and inhibits B cell
development at the pro-B to pre-B transition [28]. Conversely, ectopic expression of
miR-17~92 in lymphocytes leads to loss of Bim and PTEN, and causes lymphoproliferative
disease and autoimmunity [29]. This overexpression of miR-17-92 also yields increased
numbers of CD4* T cells in the periphery, and activated CD4" T cells produced more IFNy
and IL-10, but not IL-4, correlating with higher serum levels of IgG2a and 1gG3, but not
1gG1 [29].

Many additional miRs have now been implicated in myeloid or lymphoid differentiation,
albeit their specific functions are less well understood. The loci for miR-142, miR-15, and
mIiR-16 are at sites of translocation breakpoints or deletions linked to human leukemias [9].
Ectopic expression of miR-142s was found to have no significant effect on B lymphocytes,
but substantially alters lineage differentiation within the T cell compartment [9]. MiR-669c
and miR-297 are specifically upregulated in CD4* T cells, whereas miR-15b, miR-24,
miR-27a and miR-150 were more prominent in CD8" cells, suggesting that these miRs
function in the development or function of these respective cells [8]. MiR-223, which is
mostly confined to the myeloid cell lineage and promotes granulocyte differentiation, is part
of a regulatory loop that involves C/EBP and NFI-A [9, 30].
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MIRs IN THE IMMUNE RESPONSE

Expression of several miRNASs (e.g. miR-21, miR-22, miR-24, miR-103, miR-155,
miR-204) is elevated in activated T cells /n-vitro, while miR-16, miR-26, miR-30, miR-150
and miR-181 were suppressed after CD3 stimulation [5]. While the exact function of most of
these miRs in T cell activation remains elusive, a recent study by Li et al. [10] elucidated the
process of miR-181 modulation of T cell selection in the thymus. MiR-181a affects T cell
responses to antigens by altering the strength and threshold of TCR signaling through
coordinated downregulation of several phosphatases that act as negative regulators of T cell
activation in response to antigens [10]. This inflection of TCR signaling by miR-181 not
only defines both positive and negative selection during thymic development, but suggests
that miR-181 is also likely to exert control over T cell mediated adaptive immune responses.

The role of miR-150, which is similarly suppressed upon T cell activation and is also subject
to down-regulation by Foxp3, a transcription factor characteristic for regulatory T cells [5],
in T cell function remains unclear. In B lymphocytes, where miR-150 expression is down-
regulated following activation by IgM-specific antibodies, CpG-containing DNA or
lipopolysaccharide (LPS), more information is available on its developmental contributions
compared to its role in B cell activation upon antigen encounter [13].

MiR-155 deficient mice are characterized by impaired germinal center formation, Ig class
switching (likely due to aberrant AID expression) and lower levels of IgM [21, 22, 25, 26].
Reduced IL-2 and IFN+y production, a tendency to differentiate towards the Th2 lineage and
a failure to mount an adequate immune protection upon vaccination also substantiate a vital
role for miR-155 in T cell responses as well [23].

Interestingly, miR-155 together with miR-146 and miR-132 is also crucially involved in
innate immunity by regulating the acute inflammatory response after pathogen recognition
by Toll-like receptors (TLRs) on monocytes or macrophages [20, 31]. Inducible expression
of miR-155 was observed during both bacterial and viral infections, as well as after exposure
of cells to proinflammatory cytokines such as IFNf, IFNy or TNFa. In contrast, miR-146
increases were mostly restricted to induction by bacterially derived ligands or I1L-1 and
TNFa [20, 31]. Both miRs appear to function as components of negative feedback loops
attenuating TLR signaling pathways, whereby miR-146 limits IRAK1 and TRAF6
expression [20], and FADD, RIP and IKKe are suppressed by miR-155 [32]. Conversely,
miR-125b which represses TNFa, is downregulated by LPS, thus allowing for TNFa
production to occur after TLR ligation, while ensuring the suppression of this
proinflammatory cytokine under non-infectious conditions [32].

Until a few years ago, no evidence existed to support a role for cellular miRs in the antiviral
immune response. On the contrary, Jopling et al. demonstrated that the predominantly
hepatocyte-expressed miR-122 was a prerequisite for Hepatitis C virus (HCV) replication,
likely mediated by a direct interaction between miR-122 and the 5” noncoding region of the
viral genome [33]. These findings were further corroborated by the observation that
disruption of the RNAI silencing pathway inhibits HCV replication [34]. More recent
studies, however, support the notion that cellular miRs do indeed contribute to the innate
immune response against viral infection. MiR-32 is able to restrict the accumulation of
primate foamy virus type 1 (PFV-1) in human cells. Furthermore, PFV-1 also encodes a
protein, Tas, that suppresses microRNA-directed functions, suggesting that the RNAI
response is detrimental to the viral life cycle [35]. Mice carrying a variant Dicer allele
display hypersensitivity towards vesicular stomatitis virus (VSV) infection. This effect be
traced back to a loss of miR-24 and miR-93, which inhibit expression of viral proteins, and
mutant VSV lacking the target sites for miR-24 and miR-93 replicates more efficiently in
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wild-type, but not in Dicer™~ animals [36]. Similarly, Triboulet et al. reported that HIV-1
replication in T-cells is enhanced under circumstances of reduced Dicer or Drosha
expression, and that HIV-1 in turn promotes its own replication through increased histone
acetyl-transferase (PCAF) expression via attenuated transcription of the miR-17~92 cluster
[37]. Intriguingly, HIV-1 Tat appears to inhibit Dicer function in an RNA-dependent
manner, thus supporting the notion of a miR-based antiviral status [38, 39]. Finally, we
recently reported the upregulation of several cellular miRs in response to treatment of
hepatocytes with the antiviral cytokine IFNB, with a concomitant down-regulation of
miR-122. Several of these interferon-induced miRs (miR-196, miR-296, miR-351, miR-431,
miR-448) displayed seed sequence matches within the HCV genome and, when ectopically
expressed, reduced HCV replication. Mutation of the predicted target sites of miR-196 and
miR-448 in the HCV genome obliterated the inhibitory effect of these miRs on HCV
replication [40].

VIRAL MIRS AND IMMUNE SUBVERSION

Increased understanding of Immune modulation via RNAI over the last few years revealed
that not only cellular, but also virus-derived miRs are an integral component of the virus-
host interaction [41, 42]. (Table 2) It is not surprising to find that viruses have evolved to
utilize miRs to their advantage, as they require comparatively little coding space in the viral
genome, while at the same time remaining ‘undetected’ due to their lack of antigenicity.
Interestingly, viral miRs seem to be unique to DNA viruses, with the potential, but still
controversial exception of HIV-1 [38, 41, 43, 44]. Two basic mechanisms have emerged by
which virally-encoded miRs can alter the host-pathogen interplay.

In the first scenario, viral miRs suppress the innate immune response by targeting cellular
transcripts. It had been suggested that the herpes simplex virus-1 (HSV-1) LAT transcript
encodes a miR that inhibits apoptosis and promotes latency by targeting TGFp and SMAD3
[45]. While this article was subsequently retracted, a new study confirmed that the LAT
transcript indeed functions as a miR precursor, albeit encoding distinctive miRs with
different target specificity [46]. The MHC class I-related chain B (MICB) transcript, which
encodes a ligand for the NK cell receptor NKG2D, was recently identified as the target of a
miR encoded in the UL112 region of human cytomegalovirus [47]. KSHV was reported to
harbor at least 12 miRs [48, 49] cooperatively targeting osteopontin and thrombospondin-1
(THBSL1). THBS1 activates TGFp, and its suppression by KSHV-encoded miRs might
account for the reduced TGFp activity correlated with KSHV pathogenesis [50].

Alternatively, viruses use their miRs to alter host cell responses and/or promote their life
cycle by targeting viral transcripts. This seems to be a predominant mechanism in the
establishment of viral latency, as demonstrated in the cases of Epstein-Barr virus (EBV) or
KSHV. In the former, two miR clusters, BART and BHRF1, promote viral latency in B cell
and epithelial cells, respectively [51-53]. Similarly, miRs expressed during late simian virus
40 (SV40) infection target early viral MRNAS such as the T antigen, thereby reducing the
susceptibility of infected cells to killing by cytotoxic T cells [54]. Notably, even the
apparent ‘antiviral’ properties of cellular miRs might not always be detrimental to viral
survival, as illustrated by the contributions of miR-28, miR-125b, miR-150, miR-223 and
miR-382 to the establishment of HIV-1 latency in CD4* T cells [55]. Comprehensive and
more detailed summaries of the roles of cellular and viral miRs in viral infection and
immunity have been published recently [56, 57].
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CONCLUSION

The discovery of miRs as posttranscriptional regulators has added yet another layer of

co

mplexity to the mechanisms that govern the development and function of the immune

system. The elucidation of the roles of 500+ cellular miRs and the still increasing number of
virally encoded miRs with complex combinatorial and sometimes redundant functions will
pose enormous new challenges to researchers, but might also bestow novel opportunities for
therapeutic intervention.
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Table 1

Regulation of miRs during lymphocyte development (black= upregulated miRs, red = downregulated miRs)

1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN
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Lympoid Progenitor B-lineage
Pro-B PreB Mature B
Resting  Activated
142 24 181a 150
142 150
T-lineage
DN DP CD4

Resting Activated

29b let-7c,d
92 16
142-3p 21
181a 22
297 24
350 26
669c 30b,c
103
150
16
1
20a 5
29b 181
92
128b 214
142-5p
181a
350 CD8

Resting Activated

15b let-7f

24 15b
27a 16
29b 21

92 142-3p

142-3p 142-5p

150 150
181a 669d
350

Adapted from [56]
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Table 2

Summary of MiRs in human viral pathogens

VirusFamily  Virus Known miRs

Herpes Viruses  HSV-1 miR-H1

hCMV miR-UL22a
miR-UL36
miR-UL70
miR-UL112
miR-UL148D
miR-US4
miR-US5-1
miR-US5-2
miR-US25-1
miR-US25-2
miR-US33

EBV miR-BART1to 20
miR-BHRF1-1
miR-BHRF1-2
miR-BHRF1-3

KSHV  miR-K12-1to 12

Adenovirus hAV not named

Adapted from [57]
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