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Abstract

Interferon beta (IFNB) production is an inaugural event in the innate immune response to viral
infections, with relatively small fold changes in IFNP expression resulting in the activation of
important antiviral signaling cascades. In our rapid SIV/macaque model of HIV encephalitis, virus
enters the CNS within four days of infection, accompanied by a marked IFNp response that wanes
as SIV replication is controlled. The centrality of IFNp to the innate antiviral response in the CNS
combines with the potential inflammatory damage associated with long-term activation of this
pathway to suggest that IFN may be subject to regulatory fine-tuning in addition to well-
established transcriptional and message stability mechanisms of regulation. Here, we present for
the first time evidence that microRNAs, including miR-26a, -34a, -145, and let-7b, may directly
regulate IFNp in human and macaque cells. In primary primate macrophages, the main cell type
implicated in HIV and SIV infection in the CNS, specific miRNAs reduce, while miRNA
inhibitors enhance, IFNp protein production. The potential biological significance of this
regulation is supported by evidence of an apparent negative feedback loop, with increased
expression of three IFNB-regulating miRNAs by primate macrophages exposed to recombinant
IFN or stimulated to produce IFNB. Thus, miRNAs may contribute significantly to the regulation
of IFNP in innate immune responses.

Introduction

Acute retroviral infection provokes rapid and striking innate immune responses in what has
been termed a “cytokine storm” (1). These responses are crucial in determining the course of
disease, as a delicate balance must be achieved between pro- and anti-inflammatory
processes. The former must be sufficiently ferocious to dampen viral replication and impede
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further infection, while the latter are needed to prevent the tissue damage inherent in chronic
activation of the immune system. In our rapid SIVV/macaque model of HIV encephalitis, we
have shown that both virus and the innate response are present in the central nervous system
early in acute infection (2-4). In addition, HIV and SIV infection of macrophages induces
IFNB, which in turn evokes downstream antiviral responses (2-8).

The cytokine IFNP, with both pro- and anti-inflammatory roles, is the main Type |
interferon induced during the initial innate response to retroviral infection of the central
nervous system (9). IFNp mRNA and protein levels rise two- and four-fold, respectively, in
response to viral replication during the acute phase of infection, followed by a decline
during the asymptomatic phase (2,4). However, these relatively small fold-changes produce
multiplicative effects on downstream effectors such as the antiviral protein MxA. IFNB is
also crucial for induction of anti-bacterial defenses (10,11).

The pivotal nature of IFNp and the magnified effects of its differential regulation suggest
that intricate modulatory mechanisms have evolved to regulate its production. Indeed, over
several decades, studies have elucidated numerous transcriptional and post-transcriptional
strategies for IFNP regulation (12). Maniatis and colleagues showed that an adenylate-
uridylate-rich element (ARE)3 in the 3'UTR of the IFNB mRNA was partly responsible for
message degradation (13). The IFNB ARE may be the binding site for destabilizing ARE
binding proteins (AUBPs) such as tristetraprolin (14). Interestingly, the early work on these
cis-acting elements in the 3'UTR also presaged an additional regulatory possibility:
translational modulation by microRNAs (miRNAs)3.

miRNAs are small RNA regulatory molecules, on average 22 nucleotides in length, that,
when integrated into protein complexes known as RNA-induced silencing complexes
(RISCs), bind to partially complementary sequences in the 3' untranslated regions of target
mRNAs and thereby contribute to gene regulation by inhibiting translation and destabilizing
transcripts (15,16). The human genome may encode over one thousand potentially
functional miRNAs (17), and each mature miRNA may have the ability to regulate the
expression of many genes. An estimated one-half of all protein-coding transcripts are
thought to be subject to miRNA regulation (15). Among several features predicting miRNA
regulation of a given 3'UTR is the presence of an AU-rich sequence (18) such as that found
in the transcripts of IFNP and many other cytokines (19). AU-rich elements are relatively
unstructured and may thereby enhance miRNA target site accessibility for miRNA-
containing ribonucleoproteins. Recent work has identified several potential cytokine miRNA
targets (19), with experimental confirmation reported for IL-10 (20) and the p35 subunit of
IL-12 (21). Indirect effects of miRNAs on cytokines have also been reported (22,23). IFN
is intimately involved in miRNA regulation, modulating the expression of numerous
miRNAs (24) as well as the miRNA processing enzyme Dicer (25). To date, no observations
of direct effects of mMiRNAS on IFN have been published, although indirect effects of
miR-146a on the Type | Interferons have been reported (26,27).

The importance of IFNP regulation in the innate immune response to HIV and SIV and the
presence of an extensive adenylate-uridylate-rich region in the IFNB 3’'UTR prompted us to
investigate the role of mMiRNA in direct regulation of IFNB. We used miRNA target
prediction algorithms to identify several miRNAs with potential recognition sites in the
IFNB 3'UTR, and we screened for miRNAs expressed and differentially regulated in primary
macrophages following exposure to IFNB. Of these miRNAs, four silenced through the
3'UTR in a reporter assay and affected secretion of IFN protein by primary macrophages.

3Abbreviations used in this paper: ARE (adenylate-uridylate-rich element), miRNA, (microRNA), MRE, (microRNA recognition
element), and poly I:C, (polyinosinic:polycytidylic acid)
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Treatment of primary macrophages with IFNP upregulates the expression of miR-26a, -34a,
and let-7b, suggesting a negative feedback loop for the regulation of IFNp protein.
Treatment with polyinosinic:polycytidylic acid (poly 1:C), a dsSRNA stimulator of innate
immune responses including Type | interferons, similarly resulted in miRNA upregulation,
and in a time frame consistent with IFNB-mediated regulation. These findings may have
significant implications for the fine-tuning of the innate immune response during retroviral
infection and, potentially, for the therapeutic modulation of innate immune responses.

Materials and Methods

MicroRNA target predictions and in silico genomics

Sequences of known and predicted mature human and macaque miRNAs were obtained
from the microRNA Registry at miRBase, http://www.mirbase.org/ (28-30). IFNp sequences
were from the NCBI Nucleotide database, http://www.ncbi.nlm.nih.gov/. The prediction
algorithms miRanda (31), RNAhybrid (32), microlnspector (33), and PITA (34) were used
to search for miRNA target sites in the macaque and human IFNP 3'UTRs. Where
applicable, miRNA-target seed sequence matches were allowed to include G:U wobble and
up to one mismatch. Human and macaque IFN-beta proteins were found to be 95% identical
and 97% similar by BLAST (http://blast.ncbi.nIm.nih.gov/Blast.cgi for NP_001129267.1
and NP_002167.1). miRNA primary transcript sequences were obtained from the UCSC
genome browser (http://genome.ucsc.edu/) (35). The presence of CpG islands and
transcription factor binding sites was assessed with the UCSC browser tracks “CpG Islands”
(36) and “HMR Conserved Transcription Factor Binding Sites” by Weirauch and Raney.

Cells and Reagents

Monocyte-derived macrophages were isolated from pigtailed macaques (Macaca
nemestrina) and from human subjects as previously described (7). The Johns Hopkins
Institutional Review Board reviewed and approved all human and animal studies, and all
samples were obtained in accordance with IRB protocols. Human cells were used in
experiments involving ELISA quantitation of IFNJ protein, as the ELISA reagents available
are relatively insensitive to macaque IFNp (in our hands). HEK-293T cells were acquired
from ATCC. miRNA mimics and antagonists were purchased from Ambion or Dharmacon.
Negative control RNA was the miRIDIAN microRNA Mimic Negative Control #1 from
Dharmacon (Sequence: UCACAACCUCCUAGAAAGAGUAGA), screened against the
human and macaque genomes by BLAT (37). Oligonucleotides for cloning were obtained
from IDT (see Supplemental information for sequences). Recombinant IFNp (PBL) and
polyinosinic:polycytidylic acid (poly 1:C, Amersham), were used at 100 U/ml and 50 ug/ml,
respectively.

RNA isolation

Vectors

Total RNA was isolated and purified by Trizol method (Invitrogen) or miRvana kit
(Ambion) according to the manufacturer's protocol. Concentration and purity were measured
using a NanoDrop spectrophotometer (ND-1000 V3.5.2 software) and denaturing RNA gels,
which were imaged by an Eagle Eye detection system (Stratagene).

The 3'UTR of the pigtailed macaque IFNf mRNA was generated by PCR and inserted
between the Xhol and Notl restriction sites downstream of the Renilla luciferase gene of the
dual luciferase vector psiCHECK-2 (Promega). Sense oligonucleotides containing the
predicted wild type and mutated microRNA recognition elements of the IFNB 3'UTR (for
miRNAs let-7b, miR-26a, miR-34a, and miR-145) were annealed with corresponding
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antisense oligos and inserted between the Xhol and Kpnl restriction sites downstream of the
in pEGFP-C1 (Clontech). Oligo sequences are provided in Supplemental information.

Luciferase assays

HEK-293T cells were co-transfected with psiCHECK-2 (with or without the IFNB 3'UTR)
and miRNA mimics using Lipofectamine 2000 (Invitrogen). Cell lysates were prepared 24
hours post-transfection and luciferase levels were measured using an Ascent Fluoroskan
fluorometer and the Dual Luciferase Reporter Assay System (Promega).

Fluorescence assay

IFNB ELISA

HEK-293T cells were co-transfected with specific pPEGFP-C1 constructs and a transfection
control, pdsRed-N1 (Clontech). Fluorescence expression was measured 24 hours later with a
Typhoon scanner (Amersham-GE Healthcare) and analyzed by ImageQuant software
(Amersham). For each transfection, green fluorescence intensities were normalized by red
fluorescence.

Human macrophages were transfected with miRNA mimics or antagonists (Dharmacon,
Qiagen, or Ambion) using HiPerFect (Qiagen). After six hours, cells were washed with PBS
and refed with media containing 50 ug/ml polyinosinic:polycytidylic acid (poly 1:C3,
Amersham). Culture supernatants were collected after 24 hours, and IFNp levels were
measured by ELISA (FujiRebio - Invitrogen) according to the manufacturer's protocol but
with an overnight primary incubation at 4°C to increase sensitivity. ELISA results were
obtained using a Microplate Reader, Model 680 (Bio-Rad).

mMiRNA and IFNB mRNA gRT-PCR

Macaque macrophages were treated with 100 U/ml of IFNP (PBL), and cells were harvested
at 2, 8, and 24 hours post-treatment for RNA isolation. Levels of mature miRNAs were
measured by individual gRT-PCR assays (Applied Biosystems) per manufacturer's protocol,
using 10 ng of total template RNA. Quantitative RT-PCR for IFNB mRNA was performed
as described previously (4).

Statistical analysis

Results

Analysis was performed using Microsoft Office 2004 Excel, including the Data Analysis
add-on, and Prism (GraphPad). For Student's t-test, two-tailed tests were performed and
equal variance was not assumed. Confidence intervals were generated using Data Analysis
(Excel).

Predicted microRNA recognition elements in the IFN 3'UTR

To assess the potential for miRNA regulation of IFNB, we sought miRNAs that could
interact with miRNA recognition elements (MRES)3 in the IFNB 3'UTR. We used multiple
prediction algorithms, including miRanda (31), RNAhybrid (32), and microlnspector (33),
to search for target sites in the macaque and human IFNB 3'UTRs. We also queried PITA
(34), which incorporates 3'UTR folding parameters into its predictions. The different target
prediction algorithms place varying emphases on seed sequence complementarity,
heteroduplex free energy of binding, location and size of internal loops and bulges, and
accessibility of the target site (as predicted by RNA folding).
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Over 200 total miIRNA-mRNA target duplexes were predicted by these algorithms. Most
target sites were concentrated in two clusters in the 5’ half of the IFNB 3'UTR (Figure 1,
boxes). To pare this list of predictions to an experimentally tractable size, we next
considered only those predictions shared by three prediction programs, and we further
reduced the number of candidates by selecting those likely to be expressed in macrophages,
a cell type of central importance to the innate immune response, HIV/SIV CNS disease, and
IFNP production (38). The likelihood of expression in macrophages was assessed according
to reported miRNA expression in CD14+ cells (39) and our own preliminary results from
miRNA microarrays with both human and macaque macrophages (K. W. Witwer,
unpublished). miRs -26a, -34a, -145, -181a, -198, and let-7b were selected for initial study.

As is the case for most of the other predicted miRNAs, the MREs for macrophage-expressed
miRNAs later shown to target the UTR (see below) are located in the target-rich 5’ half of
the IFNB 3'UTR (Figure 1). Importantly, only two nucleotide differences distinguish the
human and macaque 3'UTRs in this region (positions indicated by asterisks in Figure 1).
Neither of these nucleotides is predicted to bind the 5’ seed (6-8 nucleotides) of the targeting
miRNA, although a G-A (macaque-human) difference in the miR-34a binding site changes a
“wobble” G-U base pairing outside the seed region to a Watson-Crick interaction,
potentially lending a marginally more favorable binding energy to the human miR-34a:target
pair. This near-identity of the targeted sequences in human and macaque, combined with the
high level of miRNA conservation in primates, suggests that observations made in one
species translate well to the other.

mMiRNA mimics silence reporters containing IFNf 3'UTR sequences

To examine the functional effects of these mMiRNAs, we used reporter assays. The macaque
IFNB 3'UTR sequence was cloned 3' to a luciferase reporter gene in a dual luciferase
expression vector and transfected into HEK-293T cells. Four of the candidate miRNAs
(miRs -264a, -34a, -145, and let-7b), when added exogenously as miRNA mimics, reduced
the expression of luciferase in HEK-293T cells (Figure 2a) compared with no-miRNA
controls and a control C. elegans miRNA with nucleotide composition similar to that of the
mimics of interest. At 10nM transfected mimic, let-7b and an equimolar mixture of the four
miRNAs significantly reduced luciferase expression (p<0.001). At 40nM, all four miRNAs
reduced expression significantly at p=0.01 or lower. miR-34a and the equimolar mixture
achieved significant dose-dependent reduction in luciferase (p<0.01 and p<0.05,
respectively). The apparent lack of dose dependence for other miRNAs may indicate that the
lower concentration was sufficient to saturate native miRNAs and achieve maximal effect.
The equimolar mixture (10nM=2.5nm each, 40nM=10nM each) effected a greater control
than any single mimic, suggesting a cooperative effect of multiple microRNA recognition
element occupancy, as has been reported previously (40). Predicted binding sites for let-7b,
miR-26a, and miR-145 overlap in a region near the 5’ end of the UTR, while the miR-34a
MRE is located in a separate region, just 5’ to the AU-rich region.

To confirm the specific interaction of native miRNAs with the predicted MREs, we
designed defective MREs with mutations in three (miR-145) or four (-26a, -34a, let-7b)
nucleotides in the 5’ seed-binding region of the MRE (see Supplemental Table I for
sequences). Mutations were screened in silico (RNAHybrid) in the context of the full 3'UTR
to avoid inadvertent introduction of a novel consensus sequence for another miRNA. Wild-
type or seed-mutated MREs corresponding to the four miRNAs were then inserted
downstream of a fluorescent reporter. These constructs and normalization controls were
transfected into HEK-293T cells. MRE-containing constructs were silenced more efficiently
than constructs with seed- mutated MREs (Figure 2b) for all but the miR-145 MRE
constructs. This effect was significant (p<0.05) for the miR-34a MRE. The lower level of
significance for the -26a and let-7b MREs and the opposite result for the miR-145 constructs
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suggest several possibilities: the mutations we introduced did not fully abrogate binding of
the targeting miRNAs; additional native miRNAs may bind to the unmutated regions of the
MREs; and/or the introduced mutations may have created seed binding regions for
additional miRNAs that were not predicted by our screening methods. In addition,
comparing the results from Figure 1A and B, additional sites for one or more of the four
predicted miRNAs present in the full-length UTR, may not be represented in the MREs we
examined in these experiments.

miRNA mimics reduce, while miRNA antagonists increase, stimulated secretion of IFN

The potential effect of the four identified miRNAs on IFNP protein production was assessed
in primary human macrophages. Human macrophages were chosen for these experiments for
several reasons. As described above, the near-identity of known, expressed macaque and
human miRNAs and their respective IFNB 3'UTRs suggest that these miRNAs play the same
regulatory roles in humans and macaques. Additionally, no IFNB ELISAs we tested could
reliably detect macaque IFNp protein in our hands. For human protein, the ELISA we used
was sensitive from about 1 through several hundred 1U/ml with a slightly modified protocol
(see Materials and Methods), and the human IFNP response to poly I:C quickly reached the
upper end of this range (Figure 3). Although macaque macrophages exhibit a robust IFN
response as measured by qRT-PCR and downstream products of the IFNp signaling pathway
(7), only low levels of protein (in the 1-10 1U/ml range) were detected by ELISA in our
experiments. Because the amino acid sequences of the respective proteins are highly similar,
we hypothesize that species-specific glycosylation differences are responsible for the
observed lack of sensitivity to macaque IFN protein. Indeed, changes in two potential N-
glycosylation sites and one O-linked site appear to be among the macaque-human amino
acid differences (glycosylation predictions made by NetNGlyc,
http://www.cbs.dtu.dk/services/NetNGlyc/ and GPP,
http://comp.chem.nottingham.ac.uk/glyco/, data not shown) (41).

Macrophages were treated or not with two concentrations of an equimolar mixture of miRs
-26a, -34a, -145, and let-7b. The levels of transfected miRNAs were confirmed by gRT-PCR
comparison of each miRNA in pre- and post-transfection macrophages (data not shown).
Poly I:C RNA (50 ug/ml) was added to the media to stimulate production and secretion of
IFNp protein, and protein levels were measured by ELISA (Figure 3). At 24 hours post
stimulation, the level of IFNP protein secreted by macrophages treated with 10 or 40 nM
miRNA mimics (hormalized to no-miRNA, poly I:C-treated control) was reduced by
approximately 35% and 80%, respectively, compared with stimulated controls treated with a
control miRNA.

mIiRs -26a (42,43), -34a (44-46), -145 (47), and let-7 family members (48,49) have reported
effects on cell death processes in cancer, and promotion of apoptosis by transfected cells is
one a explanation for lower IFN production by miRNA-transfected cells. Although no
excess cell death was observed in the macrophages transfected with miRNA mimics, the
short time course of these experiments might have limited detection. Accordingly, we
transfected macrophages with miRNA mimics and control RNA (CmiR) and measured cell
death at three and 10 days post-transfection by trypan blue exclusion. No differences in live
cell counts were observed between untreated cells, transfection reagent-treated, CmiR-, and
miRNA-transfected cells (Supplemental Figure 1). Thus, it is unlikely that the apparent
miRNA-mediated downregulation of IFNf protein is due to promotion of apoptosis by the
transfected miRNAs. We also conclude that the pro-apoptotic effects observed in the cancer
literature may not triggered by these same miRNAs in the regulatory environment of healthy
primary cells.
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Beyond cell death, exogenous miRNA mimics could have other unintended indirect or off-
target consequences (50), including saturation of the miRNA processing machinery,
stimulation of intracellular signaling pathways, and miRNA-mediated up- or down-
regulation of transcripts whose products could affect IFN production. Accordingly, we
sought to inhibit native levels of the four identified miRNAs using miRNA antagonist
oligos, chemically modified to enhance stability and reduce off-target effects. These
antagomiRs bind to their cognate miRNAS and prevent association with target mRNAs.

The transfected antagomiRs, both singly and in equimolar mixture, increased the amount of
IFNp secreted by primary macrophages exposed to poly I:C stimulation (Figure 4). At 20
nM added antagonist, the effects of miR-34a and let-7b\\ antagonists were significant, as
was an equimolar mixture of the four miRNAs (all, p<0.05). Effects of miR-26a and
miR-145 approached significance (p<0.07). At 100 nM, miR-26a, miR-34a, and let-7b
produced significant effects (p<0.01), while miR-145 antagonist approached significance
(p<0.06). We observed an apparent lack of dose-dependence with the equimolar mixture of
antagonist, suggesting that a saturation of some native cognate miRNA may occur at the
lower concentration.

The antagonist-mediated increased levels of IFNp protein do not appear to result from
increased levels of IFN mRNA. Using quantitative real-time RT-PCR and a delta-delta ct
normalization method as described previously (4), we compared IFNB mRNA levels from
primary macrophages treated or not with miRNA antagonists and poly I:C. No significant
differences were found between transcript levels in antagonist-treated and -untreated
macrophages (R2=0.0035; Supplemental Figure 2).

A negative feedback mechanism: IFNB stimulates expression of modulating miRNAs

We next assessed the potential biological significance of these results by profiling miRNA
expression in primary macaque macrophages treated or not with recombinant IFNp.
Preliminary results from miRNA microarrays had indicated upregulation of three of the four
IFNB-targeting miRNASs upon stimulation with recombinant IFNp (data not shown). We
used a quantitative and mature miRNA-specific method, stem-loop gRT-PCR (51), to
measure the levels of miRNAs in primary macaque macrophages treated or not with
recombinant IFNp. Three of the four miRNAs were upregulated in response to IFN, and
the results suggest the possibility of distinct regulation patterns for different miRNAs in
response to IFNp (Figure 5). miR-26a was upregulated by 2 hr post-1FN treatment, and
levels continued to increase through 8 and 24 hr. In contrast, miR-34a increased by 2 hr, was
lower at 8 hr, and increased again by 24 hr post-treatment. let-7b, initially increased
dramatically, but decreased to background levels at subsequent time points. Consistent
modulation was not observed with miR-145.

To address whether native IFNB protein, produced in response to a stimulus such as
exogenous dsRNA, could reproduce the effects seen with recombinant protein, we treated
primary human macrophages with poly I:C and sampled culture supernatants and total
cellular RNA at one, three, eight, and 24 hours post-treatment. ELISA for secreted IFNB
(Figure 6A) revealed that at one hour, protein levels were at or below the limit of detection
and did not differ from those of untreated cells. IFNB was detectable by three hours; a large
increase was observed by eight hours. IFNB remained elevated through 24 hours post-
treatment.

Modulation of the three miRNAs that responded to recombinant IFNB was measured by
stem-loop gRT-PCR (Figure 6B). Increased miR abundance in poly I:C-treated cells,
compared with untreated cells, occurred only at or after the first detection of IFNp protein,
providing further evidence that IFNB mediates the abundance of IFNB-targeting miRNAs by
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a negative feedback mechanism. miR-26a follows a steady increase like that elicited by
recombinant IFNp. Similarly, let-7b increases initially, then declines. For both -26a and
let-7b, early upregulation in the presence of initially low IFNp protein levels suggests
exquisite sensitivity. The 34a response, in contrast, does not appear until much later, when
IFNp protein is present at over 100 1U/ml.

Discussion

Our results suggest that miRNAs -26a, -34a, -145, and let-7b may modulate expression of
IFN, thereby influencing innate immunity from the earliest responses to viral infection. For
-26a, -34a, and let-7b, this modulation may be exerted directly through miRNA recognition
elements in the IFNB 3'UTR. Although we used macaque IFN sequences to evaluate direct
interactions, our results appear to apply as well to human IFN, as supported by ELISA
experiments with human macrophages. Based upon target predictions and the sequences of
human and macaque IFN, we observe that although the human and macaque 3'UTRs have
only 94% sequence identity, all but two of the nucleotide differences are found in the
relatively MRE-devoid AU-rich 3" half of the UTR. Also, miRNA binding is thought to be
determined largely by perfect or near-perfect target complementarity to a “seed” region of
six to eight nucleotides at the 5’ end of the miRNA, and neither of the two macaque-human
nucleotide differences in the 5’ half of the IFNB 3'UTR is found in a relevant predicted seed-
binding sequence. The human and macaque miRNA sequences we have examined are
identical. Many miRNAs and IFNP are conserved in vertebrates, implying that the identified
miRNA-IFNp interactions may not be restricted to primates.

The potential biological significance of miRNA regulation of IFN in primates receives in
vivo support from our SIVV/macaque model of HIV encephalitis, as three of the four putative
IFNB-modulating miRNAs are upregulated in the CNS at 42 days post SIV infection (K. W.
Witwer, unpublished observations) and may contribute to maintaining the low levels of
IFNB measured at this time point (4). Moreover, biological significance is also supported by
the apparent presence of a negative feedback loop. Three of the identified IFNB-modulating
miRNAs are upregulated in response to both recombinant IFN and poly I:C-stimulated
production of native IFNB in primary macrophages, suggesting that a biological feedback
mechanism may govern the interaction of miRNAs and IFNB: IFN triggers production of
miRNAs capable of binding the IFNp transcript and interfering with protein production.

To confirm that IFN itself is necessary for upregulation of miRs -26a, -34a, and let-7b, we
performed several experiments with neutralizing antibody to IFNp. Curiously, the
neutralizing antibody appeared to potentiate, not abrogate, the IFNf response (data not
shown), a result consistent with a recent report in this journal (52) wherein IFN neutralizing
antibodies are shown to elicit or potentiate Type I IFN responses in endothelial cells and
PBMCs. The reported effects are dependent on IFN binding and the presence of the Fc
portion of the antibody. In light of these results, future experiments using Fab neutralizing
antibody fragments may further clarify the role of IFNJ in miRNA regulation.

Since both miR-26a and let-7b are expressed at relatively and constitutively high levels in
many cell types, these miRNAs may exert a constant inhibitory pressure on IFNp levels
even in the absence of miRNA upregulation (53).

Of note, the two IFNB-regulating miRNAs, -26a and -34a, that are increased from 2 through
24 hours post IFN treatment of primary macrophages, are both implicated in cancer and
have been studied in the clinic or as potential treatment targets. miR-26a has recently been
shown to affect cell cycle progression and used as a therapy for liver cancer in an animal
model (42). It may be modulated diurnally (54), and among its targets are PTEN and the
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Ezh2 histone methyltransferase (55-58). miR-34a has been characterized as a p53-regulated
miRNA involved in cell cycle progression and apoptosis (59) and as part of a positive
feedback loop involving p53 and SIRT1, a direct target of miR-34a (60). Like miR-26a, -34a
is implicated in cancers, and miR-34a expression has been studied in a clinical trial of
chronic lymphocytic leukemia (61). Our results indicate an additional mode of action for
these important miRNAS.

The mechanisms governing transcriptional and post-transcriptional regulation of IFNp-
regulating miRNAs demand experimental study, but we note here that the genomic context
of the primary transcripts for miR-26a, miR-34a, and let-7b suggests several regulatory
strategies. The start sites and promoters for these transcripts are found in or near CpG
islands (35,36), implying epigenetic control. Numerous predicted and several experimentally
validated transcription factor binding sites are also present and could contribute to
regulation.

Of particular interest are two transcription factors, p53 and Stat3. The connection between
IFN and p53 signaling has recently been characterized (62), and the transcripts for both
miR-34a (44) and let-7b (35) contain p53 binding sites. It is thus possible that p53 mediates
the IFNB-stimulated upregulation of these two miRNAs.

We further propose that rapid downregulation of let-7b following a brief post-IFNB surge,
may be effected by Stat3, a transcription factor involved in interferon signaling. Stat3 has
been reported as an activator for miR-21 expression (63), but a single transcription factor
can have opposite effects in different settings (64). Stat3 has been implicated as a negative
regulator of IFN-mediated antiviral responses (65) and, reminiscent of its reported role in
downregulating E-Cadherin expression (66), Stat3 may be responsible for repressing let-7b
following initial IFNB-mediated transcriptional upregulation. Interestingly, the predicted
Stat3 binding site is actually within the sequence encoding the mature let-7b.

Regulation of innate immune responses, and particularly of IFNB, has been demonstrated to
occur at multiple levels, however, miRNAs have not previously been implicated directly in
this regulation. We demonstrate for the first time that secretion of IFNp from primary
macrophages is reduced by miRNAs that recognize sequences in the 3'UTR of the mRNA.

The regulation of IFNJ by miRNAs as demonstrated in these studies is consistent with our
broad hypothesis that a cytokine pivotal in downstream signaling for innate immunity
requires regulation at every level of expression. IFNp is among the first genes induced in
response to, e.g., retroviral infection, and it then regulates expression of signaling pathways,
transcriptional regulation and the induction of antiviral cascades. Two to four fold changes
in the level of IFN mRNA and protein initiates signaling cascades that ultimately magnify
the IFN effect thousands to ten thousands fold. Because these downstream changes include
potent inflammatory cytokines, the cell has evolved highly sensitive controls, both positive
and negative (67), to keep them in careful balance, and previously unknown mechanisms
continue to be discovered (68). miRNA regulation of the IFNp protein is now added to
transcriptional control, message stability, and protein stability as an effector of IFN
regulation.

We note that the miRNASs reported here are unlikely to be the only miRNA species to affect
the IFNP 3'UTR, for at least two reasons. First, despite considerable advances and much
thoughtful work in the development of prediction algorithms, no single method or
combination of methods is yet completely reliable. Second, we observe that most studies in
the current literature make the same assumption that guided our selection of candidate IFNf
regulatory miRNAS: namely, that regulation of a message by a small RNA presupposes (or
is suggested by) regulation of the miRNA itself. This is probably an oversimplification.
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Modulation of gene expression by miRNA is unlikely to stand alone, but rather to be part of
a constellation of regulatory mechanisms. A change in any one of the parts of this system
could place a greater burden on another arm of the system without corresponding up- or
downregulation of the respective components. Since miRNA-mediated regulation without
differential expression of the regulating miRNAs is passed over by candidate screening such
as in our methods, it is possible that additional small RNA regulators of IFNf await
discovery.

With an increasing number of innate immune system components showing evidence of
miRNA targeting, the demonstrated potential of miRNA-based therapeutics (42,69) provides
a promising new possibility for modulation of the body's first line of defense against viral
infections.
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FIGURE 1. Predicted miRNA recognition elements in the IFNB 3'UTR

miRNA prediction algorithms were used to evaluate the likelihood of miRNA binding in the
IFN 3'UTR. Over 200 hits (3’ ends represented as red diamonds along the ~200 nt UTR)
were filtered by algorithm overlap and expression analysis, with six miRNAs (including the
four forming the duplexes shown, which were later validated) selected for further analysis.
The 5’ half of the 3'UTR contains most of the predicted miRNA recognition elements
(MRES), including those for the four selected miRNAs, which are further concentrated in
two areas as indicated by black-outlined boxes. The 3’ half of the UTR is AU-rich (shaded
region) and contains few predicted target sites. MREs for miRs -145, -26a, and -let-7b
overlap in the first box, while the predicted -34a MRE starts at nt 50 of the 3'UTR. From
human to macaque, only two nucleotide changes are found in the target-rich region
(asterisks). Neither affects the seed binding regions though to be needed for miRNA
interaction. Duplexes are shown with the target sequence above the miRNA sequence. G:U
wobble (“:”) and Watson-Crick pairing (‘|”) are indicated. A macaque to human transition in
the -34a binding site (parentheses) makes the human pairing marginally more favorable.
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FIGURE 2. miRNAs directly target sequences in the IFNp 3'UTR

miRNA mimics reduce luciferase expression from an IFNB 3'UTR-containing dual firefly/
Renilla luciferase reporter vector (A). Normalized luciferase expression is reduced in
HEK-293T cells transfected with specific miRNA mimics and equimolar mixtures of the
four indicated miRNAs, but not in cells transfected with a control miRNA (CmiR). Each
condition is presented relative to a no-miRNA control, set equal to one. Error bars are SEM
from three independent experiments. Individual predicted IFNB miRNA recognition
elements cloned downstream of GFP suppressed GFP expression in HEK-293T cells, but
three of four mutated MREs relieved this suppression (B). Fluorescence intensity is
displayed as the ratio of mutant to wild-type MRE, normalized to red fluorescence (from
pdsRed transfection control). Error bars represent SEM.
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FIGURE 3. miRNA mimics inhibit IFNB protein secretion by primary macrophages

A 10 or 40 nM equimolar mixture of four miRNAs (miRs -26a, -34a, -145, and let-7b) or
control miRNA was transfected into primary human macrophages, which were then treated
with 50 ug/ml poly I:C to stimulate IFN production. 24 hours post-treatment, supernatants
were collected from no-miRNA controls as well as miRNA- (miR mix) and control miRNA-
transfected (CmiR) macrophages; IFNp levels were measured by ELISA. Levels from
control miRNA-treated samples are depicted normalized to poly I:C-treated, no-miRNA
controls. Error bars indicate standard deviation.
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FIGURE 4. miRNA antagonists relieve native miRNA inhibition of IFNp secretion

Primary human macrophages were transfected with specific or control antagomiRs,
chemically modifed to enhance stability and to hinder recognition by intracellular RNA
sensors and subsequent activation of the interferon pathway. Macrophages were treated with
poly 1:C (50 ug/ml). After 24 hours, supernatants were collected and secreted IFNJ protein
levels were measured by ELISA. Results from four independent experiments with
macrophages from three donors are shown relative to IFN levels of poly I:C treated, no-
miRNA controls; error bars indicate standard deviation.
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FIGURE 5. IFNp treatment of primary macrophages modulates three of four IFNB-regulating
miRNAs

Primary macrophages from two pigtail macaque donors were treated with 100U/ml
recombinant IFNB, with RNA collected at 2, 8, and 24 hr post-treatment. miRNA levels for
mMiRNAs -26a, -145, -34a, and let-7b were measured on all samples in triplicate by stem-
loop gRT-PCR, including no reverse transcriptase and no template controls. The results
were analyzed by AACt, with normalization to U6 snRNA levels and untreated controls.
Error bars are standard deviation.
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FIGURE 6. poly I:C treatment of macrophages induces IFNp and miRNA production consistent

with IFNB-mediated miR upregulation

Primary human macrophages were treated with 50 ug/ml poly I:C. IFN response (A) was
detectable by ELISA by three hours and increased through 24 hours post-treatment. Limit of
detection (about 1 1U/ml) is shown as a line. Results are from two donors, measured in
duplicate. miRs -26a, -34a, and let-7b were quantitated by stem-loop gqRT-PCR (B). Results
are fold change of treated over untreated macrophages at each time point, normalized to U6
snRNA. Error bars indicate standard deviation.
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