1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

fg)%
S

O

R HE

,NS

N4

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Microrna Diagn Ther. 2013 April 26; 1(1): . doi:10.2478/micrnat-2013-0001.

Reprogramming immune responses via microRNA modulation

Juan R. Cubillos-Ruiz&P, Melanie R Rutkowski€, Julia Tchoud, and Jose R. Conejo-Garcia®®

aDepartment of Medicine, Weill Cornell Medical College, 1300 York Avenue, New York, NY
10065, USA

bThe Ragon Institute of MGH, MIT and Harvard. 149 13th Street, Charlestown, MA 02129, USA

Tumor Microenvironment and Metastasis Program, The Wistar Institute, 3601 Spruce St,
Philadelphia, PA 19104, USA

dDivision of Endocrine and Oncologic Surgery, Department of Surgery, and the Rena Rowan
Breast Center, Perelman School of Medicine, University of Pennsylvania, Philadelphia 19104,
USA

Abstract

It is becoming increasingly clear that there are unique sets of miRNAs that have distinct governing
roles in several aspects of both innate and adaptive immune responses. In addition, new tools
allow selective modulation of the expression of individual miRNAs, both in vitro and in vivo.
Here, we summarize recent advances in our understanding of how miRNAs drive the activity of
immune cells, and how their modulation in vivo opens new avenues for diagnostic and therapeutic
interventions in multiple diseases, from immunodeficiency to cancer.
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Introduction

MicroRNAs (miRNAS) are 18-25 nucleotides long encoded RNAs that are processed by the
enzyme Dicer from precursor stem loop RNA hairpins. In non-germinal human cells, four
Ago proteins with different expression profiles and substrate specificities provide a platform
for the recruitment of other proteins. Ago variants bind to a “guide” RNA strand that
becomes unwound from the original double-stranded miRNA structure (Kaya and Doudna,
2012). Interactions occur in such a manner that the “seed” region of this sSRNA has its
Watson-and-Crick base edges exposed to complementary sequences that are typically found
in the 3’ untranslated region of target mMRNAs (Schirle and MacRae, 2012). Translation of
hundreds of target genes is therefore finely modulated by a single miRNA via mRNA
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degradation or translational repression, which (directly and indirectly) has dramatic effects
in the acquisition of specific phenotypes in multiple cell types.

While the consequences of the dramatic differences in the expression of multiple miRNAs in
cancerous cells vs. their healthy counterparts are now being recurrently reported, the role of
miRNAs in physiological and pathological immune responses appears to be different and at
least equally complex (Sempere and Conejo-Garcia, 2012). Several lines of evidence
suggest that miRNAs (and perhaps other non-coding RNAs) are particularly important in
regulating immune responses in both healthy and disease states: Firstly, several miRNAs are
selectively expressed by hematopoietic cells, and some of them (e.g., miR-142) are
expressed at significantly higher levels, compared to other sequences. Secondly, immune
responses result from rapid phenotypic changes in leukocytes. These particularly plastic cell
types utilize fine-tuning mechanisms of genomic regulation to avoid disrupting the delicate
balance between effective protection and autoimmunity. Thirdly, emerging evidence
indicates that changes in a single miRNA sequence are sufficient to induce the activation or
the acquisition of regulatory properties by multiple immune cell types (Contreras and Rao,
2012; Josefowicz et al., 2012; Li et al., 2007; Lodish et al., 2008; Rodriguez et al., 2007;
Shen et al., 2012).

In this review, we will summarize some recent advances into the immunobiology of
miRNAs, and how this field may open new avenues for diagnostic and therapeutic
interventions in multiple diseases, from immunodeficiency to cancer.

Hematopoietic-specific miRNAs

The first line of evidence about the critical role of miRNAs in the orchestration of immune
responses is the selective expression of at least two miRNAs (miR-142 and miR-223) in
hematopoietic cells under steady-state conditions. In addition, several other miRNAs are
expressed in hematopoietic cells at significantly higher levels, compared to other cell types
(e.g., miR-181 and miR-155; http://www.mirz.unibas.ch/cloningprofiles/). Furthermore,
multiple miRNAs (termed “immunomiRs”) are predicted to preferentially target immune
genes (Asirvatham et al., 2008). These miRNAs are crucial regulators of early
hematopoiesis and lineage commitment (Chen et al., 2004). Correspondingly, Dicer
knockout mice show severe defects in hematopoietic development, which affects all
leukocyte compartments (Alemdehy et al., 2012; Koralov et al., 2008; Xu et al., 2012).
miR-181a, for instance, is critical for the development of virtually all lymphocyte subsets
(Cichocki et al., 2011; Li et al., 2007; Spierings et al., 2011), while miR-155, miR-17~92
and miR-150 participate in the differentiation of B and T lymphocytes (Garzon and Croce,
2008). Consistently, these miRNAs also play pivotal roles as oncogenes and as tumor
suppressor genes in hematological malignancies, through various mechanisms that are
incompletely understood (Jiang et al., 2012; Sandhu et al., 2012; Schwind et al., 2010).

Among the several leukocyte-specific miRNAs, miR-142 is one of the most abundant
sequences in the T and B lymphoid lineages (Chen et al., 2004; Wu et al., 2007), as well as
in the entire myeloid compartment (Chen et al., 2004). Perhaps due to its critical role in the
development, survival and/or activity of many immune cells, relatively little is known about
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the functions of miR-142. It has been recently reported that, along with miR-29a,
miR-142-3p directly silences the cyclin T2 gene, preventing the release of
hypophosphorylated retinoblastoma and therefore promoting monocytic differentiation
(Wang et al., 2012). Correspondingly, a decrease in miR-142-3p levels is observed in blasts
from acute myeloid leukemia (Lv et al., 2012; Wang et al., 2012), while miR-142-3p is
translocated in human B cell malignancy (Robbiani et al., 2009).

In physiological responses in lineage-committed immune cells, miR-142-3p controls IL-6
production by LPS-stimulated dendritic cells (DCs), and dampens miR-142-3p activity
reducing endotoxin-induced mortality (Sun et al., 2011). This particular strand regulates the
production of cAMP by targeting adenylyl cyclase 9 in regulatory T cells, thus mitigating
their suppressor activity (Huang et al., 2009). Further supporting a role for miR-142-3p in
regulating T cell activity, CD4 T cells in patients with systemic lupus erythematosus show
reduced expression of both (miR-142-3p/5p) strands, which promotes T cell activation and
eventually leads to B cell hyperstimulation (Ding et al., 2012). In contrast, miR-142-5p is
overexpressed in peripheral blood in patients undergoing acute transplant rejection
(Anglicheau et al., 2009). Although the biological effects of these changes are unclear, the
levels of both miR-142-3p and miR-142-5p are dramatically decreased in TCR-activated
naive CD8 T cells, but their expression becomes partially restored in memory lymphocytes
(Wu et al., 2007). Taken together, these results point to a role for miR-142 in promoting T
cell quiescence, but more mechanistic studies are needed to clarify its complicated
immunobiology.

In addition, miR-223 is selectively expressed in neutrophils and macrophages. Manipulation
of miR-223 profoundly affects hematopoiesis (O’Connell et al., 2012), but understanding its
functional role has been complicated due to conflicting results in different experimental
systems. It was initially thought that miR-223 promoted the differentiation of myeloid
progenitors into granulocytes, based on ectopic expression studies in human leukemic cell
lines (Fazi et al., 2007). However, miR-223 knockout mice have increased counts of
granulocyte progenitors in the bone marrow and hypermature neutrophils in the circulation
(Johnnidis et al., 2008). Further studies unveiled an elegant mechanism, whereby C/EBPa
and NFI-A compete for binding to the miR-223 promoter. During differentiation, C/EBPa
replaces NFI-A, which leads to the up-regulation of miR-223, which in turns silences NFI-A
(Fazi et al., 2005; Lindsay, 2008). Thus, an autoregulatory loop controls miR-223
expression, which promotes granulocytic differentiation. Furthermore, deletion of Mef2c, a
direct target of miR-223 involved in determining cell lineage choice between B lymphocytes
and myeloid cells (Stehling-Sun et al., 2009), results in a partial correction of granulocyte
counts, although these granulocytes maintain an activated phenotype.

Besides its role in granulocytes, miR-223 is required for regulating erythrocyte development
by targeting FBXW?7 (Xu et al., 2010). In lymphocytes, miR-223 may be important for the
effector function of NK and CD8 T cells, because granzyme B is as a direct target of
miR-223 (Fehniger et al., 2010).
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MiRNAs are critical for the function of antigen-presenting cells

Besides miRNAs that are mostly exclusively found in hematopoietic cells in healthy adults,
there are multiple miRNA sequences differentially expressed in some leukocyte subsets, or
that preferentially target a set of transcripts that are important for the functions of a lineage
of immune cells, including myeloid leukocytes. For instance, miR-143 and miR-145 are
preferentially or selectively expressed by neutrophils (Allantaz et al., 2012), while miR-378
is only expressed in monocytes (Allantaz et al., 2012).

There are other miRNA sequences that are crucial for the orchestration of adaptive
immunity. Among the miRNAs that are most relevant for the function of antigen-presenting
cells, miR-146 and miR-155, along with miR-125b, respond to the activation of pattern
recognition receptors, including Toll-Like Receptors (TLRs). miR-155 in particular is up-
regulated in macrophages and DCs in response to endotoxin (Rodriguez et al., 2007), TNFa
(Tili etal., 2007), or a synergistic cocktail of CD40 and TLR3 agonists (Cubillos-Ruiz et al.,
2012; Scarlett et al., 2009). All these signals elicit DC activation and promote effective
antigen presentation to T cells. miR-155 is also the only miRNA substantially up-regulated
by primary macrophages stimulated with a TLR3 agonist plus interferon-beta (O’Connell et
al., 2007; Rodriguez et al., 2007). Interestingly, DCs matured in the absence of miR-155 can
express MHC-II and costimulatory molecules at levels comparable to those seen in
identically treated matured wild-type DCs, but miR-155-defficient DCs fail to activate T
cells, consistent with defective antigen presentation (Rodriguez et al., 2007).
Correspondingly, mice that are deficient for miR-155 are also severely immunodeficient
(Rodriguez et al., 2007; Thai et al., 2007). As commented below, we have also demonstrated
that supplementing miR-155 in (miR-155'°%) tumor-associated regulatory DCs (Cubillos-
Ruiz et al., 2012) induces genome-wide transcriptional changes that transform them from an
immunosuppressive to an immunostimulatory cell type (Cubillos-Ruiz et al., 2012).
Confirmed direct targets of miR-155 include immunosuppressive PU.1 (Vigorito et al.,
2007), SOCS1 (Androulidaki et al., 2009) and CD200 (Cubillos-Ruiz et al., 2012). They
also included C/epb-p, a regulator of the immunosuppressive environment created by
aberrant myelopoiesis in established tumors (Marigo et al.), along with multiple mediators
of transforming growth factor-beta (Tgf-B) signaling pathway, including Tgf/51, Smadl,
Smad6 and Smad7 (Rai et al., 2010). We finally demonstrated that Ccl22, which recruits
regulatory T cells to the tumor microenvironment (Curiel et al., 2004), is also down-
regulated in the presence of enhanced miR-155 activity (Cubillos-Ruiz et al., 2012).
miR-155 is therefore the paradigm of a stimulatory “immunomiR”, and perhaps the most
obvious target for therapeutic interventions aimed to modulate miRNA expression.
Remarkably, pro-inflammatory intracellular factors released from damaged cells that serve
as danger signals or ligands (such as High Mobility Group B1 (HMGBL1)), do not appear to
up-regulate miR-155, but alter the expression of other miRNAs such as miR-34c and
miR-214 (Unlu et al., 2012).

Besides miR-155, miR-146 also participates in TLR signaling (Sonkoly et al., 2008) and is
up-regulated in macrophages and DCs upon NF-xB nuclear translocation (Taganov et al.,
2006). However, unlike miR-155, miR-146a inhibits NF-xB signaling, thus acting as an
anti-inflammatory mediator. Consistent with a role as an inhibitor of excessive
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inflammation, miR146a is significantly decreased in leukocytes from systemic lupus
erythematosus patients (Tang et al., 2009). Furthermore, miR-146a plays a negative
regulatory role in the development of myeloid cells, so that mice deficient in miR-146a
display an excessive proliferation of leukocytes of the myeloid lineage (Boldin et al., 2011).
These effects appear to result from the up-regulation of the M-CSF receptor, although
CSFR1 is not a direct target of miR-146a (Boldin et al., 2011).

Of note, miRNAs that regulate the function of myeloid leukocytes are particularly relevant
for therapeutic targeting, due to the spontaneous endocytic activity of these leukocytes,
which allows systemic or local delivery of RNA mimetics in the form of micro- or nano-
particles.

MiRNAs are critical for the function of lymphocytes

Among the miRNAs that are known to be most critical for the development of the T cell
compartment, perhaps the most investigated is miR-181. Increasing miR-181a expression in
mature T cells augments the sensitivity to peptide antigens and prevents the abrogation of
cytotoxic function by downregulating multiple phosphatases. This increases the
accumulation of specific phosphorylated intermediates and therefore enhances the T cell’s
response to T cell receptor signaling (Li et al., 2007). These targets include DUSP6, and it
has been recently proposed that a decline in miR-181a expression with age impairs TCR
sensitivity by enhancing DUSP6 activity (Li et al., 2012). In addition, miR-181a promotes
the deletion of particular clones with moderate affinity by modulating the threshold of TCR
activation during thymic selection (Ebert et al., 2009).

Independent of its effects on hematopoietic development, the overall effects of miR-181
(e.g., activation vs. unresponsiveness) on mature, peripheral effector T cells are less clear
(unpublished observations). It has been published, however, that functional miRNAs may
not be absolutely required for the initial activation of effector T cells, although they are
essential for their survival and functions (Zhang and Bevan, 2010). In CD8 T cells, a limited
set of mMiRNAs (miR-16, miR-21, miR-142-3p, miR-142-5p, miR-150, miR-15b and let-7f)
are expressed at significantly higher levels at any stage of activation/differentiation, and,
together, they account for ~60% of all mMiRNAs (Wu et al., 2007). With the exception of
miR-21, all of these mMiRNAs are significantly down-regulated upon TCR-mediated T cell
activation, and their expression levels are restored back to intermediate levels when these
stimulated T cells acquire a memory phenotype (Wu et al., 2007). In contrast, miR-21, a
major inhibitor of Th1l polarization that targets IL12 and IFN-y (Lu et al., 2011), is up-
regulated in stimulated and memory lymphocytes, when compared to their naive
counterparts.

Furthermore, the four members of the miR-29 family have been identified as important
regulators of lymphocyte activities. Thus, miR-29 suppresses immune responses by directly
targeting IFN-y in NK cells, CD4 and CD8 T lymphocytes (Ma et al., 2011). In addition, the
transcription factors T-bet and Eomes, which also induce IFN-v, are regulated by miR-29.
Thus, miR-29 regulates helper T cell differentiation by repressing multiple target genes
(Steiner et al., 2011).
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As a paradigmatic immunostimulatory miRNA, miR-155 is also required for the function of
T lymphocytes (Rodriguez et al., 2007). This, combined with the inability of miR-155-
deficient DCs to activate T cells, contributes to explain the severe immunodeficiency
observed in miR-155 knockout mice (Rodriguez et al., 2007; Thai et al., 2007), and occurs
at multiple levels. Firstly, miR-155 is required for T helper cell differentiation and,
subsequently, an optimal T cell-dependent antibody response (Thai et al., 2007). In addition,
miR-155-deficient T cells show impaired expansion in response to CD3/CD28 activation
and secrete less IFN-y and IL-17 than their wild-type counterparts (Oertli et al., 2011). In
contrast, by targeting SOCS1, miR-155 enhances Treg, but also Th17 differentiation (Yao et
al., 2012). Nevertheless, an overall activating role is supported by the fact that miR-155
promotes autoimmune inflammation by enhancing inflammatory T cell development
(O’Connell et al., 2010), while decreasing its expression ameliorates murine autoimmune
encephalomyelitis (Murugaiyan et al., 2011).

In addition to its effects on T cells, miR-181 also promotes the activation of cells of the B
lymphocyte lineage, and the level of miR-181a expression inversely correlates with overall
survival and progression-free survival in B-cell lymphoma patients (Alencar et al., 2011).
miR-155 also has corresponding effects on B cells, and Ep-miR-155 transgenic mice have
aberrant B cell proliferation and leukemia through dysregulation of the BCL6 transcriptional
machinery (Sandhu et al., 2012).

Several other miRNAs are also critical for B cell development and functionality, including
miR-17~92. Thus, mice deficient in miR-17~92 show higher expression of Bim, which
promotes apoptosis and subsequently inhibits B cell development at the pro-B to pre-B
transition (Ventura et al., 2008). Correspondingly, transgenic mice with increased
expression of miR-17~92 develop lymphoproliferative disease and autoimmunity (Xiao et
al., 2008).

Finally, dysregulation of miR-29 has also been associated with the pathogenesis of indolent
B-CLL (Santanam et al., 2010).

In regards to miRNAs that regulate the function of myeloid leukocytes, miRNAs that govern
T cell functions, in particular, can be ectopically and stably supplemented with, for instance,
viral vectors. These lymphocytes, with enhanced effector or regulatory functions, could then
be adoptively transferred and exert their activity in vivo at, for instance, tumor locations or
sites of inflammatory damage, respectively.

MiRNASs in anti-tumor immunity: The role of miR-155

Changes in the miRNA expression profile in tumors vs. healthy tissue have been the focus of
hundreds of publications in recent years. However, epigenetic regulation of the function of
the immune cells that participate in anti-tumor immunity and infiltrate the tumor
microenvironment has received comparatively little attention. However, the crucial role of
hematopoietic cells in both promoting malignant progression and eliminating nascent tumors
- or at least adding immune pressure against established malignancies - is today beyond
doubt among immunologists. T cell infiltration is significantly associated with better
outcomes in cancer patients (Clemente et al., 1996; Galon et al., 2006; Yoshimoto et al.,
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1993; Zhang et al., 2003), and T cell based immunotherapies have already produced
impressive clinical results (Dudley et al., 2002; Kalos et al., 2011; Porter et al., 2011). In
addition, blocking immunosuppressive checkpoints such as CTLA4 and the PD-1/PD-L1
axis unleashes immune cells to regain control of advanced tumors (Pardoll and Drake, 2012;
Topalian et al., 2012). Modulating the expression of the miRNAs that govern the
immunosuppressive activity of certain microenvironmental leukocyte subsets (e.g., myeloid
cells), or the activity of those miRNAs that enhance the activity of anti-tumor effector
lymphocytes, could represent a valuable option for the design of novel therapeutic
interventions. Supporting the feasibility of this proposition, we have recently documented
the potential of transforming the phenotype of tumor-associated DCs in ovarian cancer-
bearing hosts, by delivering polyplexes in the nanometer scale (Cubillos-Ruiz et al., 2009a)
that carry synthetic miR-155 (Cubillos-Ruiz et al., 2012). Thus, tumor-associated myeloid
cells (mostly macrophages and regulatory DCs) typically express very low levels of
miR-155 and, accordingly, phagocytize tumor antigens but rather than eliciting protective
immunity promote tolerance (Cubillos-Ruiz et al., 2010a; Huarte et al., 2008; Nesbeth et al.,
2009; Nesbeth et al., 2010; Scarlett et al., 2009; Scarlett et al., 2012). However, the antigen-
processing capacity of these leukocytes can be promoted in vivo and in situ, simply by
supplementing miR-155 in an accessible microenvironment such as the peritoneal cavity
(e.g., in ovarian cancer). Enhancing the activity of this miRNA resulted in down-regulation
of multiple immunosuppressive genes, including Socsl, PU.1, TGF£ and Cebpg, which
transformed tumor DCs from an immunosuppressive to an immunostimulatory cell type.
Non-viral miR-155 delivery therefore emerges as a transient, safe and effective intervention
that is ready for clinical testing.

It is important to note, however, that dysregulation of miR-155 expression has also been
associated with enhanced malignant potential. miR-155 is overexpressed in lymphomas and
acute myeloid leukemia (Xiao and Rajewsky, 2009), and stable overexpression of miR-155
in hematopoietic progenitors causes a myeloproliferative disorder (O’Connell et al., 2008).
In addition, constitutive (sustained) overexpression of miR-155 in the B cell lineage induces
pre-B cell proliferation and promotes B cell malignancies (Costinean et al., 2006).
Nevertheless, our experimental results demonstrate that the abundant phagocytes in the
tumor microenvironment selectively incorporate miRNA mimetic compounds as long as
these are complexed within micro- or nano-particles. In addition, their expression should be
transient in the absence of viral vectors, and thereforemuch safer. Correspondingly, transient
increase of miR-155 in lineage-committed (terminal and short-lived) myeloid cells never
resulted in secondary tumors in our experimental systems (Cubillos-Ruiz et al., 2012). In
fact, oncogenesis and adaptive immunity typically utilized common pathways because
robust adaptive immune responses require rapid expansion of leukocytes. Finally, although
miR-155 in solid tumors has been repeatedly assumed to be overexpressed in tumor cells,
our recent optimization of a new detection technique in a panel of breast, colorectal, lung,
pancreas, and prostate carcinomas showed that miR-155 is predominantly confined to
immune cells in the tumor microenvironment (Sempere et al., 2010).
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MiRNASs in autoimmunity and transplantation

While multiple mechanisms of tolerance typically converge in the tumor microenvironment
of virtually all solid tumors, miRNASs governing immune responses play an opposite role in
pathological conditions involving excessive and harmful immune responses.
Correspondingly, opposite expression levels of miR-155 have been critically involved in
multiple inflammatory and autoimmune conditions (Shen et al., 2012). For instance, the
contribution of excessive miR-155 activity to the pathogenesis of systemic lupus
erythematosus has been mechanistically demonstrated. Thus, miR-155 and, interestingly,
miR-155*, co-operatively promote type | IFN production by human plasmacytoid DCs.

In a different setting of deleterious immunity - acute graft-versus-host disease - miR-155
expression was (expectedly) up-regulated in T cells, in both mice and humans (Ranganathan
et al., 2012). In addition, mice receiving miR-155-deficient donor lymphocytes had
markedly reduced lethal acute graft-versus-host disease. Most importantly, down-regulating
miR-155 expression with antagomiRs decreased the severity of rejection and increased
survival in experimental models. miR-155 therefore emerges as a target for therapeutic
intervention also in transplantation, in this case through systemic delivery of antagonists.

In addition, several studies have reported the potential of mMiRNA changes in peripheral
blood cells and allograft biopsies as biomarkers in solid organ transplantation (Anglicheau et
al., 2009; Sui et al., 2008). Besides the recurrent involvement of miR-155, hematopoietic-
specific mMiRNAs (miR-142-5p and miR-223) were found by Anglicheau and colleagues to
be overexpressed in both biopsies and peripheral leukocytes, although phytohaemagglutinin
activation appears to decrease miR-223 expression (Anglicheau et al., 2009). However, Sui
and colleagues reported a very different set of differently expressed miRNAs in acute
rejection after renal transplantation, which includes preferential up-regulation of miR-125a
and miR-629, and preferential down-regulation of miR-324-3p and miR-611 (Sui et al.,
2008).

Role of miRNAs during HIV infection

As stated above, miRNASs play critical roles in regulating several developmental,
physiological and pathological processes that involve different cellular subsets of the
immune system. Thus, it is not surprising that these small RNAs could also participate in
enhancing or inhibiting the course of T cell-targeting viral infections such as HIV.
Bioinformatic analyses first predicted multiple binding sites for host miRNAs on various
regions of the HIV genome (Hariharan et al., 2005), suggesting that cellular miRNAs could
directly target HIV transcripts to modulate the infectious life cycle. Functional experiments
have confirmed that HIV mRNAs interact with the RNA induced silencing complex (RISC)
and that disrupting cellular P body structures enhances HIV viral production and infectivity
(Nathans et al., 2009). Specifically, miR-29a expressed by T cells is capable of repressing
HIV replication by targeting the viral 3’UTR (Nathans et al., 2009). In addition, it has been
reported that miR-29 family members can directly target HIV nef in order to inhibit viral
replication (Ahluwalia et al., 2008). Interestingly, the miR-29 family has recently been
shown to regulate the production of interferon gamma in T cells by directly targeting the
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Tbx21 and Ifng genes (Steiner et al., 2011), indicating that miR-29 could also participate
during the course of HIV infection by altering the proportions of circulating or tissue-
specific Thl, Th2 and Th17 cells, which may play different roles during the course of
infection (Ancuta et al., 2010). Nevertheless, it remains elusive whether miR-29 plays a
protective role during in vivo infection and if HIV can counteract the effects of miR-29 by
reducing its expression in T cells during acute or chronic infection in patients.

miR-28, miR-125b, miR-150, miR-223 and miR-382 have been demonstrated to play a
crucial role in HIV infection by promoting viral latency in resting T cells (Huang et al.,
2007). While anti-retroviral therapy has greatly reduced mortality in HIVV-infected
individuals, it is becoming increasingly clear that this treatment does not completely
eradicate the virus. In fact, HIV can efficiently establish latent infection in a small
proportion of resting T cells by stably integrating its proviral DNA into the host genome, a
mechanism that restricts production of HIV proteins and that consequently enables the virus
to evade immune responses and anti-retroviral drugs. Interestingly, this cluster of miRNAs
is preferentially expressed in resting T cells compared with activated T cells, and has also
been described to directly target the HIV 3’UTR. Loss-of-function experiments using a
cocktail of inhibitors targeting all five miRNAs demonstrated viral re-activation in T cells
isolated from HIV-infected patients treated with anti-retrovirals, indicating that these
cellular miRNAs control viral protein expression during latency to promote an efficient HIV
reservoir, and that a panel of miRNA inhibitors such as antagomirs or locked nucleic acids
(LNAS) could be used in the future for therapeutic purposes.

Of note, host miRNAs can also influence HIV replication by targeting cellular factors that
are utilized by the virus to undergo productive infection. Seminal studies by Triboulet and
colleagues first demonstrated that the miR-17~92 cluster directly targets expression of the
histone acetyltransferase PCAF, a cellular cofactor required for Tat activation and HIV
replication during infection (Triboulet et al., 2007). Importantly, HIV markedly represses
expression of miR-17/92 in vitro in T cells as a novel pathogenic mechanism to promote
viral replication. However, it remains unknown whether members of the miR-17~92 cluster
are also downregulated in T cells from HIV-infected individuals and if the levels of
miR-17~92 in T cells from these patients correlate with CD4 counts or plasma viral loads.
Strikingly, HIV infection can also trigger upregulation of several miRNAs (Triboulet et al.,
2007), but a role for HIVV-induced cellular miRNAs during infection and progression to
AIDS via T cell depletion has not been identified.

The let-7 family represents another example of miRNAs that can directly influence immune
responses to HIV. It has been reported that HIV infection rapidly triggers I1L-10 expression
and secretion by T cells, a process that correlates with reduced expression of let-7 family
members (Swaminathan et al., 2012). Interestingly, the 1110 3’"UTR is directly targeted by
let-7 miRNAs and their expression is dramatically downregulated in CD4 T cells isolated
from patients infected with HIV, compared with uninfected individuals (Swaminathan et al.,
2012). Thus, the decrease in let-7 miRNAs in HIV-infected CD4 T cells may provide the
virus with an important survival advantage via upregulation of immunosuppressive IL-10.
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Finally, it has been demonstrated that a single nucleotide polymorphism (SNP) 35 kb
upstream of HLA-C associates with control of HIV, and with levels of HLA-C transcripts
and cell-surface expression (Kulkarni et al., 2011). Elegant work by Carrington and
colleagues has demonstrated that variations within HLA-C 3’UTR regulate binding of
miR-148 to its target site, thus resulting in lower surface expression of alleles that bind this
miRNA and higher expression of HLA-C alleles that escape post-transcriptional regulation
(Kulkarni et al., 2011). Strikingly the 3 UTR variant also associates strongly with control of
HIV, likely contributing to the effects of genetic variation encoding the peptide-binding
region of the HLA class | loci.

MiRNA supplementation/inhibition: The delivery platform

The crucial role of miRNAs in the orchestration of immune responses in many pathological
conditions opens new avenues for therapeutic interventions, which can be based on
augmenting or dampening the activity of one or more immunomiRs.

As commented above, our results demonstrate the feasibility of delivering transiently
expressed but functional immunostimulatory miRNAs using a non-viral approach. Tumor-
associated phagocytes are ideal targets for the use of nanomaterials due to their unforced
enhanced endocytic activity, which allows preferential (if not selective) engulfment of
polyplexes and lipoplexes carrying functional miRNA mimetic compounds. In our
experimental systems, we tested a variety of antibody-targeted and untargeted lipoplexes
and polymers to complex synthetic miR-155. Eventually, superior results were observed
with the use of polyethylenimines (PEI), a biocompatible polymer currently in clinical trials
that stabilizes double-stranded RNA and forms nanocomplexes that are avidly taken up by
phagocytic cells (Cubillos-Ruiz et al., 2009a; Cubillos-Ruiz et al., 2009b; Cubillos-Ruiz et
al., 2010b). Importantly, we have never been able to preferentially target epithelial tumor
cells with nanomaterials (antibody-targeted or not), primarily due to poor cellular uptake by
cancerous cells, compared to surrounding myeloid leukocytes. Therefore, rather than aiming
to correct changes in miRNA expression in tumor cells, we propose that modulating the
activity of immunomiRs in immune cells is a much more feasible approach, which also
results in dramatic therapeutic effects (Cubillos-Ruiz et al., 2012).

In this context, tumors that are reachable for intratumoral administration, or diseases such as
ovarian cancer, which are accessible through intraperitoneal injection, are ideal for
modulation of mMiRNA expression. While increasing or diminishing the expression of crucial
miRNAs in other inflammatory and autoimmune conditions is also feasible, RNA delivery
typically results in activation of multiple TLRs and other immune sensors, which will boost
additional responses a non-specific manner independently of sequence specificity (Cubillos-
Ruiz et al., 2012; Cubillos-Ruiz et al., 2009a). It should be noted, however, that DNA (not
RNA)-carrying, PEI-based nanocomplexes were also recently found to induce a rapid (and
non-specific) increase in type | Interferons (IFNs) when they were, as expected, selectively
taken-up by phagocytes in vivo (Huang et al., 2012). However, the authors propose that IFN
type | receptor signaling eventually lead to IDO-mediated Treg activation and,
correspondingly, regulatory outcomes. Because we have shown opposite
(immunostimulatory) non-specific effects upon delivery of PEI-RNA polyplexes, it is likely
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that the systemic effects depend on target cells, which vary with different pathological
conditions. The same platform could be therefore theoretically used to deliver antagomiRs
or to supplement inhibitory miRNAs in autoimmunity and transplantation, but more
mechanistic studies are needed.

In the context of HIV, recent advances in the generation of humanized mice have made
possible the study and manipulation of HIV infection in vivo in a small animal model.
Interestingly, various groups have reported the optimization of T cell-targeting nanoparticles
to systemically deliver siRNA in vivo in HIV-infected humanized mice ((Kim et al., 2010)).
Therefore, these nanocomplexes could also be used to encapsulate and deliver miRNA
mimicking reagents (for miRNA supplementation) or antagomiR/LNA oligonuclotides for
inhibiting aberrant miRNA dysregulation in T cells during infection.

MiRNA supplementation/inhibition: Functional miRNA preparations

Besides the vehicle used for in vivo delivery of miRNA mimetics, the key element for
success is the optimization of synthetic RNA that can be functionally active when processed
by the host and recapitulate the activities of endogenous miRNAs. In certain populations,
this can be achieved through ectopic expression with viral vectors. For instance,
immunostimulatory miRNAs could be theoretically overexpressed in ex vivo primed tumor-
reactive T cells, which could be further used for adoptive transfer. However, in vivo delivery
of miRNA mimetics to tissue resident cells does not allow this approach.

Some commercial reagents are available from various suppliers but they are expensive, have
not been tested in vivo, and the sequence and structure is not disclosed. However, we have
recently reported a platform for the design and cost-effective production of custom synthetic
miRNAs. Our optimization studies demonstrated that siRNA-like preparations consisting of
two perfectly matching RNA strands that include the “guide” sequence of endogenous
miR-155 do not recapitulate the activity of this miRNA. In contrast, 25-30 nt-long Dicer
substrates (Kim et al., 2005), synthesized as RNA duplexes that include a bulged structure
are much more effectively loaded into different Ago variants (referentially Ago2). They are
alsodetected in vivo as overexpressed, functionally processed miR-155 at higher levels
(Cubillos-Ruiz et al., 2012). Importantly, both reagents include the same core region (the
mature sequence of miR-155), and in both cases thermodynamic criteria favored 5’ antisense
strand uptake into RISC.

These dramatic differences in functionality, critical for the design of mimetic compounds for
other sequences, are likely attributable to several issues: Firstly, it has been recently
demonstrated that the overall structure of substrate RNA, including the position of an
internal bulge, affects the position of Dicer cleavage (Gu et al., 2012). Secondly, the
inclusion of one or more internal bulges, as in the endogenous sequence, reduces the
thermostability of the RNA duplex, thus facilitating the “activation” (unwinding and upload
of the guide strand into the RISC complex) of the synthetic miRNA. Thirdly, in the absence
of asymmetrical bulges at particular positions, Dicer makes canonical cleavages 21 bp away
from the 5’ end of the guide strand (19 bp away from the passenger strand) (Park et al.,
2011). However, the position of loop (likely mimicked by terminal DNA nucleotides in
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Dicer substrates used as synthetic miR-155), also influences the position of Dicer cleavage.
In fact, a “loop-counting rule” has been recently proposed, whereby Dicer cleaves precisely
when it is able to recognize a single-stranded RNA sequence either from the loop region or
internal bulge at a fixed distance (two nucleotides) relative to the site of cleavage.

Whatever the reasons are, the introduction of an internal bulge is critical for the functionality
of miRNA mimicking sequences, and should be considered for future applications.

Besides supplementing miRNA activity, nucleic acids can be delivered in vivo and in vitro
for specific silencing of overexpressed endogenous miRNAs in certain pathological
conditions (Krutzfeldt et al., 2005). Chemically engineered oligonucleotides, termed
‘antagomiRs’, have been specifically optimized for this use, and proven to be effective upon
intravenous administration. Therefore, the same platform used for augmenting the
expression of selected miRNAs could be theoretically used to silence miRNAs with opposite
activities, thus providing alternative tools for therapeutic interventions.

Finally, ectopic expression of “sponges” - tandem repetition of transcribed complementary
sequences that “soak up” endogenous miRNAs (Ebert et al., 2007) — can be stably achieved
ex vivo in cells such as lymphocytes, which could then be adoptively transferred.

Multiple viral and non-viral approaches are therefore available for in vivo modulation of
miRNAs in immune cells, and therefore for immunotherapeutic interventions that should be
both effective and mechanistically informative.
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Figure 1. Aninternal bulgeiscritical for the functionality of miRNA mimicking sequences
RNA duplexes that include a bulged structure, but not sSiRNA-like preparations, recapitulate

the activity of endogenous miRNAs. A hypothetical model explaining these differential
effects is depicted.
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Figure 2. Peritoneal delivery of immunomiR-carrying polyplexesin ovarian cancer patients
dicits anti-tumor immunity

Intraperitoneally-injected nanoparticles encapsulating synthetic miR-155 are preferentially
taken-up by regulatory phagocytes at ovarian cancer locations. Non-specific activation of
TLR5 and TLR7, combined with silencing of immunosuppressive targets of endogenous
immunomiRs elicits the activation of tumor-associated regulatory dendritic cells,
transforming them from an immunosuppressive to an immunostimulatory cell type. In situ
activated dendritic cells promote the expansion and function of anti-tumor T cells by
effectively presenting tumor antigens engulfed in the tumor microenvironment.

Microrna Diagn Ther. Author manuscript; available in PMC 2014 October 02.



