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ROLE OF MICRORNA-155 IN DENDRITIC CELLS AND MACROPHAGES
by Rocio Teresa Martinez-Nunez

In search of genes differentially expressed between M1 (pro-Th; or pro-inflammatory)
and M2 (pro-Th; or pro-tolerogenic) macrophages, BIC (microRNA 155 hosting gene) was
found up regulated under inflammatory conditions. MicroRNAs are non coding RNAs of
~22nt in length that inhibit gene expression upon pairing to the 3’UTR (UnTranslated
Region) of target mRNAs. In silico analysis predicted two pro-Th, targets for miR-155:
PU.1 and IL13Ral. PU.1 is a transcription factor essential in myelopoiesis and dendritic
cells (DCs) that favours a Th; profiling; moreover, PU.1 had been shown to regulate the
transcription of DC-SIGN (Dendritic Cell- Specific ICAM-3-Grabbing Non-integrin 1) which
is a pathogen receptor expressed in DCs controlled by Th, stimuli. IL13Ral is the chain
receptor for the Th, cytokine IL-13, which promotes M2 differentiation. Pro-Th; stimuli
cause maturation of DCs, cells that orchestrate the immune response between Th; and
Th, profiles; moreover, Th; stimuli cause classical (M1) macrophages activation versus an
alternative (M2) one. My hypothesis was that miR-155 contributes to the pro-Th; profile
by down regulating pro-Th, factors. MiR-155 was found up regulated during DC
maturation and both PU.1 and IL13Ra1 were demonstrated as direct targets of miR-155.
Employing a developed monocytic cell line which harbors a miR-155 transgene under the
control of a Tet-On system (THP1-155 cells), both PU.1 and IL13Ra1 were shown to be
down regulated following miR-155 induction in these cells. Moreover, THP1-155 cells
showed that DC-SIGN transcription is regulated by miR-155 levels through PU.1
targeting, and that IL-13 signalling cascade through STAT6 transcription factor was down
regulated when miR-155 was over expressed. Using Anti-miR-155 transfections in DCs,
miR-155 was shown to modulate not only DC-SIGN expression, but also DC pathogen
binding ability. Using the same technique in macrophages, miR-155 was shown to
modulate IL13Ral and STAT6 activation, and to regulate the expression of IL-13/STAT6
dependent genes. Therefore, miR-155 contributes to the pro-Th; profile by down
regulating pro-Th, factors, acting as a pro-Thi/anti-Th, modulator in myeloid cells under
inflammatory conditions.
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1 Chapter 1: Introduction

1.1 The immune system

1.1.1 Overview

The immune system is the host’s system in charge of defence and self balance. Its
task is to keep the organism in a healthy state and fight against foreign (pathogens) and
self destructive (cancer cells) components. Defence mechanisms are present in primitive
organisms such as bacteria (in the form of enzymes);, they have also evolved into
networks of different tissues and cell types in more complex organisms. Its phylogeny
extents from plants, nematodes, invertebrates and mammals; all share some conserved
genes along the phylogeny (for example NFkB or some pathogen receptor encoding
genes) (Murphy et al., 2008). Thus, studying the immune system and its regulation is
essential to understanding health and disease and how an organism can interact with its

surroundings.

The immune system in mammals has several components such as skin, mucosae,
blood and lymphatic system; it also includes different cell types distributed in different
tissues such as microglia in the nervous system or Kupfer cells in the liver. Classically,
immunity has been divided into two main types of response: innate and adaptive. The
innate response is the first and immediate response against pathogens; it is nonspecific
and does not lead to long lasting immunity. Nevertheless, it is essential as a first barrier
and often sufficient to overcome infection. Examples of cells in charge of this response
are macrophages or neutrophils. Adaptive immunity has a specific repertoire of cells
(mainly lymphocytic) and antibodies against the pathogens encountered. Thus, it is
pathogen-specific and in many cases results in the so called “immunological memory”,
which gives lifelong protection against reinfection with the same pathogen (Kindt et al.,
2007; Murphy et al.,, 2008). Adaptive immune responses depend on the pathogen
encountered and the microenvironment resulting from the interaction between innate

cells (first barrier) and the given infectious agent.
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All these cell types and structures need to be in continuous activation and
deactivation to exert an effective and balanced response. Thus, immunity is
accomplished by a system that requires fine equilibrium, in which inflammation and

resolution may be seen as two plates in the scales of homeostasis.

A simplified representation of the immune response against a given pathogen is
shown in Figure 1. Upon pathogen encounter and pathocytosis, dendritic cells (DCs) and
macrophages (Mds) process the foreign structures and migrate to the lymphoid organs;
there they will present the antigens (structures recognized and responded by the
adaptive system) to the effector cells- lymphocytes (T and B cells). After encountering an
antigen, B cells proliferate and differentiate into plasma cells, specialized in the
production of antibodies. T cells that are activated by antigen presenting cells (APCs)
(DCs, Mds and B cells) proliferate and differentiate into one of several types of effector T
cells (cytotoxic, helper o regulatory cells). T helper cells, or Th cells, activate and
modulate other immune cells classically driving the immune respone into either Th; or
Th; responses. In addition to these populations, other T cells known to date include Thy,
The, regulatory T cells (Tregs) and follicular T cells (T¢) (Dardalhon et al., 2008; Harrington
et al., 2005; Veldhoen et al., 2008; Wan, 2010). T helper cell phenotypes have been show
to be plastic and different populations of Th cells seem to influence each other (Peck and
Mellins, 2010; Wan, 2010). Thy; cells, induced by interleukin 23 (IL-23) and characterized
by the production of interleukin 17 (IL-17), have been mainly related to inflammatory
autoimmune disease and extracellular pathogens (Langrish et al., 2005; Lombardi et al.,
2009). Treqs are T cells that develop either in the thymus (naturally occurring Tregs O NTregs)
or induced (iT.g) by TGF-B from naive T cells following TCR stimulation, and are involved
in immune suppression and homeostasis (Wan, 2010). Thg cells have only been recently
described, as a subset of T cells related to Th; that express high amounts of IL-9, mainly
involved in allergy (Soroosh and Doherty, 2009). DCs induce the differentiation of naive T
cells into these subsets by secreting different cytokines upon selected TLR stimulation.
IL-12 induces Th; diffferentiation (Trinchieri, 2003), IL-4 promotes Th, cells activation, IL-
10 and/or TGF-B induce T development, IL-1f, IL-6, IL-23 and/or TGF-B induce the
differentiation of Thy; cells, whilst IL-4 and TGF-3 promote Thy differentiation (Acosta-
Rodriguez et al., 2007; Dardalhon et al., 2008; Lombardi et al., 2009). DCs therefore elicit
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one or other type of T cell response following pathogen sensing by secreting different

pools of cytokines that will determine the microenvironment for T cell differentiation.

Th1/Th; responses are a better known model involving an active role for dendritic
cells and macrophages (Murphy et al., 2008). Indeed, macrophages show a spectrum of
activation that relates to these two types of responses (Gordon and Taylor, 2005;
Mantovani et al., 2004; Mosser and Edwards, 2008; Stout and Suttles, 2004) so the

immune response will be simplified to this Th1/Th, model hence forth.
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Figure 1 Overview of the immune response. Dendritic cells and macrophages sample peripheral
tissues; upon binding of pathogens, dendritic cells migrate to the lymph nodes where they will present
antigens to the lymphocytes. These lymphocytes will then proliferate and activate into two main types,
Th, and Th,, depending on the pathogen encountered (intra or extracellular) and microenvironment
(e.g. TNF-a. or IL-4) around them. Initials: IFN-y: interferon-gamma; LPS: bacterial LipoPolysacharide;
TNF-a: Tumor Necrosis Factor alpha: IL-4, IL-13, IL-5: Interleukins 4, 13 and 5 respectively.
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1.1.2 Dendritic cells

Paul Langerhans first visualized dendritic cells in skin (Langerhans Cells) in the
nineteenth century (Langerhans, 1868). However, it was not until 1973 that Ralph M.
Steinman and Zanvil A.Cohn coined the term “dendritic cells” for the description of a
new type of cell. They were identified in murine peripheral lymphoid organs and showed
distinctive morphological features such as cytoplasmic processes-dendrites, which gave

them their name (Steinman and Cohn, 1973).

Dendritic cells are antigen-presenting-cells that arise from either myeloid or
lymphoid precursors (Doulatov et al., 2010; Geissmann et al., 2010). They are classified
into different subsets depending on their original localization, falling into two main
categories: conventional DCs (cDCs) and plasmacytoid DCs (pDCs). cDCs can be divided
into different subcategories depending on their origin, localization and surface marker
expression. Many of them reside in the skin, for instance, Langerhans cells. During
inflammatory processes monocytes can migrate into the dermal layer and give rise to
DCs (monocyte-derived DCs or moDCs). Both Langerhans cells and moDCs are referred as
“immature” DCs and their main ability is capturing pathogens, displaying a low T cell
stimulatory capability. pDCs are the major source of IFN production; they circulate in the
blood and migrate to lymphoid organs following stimulation. However, chronic
inflammation has been shown to induce recruitment of pDCs to non-lymphoid tissues
(Buckwalter and Albert, 2009a) suggesting the importance of their balanced activation.
Both pDC and cDC populations complement each other for pathogen sensing as shown
by the expression of different TLR (Toll Like Receptor) repertoires. cDCs in the blood
express all TLRs except for TLR9, and pDCs express TLR1, 6, 7, 9 and 10 (Buckwalter and
Albert, 2009b). Studies in mice have shown that PU.1 dose is important for the
development of DCs, and that its expression differs between cDCs and pDC populations.
It is highly expressed by c¢DCs and low in pDCs (Back et al., 2005; Nutt et al., 2005).
Recent studies in mice have broadened the picture of DC populations and suggest that
peripheral tissues are populated by distinct types of DCs: lymphoid tissue SIRPa” CD8"
DCs and the related SIRPa™ CD103* DCs in nonlymphoid tissues; and SIRPa” CD8™ DCs in
lymphoid tissue together with nonlymphoid tissue SIRPa’ CD103DCs. Thus, the DC
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picture is a much more complex network than previously thought, and it is yet to be

revealed how/if all this populations relate to those found in humans.

Despite these different types of cells are present throughout the organism, they
all share common features such as morphology (with the typical dendrites), high
expression of MHC (Major Histocompatibility Complex) | and I, intermediate-high
expression of costimulatory molecules, motility, and the hallmark of the DC family:

maturation.

Maturation is the process by which DCs undergo a switch from immature tissue
samplers and residents (iDCs) into mature immunostimulators for the T cells they will
activate (Kindt et al., 2007). Immature DCs have been described as “sentinels” in
peripheral tissues that sample their surroundings capturing the antigens that will be
presented to T cells by mature DCs in lymphoid organs. Antigens in direct contact with T
cells are ignored because they are not processed by DCs and presented together with co-
stimulatory signals; those that are captured and presented by APCs stimulate T cells due
to these secondary signals from APCs which are required to activate T cells and causes
them to proliferate (Murphy et al., 2008). Therefore, DCs are the interface between
foreign and tissue antigens and T cells, playing a key role in cell-mediated (adaptive)

immunity (Lanzavecchia and Sallusto, 2001).

Figure 2 shows a representation of the principal features of DC maturation.
Immature DCs in peripheral tissues are characterized by the presence of low levels of
Major Histocompatibility Complex class Il (MHC-II) molecules that recycle constantly,
highly endocytic activity and low levels of co-stimulatory molecules such as Cluster of
Differentiation 83 and 86 (CD83 and CD86) (Banchereau and Steinman, 1998; Wallet et

al., 2005). This phenotype allows them to function as searchers and sensors.

Upon antigen recognition, DCs mature and change their phenotype; they stop the
uptake of antigens and migrate to T cell compartments, where they exert their antigen-
presenting function. Maturing DCs undergo through a series of changes that include the
loss of endocytic activity, up regulation and redistribution of co-stimulatory molecules
(Cella et al., 1997) while migrating towards the lymphoid organs. Antigens are loaded

into MHC molecules and presented together with co-stimulatory molecules to T cells in
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the “immunological synapse”; in this synapse TCRs (T Cell Receptors), MHC and co-
stimulatory molecules congregate in a ring area surrounded by adhesion molecules such
as LFA-1 and its main counter receptor ICAM-1 (Bromley et al., 2001; Lanzavecchia and
Sallusto, 2001). The formation of the immunological synapse is key in order to activate
naive T cells, and it has been hypothesised that the duration of the immune synapse
plays a key role in polarising T cells towards a Th; or Th, response, that it also dependent
on the cytokine milieu (Lanzavecchia and Sallusto, 2001; Wallet et al., 2005). T cells will
differentiate into different subsets (Th;, Th, and others) depending on the pathogens
captured by DCs and the microenvironment. Th; cells release interferon-gamma (IFN-y)
stimulating macrophages to fight intracellular microbes; they promote an inflammatory
response and relate to the innate branch of immunity. Th; cells secrete interleukins-4, 5
and 13 (IL-4, IL-5 and IL-13, respectively), inducing responses against extracellular
pathogens; they are more related to fibrosis, angiogenesis and humoral (antibody
production) responses. Correct sensing of pathogens is therefore key in regulating an
appropriate immune response that will result in the clearance of pathogens and
resolution of inflammation, restoring the balance of the immune system after damage

(Geijtenbeek and Gringhuis, 2009).
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Figure 2. Dendritic cell maturation. A: immature DCs (membrane respresented by double
orange line) are characterized by high phagocytic ability and display high pathogen receptors like DC-
SIGN, low co-stimulatory molecules (e.g. CD86), recycling MHC-1l and TLRs. Maturation: upon antigen
capture (phagocytosis), DCs migrate towards lymphoid organs while processing of pathogens, becoming
mature DCs. B: In lymphoid organs, mature DCs (membrane represented by double red line) present the
antigens inside MHC molecules to lymphocytes while stimulating them in the immunological synapse.
Lymphocytes (blue double line) will sense pathogens via TCRs and get activated through binding of co-
stimulatory molecules (e.g. CD28 binds to CD86). Initials: DC-SIGN (Dendritic Cell Specific Intercellular
adhesion molecule-3 Grabbing Non-integrin), TLR (Toll-Like Receptor).
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DCs may also be mediators in tolerance: immature DCs may capture antigens
from dying cells and mature, migrating to lymphoid tissues and presenting these
antigens to self-reactive T cells, inducing self-tolerance. It has been suggested that these
“tolerogenic DCs” present self-antigens to T cells but do not express inflammatory
mediators, therefore inducing tolerance rather than inflammation. In the case of CD4 T
cells this may result in the generation of T..g Whilst in the case of cytotoxic CD8 T cells
the absence of co-stimulatory signals may be the cause of self-tolerance induction

(Buckwalter and Albert, 2009a).

Therefore, by directing the immune system towards either inflammation or
tolerance, dendritic cells orchestrate an efficient and appropriate immune response
leading to pathogen clearance. Unbalanced responses underlie pathologies such as
allergies, auto-immune disesases or exacerbated-inflammatory diseases (e.g. asthma,
colitis, psoriasis). Thus, regulation of DCs towards a balanced immune response

(Thy,/Th,) is central in the control of the immune system and key in health and disease.
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1.1.3 Macrophages

Macrophages were first recognized and described by Elie Metchnikoff in 1905. He
observed that phagocytic mononuclear cells from animals resistant to certain bacterial
infections were more skilled at killing those and other pathogens, initiating the concept

of “macrophage activation” (Gordon and Martinez, 2010; Metchnikoff, 1905).

Mds arise from circulating monocytes following recruitment to different tissues
due to inflammation or they act as homeostatic regulators in the steady state. (Mosser
and Edwards, 2008). In the tissues they acquire different profiles depending on the
microenvironment. Macrophages provide a defence barrier serving as potent phagocytes
in the innate response and also as antigen presenting cells in the adaptive branch of the
immune system. Thus, like DCs, they act at the interface between innate and adaptive
immunity (Murphy et al., 2008) being key cells in the communication between external

stimuli and immune responses.

Macrophages are usually classified into two main types represented in Figure 3:
M1 (classically activated) and M2 (alternatively activated) macrophages (Martinez et al.,
2009) analogous with T-cell terminology. M1 macrophages show a more inflammatory
profile; they are specialized in the defence against intracellular pathogens and promote
inflammation and tissue damage upon stimulation with pro-inflammatory stimuli such as
IFN-y or bacterial LipoPolySacharide (LPS) (Martinez et al., 2009; Mosser and Edwards,
2008). In contrast, alternatively activated macrophages (M2 or pro-Th, following T cell
terminology) are induced by a broader range of stimuli such as glucocorticoids or IL-10
although the most frequently described M2 type are Mds generated in the presence of
interleukin 4 (IL-4) or interleukin 13 IL-13 (Martinez et al., 2009). M2 macrophages are
specialized in the defence against extracellular pathogens (e.g. helminthes, nematodes
or protozoa); they promote tissue repair and inflammation resolution enhancing tissue
remodelling and fibrosis (Borowski et al., 2008; Munitz et al., 2008). Moreover, M2 Mds
exert their effects mainly by promoting a humoral response from B cells (Martinez et al.,
2009). Although some studies have raised doubts about their ability as effector cells in

immune defence (Mosser and Edwards, 2008), it has been shown that alternatively
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activated macrophages are necessary in the host defence against parasites and

helminthes (Anthony et al., 2006; Zhao et al., 2008).

Classicaly Activated Macrophages Alternatively Activated Macrophages
CAM®s AAM®Ds

Reversible

Activation Continuum I
<%
Intracellular pathogens Extracelluar pathogens
Inflammation Resolution
Tissue damage Tissue repair
Activated by y-IFN, LPS Activated by IL4, IL-13

Figure 3 Schematic representation of macrophage activation. Macrophages show two main
activation types: Classicaly Activated Macrophages (CAMds in red) and Alternatively Activated
Macrophages (AAMos in green). CAMds are driven by y-IFN or LPS and specialized in the defence
against intracellular pathogens, causing inflammation with tissue damage. AAMdos are driven by IL-4 or
IL-13, specialized in the defence against extracellular pathogens and repair damaged tissue. These two
types are reversible; macrophages show a broad spectrum of activation status between them (as shown

by the color-graded triangles).

An important characteristic of macrophages is their plasticity and heterogeneity.
They have the capability to reverse their phenotype and reprogram their characteristics
depending on the requirements and microenvironment. Thus, they balance their
behaviour between the M1/pro-inflammation and M2/pro-resolution phenotypes
displaying a wide spectrum of activities (Porcheray et al., 2005; Stout and Suttles, 2004).
Their equilibrated regulation is key to develop an effective immune response and to
maintain a healthy/homeostatic status. As an example, exacerbated M2 responses (in
line with exacerbated Th, responses) are related to different pathologies such as
allergies, asthma or inflammatory bowel disease (Brusselle et al., 1994; Fuss and Strober,

2008a; Martinez et al., 2009; Wills-Karp, 2004). This M1/M2 model has been suggested
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as two poles of many intermediate states that are needed to respond effectively and

resolve inflammation efficiently (Mosser and Edwards, 2008)

The most studied M2 Mds are those generated in the presence of IL-4 or IL-13
(Martinez et al., 2009). Together with IL-4, IL-13 is a Th, type cytokine that drives and
modulates the immune response. Firstly described as a Th; down regulator (Minty et al.,
1993), its role as an active immune mediator has been described and distinguished from
those of IL-4 by several studies mainly using mice and knock-out models (Hogan et al.,
1997; Kolodsick et al., 2004; Punnonen et al., 1993; Ramalingam et al., 2008b). Although
both IL-4 and IL-13 trigger a pro-Th, environment, they are non redundant cytokines, as
demonstrated by several lines of evidence. For example, IL13 induces 1gG, and IgE
production independent of IL-4, and knock out mice for IL-13 and IL-4 studies showed a
critical role for IL-13 in the immune response to Nippostrongylus brasiliensis, pathogen
that elicits Th, responses (Punnonen et al., 1993; Wynn, 2003). Interleukin 13 is a key
cytokine in the defence against gastrointestinal nematodes and plays a central role in

some diseases such as asthma (Wills-Karp, 2004; Wynn, 2003).

These different and many profiles displayed by Mds and the required activation
status of DCs are likely to be tightly controlled and mechanistically related. One possible
mechanism of gene regulation is that exerted by microRNAs: small non coding RNAs that
modulate and tune the expression of several genes at the same time by pairing to their
target RNAs. Therefore, in these equilibrated systems microRNAs seem ideal candidates

to regulate both DC and M@ biology.
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1.2 MicroRNAs

MicroRNAs (miRNAs) are small non-coding RNAs of approximately 22nt in length
that inhibit gene expression by pairing to the 3’ UnTranslated Region (3'UTR) of their
target mRNAs (Bartel, 2004). MiRNAs belong to a class of small non coding RNAs
together with short-interfering RNAs (siRNAs) and Piwi-RNAs (piRNAs); all of them share
inhibitory functions and belong to the RNA interference (RNAi) pathway (Carthew and
Sontheimer, 2009) .

The term RNA interference (RNAi) was firstly used by Christian E. Rocheleau in
1997, (Rocheleau et al., 1997) Naturally occurring anti-sense RNA functions were firstly
observed in bacterial control of replication (Polisky, 1988) and later in eukaryotes,
inhibitory functions of transgenes were first observed in plants (Napoli et al., 1990; van
der Krol et al., 1990). This type of gene regulation was induced in plants by transfection
of complementary DNA constructs in cells and it was known as Post Transcriptional Gene
Silencing (PTGS) (Beclin et al., 1998; Vaucheret et al., 1998) and quelling in fungi
(Romano and Macino, 1992).

The first members of the RNAi family, small interference RNAs (siRNAs), were
discovered by Andrew J. Hamilton and David C. Baulcombe as a mechanism of viral
defence in plants (Hamilton and Baulcombe, 1999); later siRNAs were subsequently
shown to be effective in mammalian cells (Elbashir et al., 2001). MicroRNAs were initially
observed in C.elegans as small regulators of development and they were characterized
by complementarity to their regulated mRNAs (Lee et al.,, 1993), athough the term
“microRNA” was first used several years later (Lagos-Quintana et al., 2001; Lee and

Ambros, 2001).

Both siRNAs and miRNAs are derived from double-stranded RNAs and are found
in many eukaryotes. Piwi-interacting RNAs (piRNAs) seem to be more restricted to
animal germ lines and derive from single-stranded precursors, but there is relatively

poor understanding of them (Carthew and Sontheimer, 2009).

There have been several differences reported between siRNAs and miRNAs which

can be summarized in three main points (Carthew and Sontheimer, 2009):
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- siRNAs derive from RNA duplexes or long hairpins while miRNAs derive from

short hairpins created by self-folded transcripts.

- siRNAs promote mRNA cleavage following perfect pairing to target RNAs.
MiRNAs block the translation of imperfectly-matched targets and mRNA degradation
also occurs (Baek et al., 2008; Selbach et al., 2008).

- siRNAs were first thought to be a defence against foreign nucleic acids, such as
transposons, viruses or transgenes, while miRNAs were described as regulators of

endogenous genes.

- siRNAs act against specific genes whilst microRNAs exert their action in a

broader range of target genes (Baek et al., 2008; Selbach et al., 2008).

It is however clear that the criteria that defines the distinction between siRNAs
and miRNAs is changing. MiRNAs have been described as part of the host defence
against viruses (Pedersen et al., 2007) and the evidence for microRNAs exerting their
inhibitory functions via mRNA degradation in addition to translational inhibition are
increasing (Baek et al., 2008; Guo et al.,, 2010; Selbach et al., 2008). Moreover,
enhancement of translation has also been reported to be part of microRNA action for
some microRNAs such as miR-223 (Buchan and Parker, 2007); TNF-ao mRNA translation
has been shown to be promoted through AU-rich elements in its 3’UTR recruiting Ago-2
(Vasudevan and Steitz, 2007), and miR-10a binding to the 5’UTR of ribosomal protein
mMRNAs and promoting their translation under starvation (Orom et al., 2008). In addition,
microRNAs have been shown to enhance transcription through binding to 5’UTR
complementary sites (Place et al., 2008). All this evidence broadens the picture of
microRNA regulatory actions and show a more widespread function of microRNAs than
initially suggested (Bartel, 2004). As microRNAs have been more extensively described
and are known for their inhibitory action, sections 1.2.2 and 1.2.3 will only relate to this

miRNA function.
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1.2.1 MicroRNA biogenesis

MiRNAs arise from genome encoded precursors that fold into imperfect hairpin
structures, pri-miRNAs. Figure 4 shows a schematic representation of microRNA
biogenesis. Pri-miRNAs can be transcribed from independent genes that may include
more than one miRNA (a poly-cistronic cluster of miRNAs) (Lagos-Quintana et al., 2001;
Lee et al., 2002). They can also derive from intronic sequences in protein-coding genes
transcribed by the RNA Polymerase |l (termed mirtrons) (Ruby et al., 2007). Recently it
was shown that miRNAs can be also harboured in other types of genomic sequence such
as small nucleolar RNAs (He et al., 2008; Saraiya and Wang, 2008) or long non-coding
RNAs (He et al., 2008). Pri-miRNAs vary in length depending on the genes they have
arisen from : clusters of five microRNAs have shown transcripts of approximately 800 bp;
clusters of three miRNAs have shown precursors of 400 bp and single miRNAs precursors

of more than 300 bp (Lee et al., 2002)..

A typical animal pri-miRNA consists of an imperfectly paired stem of 33 bp with a
terminal loop and flanking segments (Bartel, 2004). Pri-miRNAs are bound by Drosha-
DGCR8 complexes (Han et al., 2004; Lee et al., 2003) and processed into = 70nt pre-
miRNAs (see Figure 4). In the case of miRNAs included in other RNA species (such as
mirtrons), these are excised during the splicing of the mRNA in which they are located

skipping this first step of miRNA biogenesis.

The generation of mature single stranded microRNAs and their effects depend on
two protein families: Dicer proteins, to release them from their precursors (Bernstein et
al., 2001) reviewed in (Carmell and Hannon, 2004) and Argonaute (Ago) proteins to
enable them to function as single stranded RNA molecules when loaded in RNA-induced
silencing complexes (RISCs) (Chendrimada et al., 2005; Liu et al., 2004) reviewed in

(Hutvagner and Simard, 2008).
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Figure 4 MicroRNA biogenesis. Pri-miRNAs are processed by Drosha into pre-miRNAs, which are
then transported to the cytoplasm through Exportin-5. In the cytoplasm, pre-miRNAs are processed by
Dicer, which generates double stranded miRNA::miRNA* duplexes. The mature miRNA (in red) is loaded
into the RISC complex, where it will exert inhibitory function on the target mRNA: mRNA inhibition of
translation or mRNA degradation.
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Pre-miRNAs are bound by Exportin5 in the nuclear membrane and exported by a
Ran-GTP mechanism to the cytoplasm (Bohnsack et al., 2004; Yi et al., 2003). In the
cytoplasm, Dicer-TRBP (the human immunodeficiency virus Transactivating response
RNA-Binding Protein) complexes bind to the double-stranded pre-miRNAs (Chendrimada
et al., 2005), generating mature miRNA::miRNA* duplexes of about 22nt. Eventually, the
leading strand (the mature miRNA) is loaded into the miRISCs and guides Argonaute
proteins to their target mRNAs (Eulalio et al., 2008). It is worth noting that a dsRNA
(miRNA*:miRNA) molecule is generated from the pre-miRNA. In this dsRNA molecule,
the leading strand or miRNA is preferentially incorporated into the RISC complex, while
the other strand, miRNA* (called miRNA species) tends to be degraded. This has been
related to differences in their stability and affinity to be loaded in the RISC complex
(Khvorova et al., 2003; Schwarz et al., 2003). However, some targeting roles have been
described for this miRNA*strand, which has been shown to be conserved between
several species (Okamura et al., 2008) and led to their inclusion in the microRNA

prediction databases.
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1.2.2 Mechanisms of miRNA action

MiRNAs have been reported to exert their function mainly by blocking translation
and to a lesser extent by cleaving target mRNAs (Filipowicz et al., 2008). Target mRNA
cleavage has been recently supported by polyribosome profiling experiments that
showed miRNA action relates to levels of degradation of their targeted mRNAs (Guo et
al., 2010) in addition to previous proteome global analysis (Baek et al., 2008; Selbach et
al., 2008).

MiRNAs in miRISCs direct the action of Argonaute proteins towards their targeted
mRNAs upon 3’UTR pairing. They exert post transcriptional inhibitory action by four
different mechanismes: i) inhibiting translation initiation (Humphreys et al., 2005; Pillai et
al., 2005), ii) inhibiting translation elongation (Seggerson et al., 2002), iii) causing
ribosome drop-off (premature translation termination) and iv) protein cotranslational
degradation (Nottrott et al., 2006). In addition, miRNA can cause the degradation of their
target mRNAs (Bagga et al., 2005; Guo et al., 2010) or sequester the targeted mRNAs in
foci called P bodies in which the translation machinery is excluded (Parker and Sheth,

2007).

All these mechanisms lead to a reduction in the protein output from a target
mRNA. However, several questions remain unanswered: is this a single mechanism
(rather than four) with four different outcomes? And, are some observations (P bodies
for example) a consequence rather than a cause of mRNA inhibition? (Eulalio et al.,

2008).
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1.2.3 MiRNA-target interactions

After a mature miRNA strand is loaded in the RISC complex, RISC binds to the
microRNA target mRNA. The target specifity of microRNAs is given by the “seed region”:
nucleotides in positions 2- 7 at its 5" end. The seed region pairs to the complementary
site in the targeted 3'UTR by Watson-Crick interactions (GC, AU- G: guanosine, C:
cytosine, A: adenine, U: uracil) and directs the RISC action (Bartel, 2004). Importantly,
G:U “wobble” interactions are permitted in the pairing. MiRNA:target binding depends
on the sequence complementarity between the 3’UTR of the target mRNA and the
mature miRNA and also on the miRNA site accessibility and structure of the targeted

mMRNA (Kertesz et al., 2007b).

Typically the matching occurs between the seed region of the microRNA and 6 to
8 nucleotides (and sometimes one or two extra bases) that reside in 3'UTR of its target.
Figure 5 illustrates the types of the seed pairing between microRNAs and the targeted
3’UTR (adapted from (Bartel, 2009; Shin et al., 2010)). Canonical sites are composed of 7
or 8 nucleotides pairing, although 6 nucleotides pairing can also occur but seems to be
less efficient. Supplementary sites at the 3" of the miRNA enhance binding efficiency and
might include non Watson-Crick interactions (G:U wobbles) (Bartel, 2004; Varani and
McClain, 2000). Recently a new class of miRNA target sites has been described and
termed “centered sites” that show 11-12 contiguous base pairing to the center of the

miRNA (Shin et al., 2010).

In summary and based on the terminology by (Grimson et al., 2007; Shin et al.,

2010), microRNA sites are (see Fig.5):
- 6mer: pairing to nucleotides 7-2 of the microRNA;
- 7mer-m8: pairing to nucleotides 2 to 8 of miRNA;

- 7mer-Al: pairing to nucleotides 2 to 8 plus adenosine opposite to nucleotide 1

of miRNA;

- 8mer: pairing to nucleotides 8 to 2 plus adenosine opposite to nucleotide 1 of

mMiRNA;
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- centered sites: pair to the center of the microRNA

3' NNNNNNN---N,N,N.N.N,N.N,N,Auu 5' microRNA
6mer BERER
5' NNNNNNN---N,N,N.N,N.NN.,N,NNN 3/ UTR
3' NNNNNNN---N,N,N.N,N,N.N,N,Auu 5' microRNA
7mer-m8 HERERR
5' NNNNNNN---N,N,N.N,N.NN.N,NNN 3’ UTR
3' NNNNNNN---N,N,NN.N,N.N,N,Auu 5' microRNA
7mer-Al ||||||||
5' NNNNNNN---N,N,N.N,N.NN.NNNN 3’ UTR
3' NNNNNNN---N,N,NN.N,N.,N,N Auu 5' microRNA
8mer EEEERRER
5' NNNNNNN---N,N,N,N,N.N NN ,UNN 3’ UTR
3' NNNNNNN--NNNNNNNNNNNNNNN,Au 5' microRNA
Centered site FLEHEEEE TN
5" NNNNNNN—NNNNNNNNNNNNNNNNNNN 3’ UTR

Figure 5 Different types of pairing between miRNA and the target mRNA. MicroRNA (in blue)
pairs to the 3’UTR of the target gene (in black). Red sequence shows the paired nucleotides of the
microRNA to the 3’UTR that determine the type of miRNA pairing. No additional base pairings are
shown to simplify the figure (like G:U wobble pairs or complementary pairing nucleotides at the 3’ of the

microRNA). N: nucleotide.

Studies investigating genome sequencing and cross species sequence
conservation have predicted that more than half of the coding-genome is regulated by
miRNAs from (Bartel, 2009). Many models have been developed to predict miRNA-target
interactions. These are useful predictions that need to be confirmed experimentally.
Target-microRNA interactions are predicted upon three main parameters: Watson-Crick
complementarity in the seed region, conservation across species and accessibility-
secondary structure of the targeted UTR (Bartel, 2009). Target site context has also been
considered to be important, as the same site for a given miRNA is differentially
recognized depending on the flanking 3’"UTR context (Didiano and Hobert, 2008),. Thus,
the interaction between miRNAs and their predicted targets is determined not only by

the predicted binding site of miRNA-target, but also by the molecular context of this
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region. Evolutionary conservation occurs mainly in sites of predicted targets co-
expressed with their regulatory miRNAs; this observation suggests that miRNA::target
interactions are more than a mere base-pairing and that they have co-evolved together

(Bartel, 2009).

Cellular compartmentalisation may add another layer of regulation to the miRNA
network. P bodies are regions in the cytoplasm in which many molecules involved in
mMRNA turn over are present (Parker and Sheth, 2007). In these foci, miRNAs, Argonaute
proteins and target mRNAs co-localise (Eulalio et al., 2007). However, their role in miRNA
biology is unclear. Some studies have shown that miRNA pathways are not affected
when P-bodies are not detectable suggesting that their presence is a consequence of
miRNA action rather than a cause (Humphreys et al., 2005; Pillai et al., 2005). They may
function as a reserve of miRNA and/or their targets, allowing cells to respond quicker to

stimuli that require immediate action (Parker and Sheth, 2007).
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1.2.4 MicroRNA 155

MiR-155 is the microRNA encoded in BIC (B-cell Integration Cluster) gene (or
MIR155HG, miR-155 hosting gene) located in chromosome 21 (21g21.3) between
positions 26934457 and 26947480 (Kluiver et al., 2005) (see Fig.6). BIC transcript has
1421 base pairs and two exons; the mature microRNA, miR-155, is located in the second

exon between positions 25868163 and 25868227.

This gene was mentioned for the first time in 1989, when Clurman and Hayward
described c-bic as a novel locus for the integration of the avian leucosis virus in B-cell
lymphomas and characterized it as a proto-oncogene (Clurman and Hayward, 1989).
Eight years later it was hypothesised that BIC harboured a non coding RNA rather than
coding for a protein (Tam et al., 1997). However, it was not until 2001 that BIC was
described as a human non-coding RNA gene (Tam, 2001) . Publications after that date
were generally restricted to its function in B-cell lymphomas and its characterization
mainly in Hodgkin and Burkitt lymphomas (Eis et al., 2005; Kluiver et al., 2005; Metzler et
al., 2004; van den Berg et al., 2003).

NC_000021.8

269344575; 32}6947480

NR_001458.3 & " -
RNA

Figure 6. BIC gene. Representation of BIC or MIR155HG; numbers 26934457 and 26947480 in
black show the chromosome positions that encompass this gene in 21g21.3. NC_000021.8 is the

accession number; NR_001458.3 refers to the RNA accession number.

BIC and miR-155 expression ratios have been shown to differ suggesting possible
regulation in the pathway from BIC to miR-155 (Eis et al., 2005). In 2007, Kluiver et al.
described the regulation of BIC and miR-155 in different cell lines, concluding that NF-xB
(Nuclear Factor Kappa B) and PKC (Protein Kinase C) are involved in the transcription of
BIC, whereas mature miR-155 requires an additional step (blocked in Burkitt lymphoma
cells) that remains unknown (Kluiver et al., 2007). New publications arose addressing this
issue showing that miR-155 is processed in Burkitt lymphomas (Zhang et al., 2008).
Recently, the maturation of miR-155 in murine macrophages has been shown to depend
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on the KH-type splicing regulatory protein (KSRP), an RNA binding protein involved in
splicing that promotes maturation of miR-155 precursors when macrophages are

stimulated with LPS (Ruggiero et al., 2009).

The first validated target of miR-155 was the human angiotensin Il type 1
receptor (Martin et al., 2006). It was O’Conell and colleagues who described for the first
time the role of miR-155 in the inflammatory response in mice (O'Connell et al., 2007).
Murine macrophages showed up regulation of miR-155 when stimulated with several
pro inflammatory  stimuli  (pro-Th; or pro-M1  macrophages stimuli):
polyriboinosinic:polyribocytidylic acid, LPS and interferons, the latter requiring TNF-a
autocrine signaling. Only four months later, two independent groups developed two
different miR-155 knock-out mice (Rodriguez et al., 2007; Thai et al., 2007); these mice
showed abnormal immune function with defective B and T cells and aberrant antigen
presenting cells. Moreover, these mice showed an imbalance of the T cell population
with a trend towards Th, differentiation (Thai, Calado et al. 2007). MiR-155 has been
reported to be controlled by Foxp3 and to be important for the development of Tegs in
mice (Kohlhaas et al., 2009). This supports a role for miR-155 in the development of a

healthy immune response.

MiR-155 has also been implicated in other aspects of the inflammatory response.
MiR-155 has also been implicated in acute inflammatory response in mice through C/EBP
B and G-CSF (Worm et al., 2009) and in the inflammatory response induced by
Helicobacter pylori (Xiao et al., 2009). MiR-155 has also been shown to be required for an
appropriate production of IgG; antibodies through PU.1 in murine B cells (Vigorito et al.,
2007). Only recently the role of miR-155 in dendritic cell biology was described (Ceppi et
al., 2009) showing that miR-155 is involved in the TLR/IL-1 pathway in LPS matured

monocyte-derived dendritic cells (moDCs) via TAB2 targeting.

Therefore, microRNA-155 regulates the immune system and its activation in
different cells and environments. Its involvement in the inflammatory response positions
miRNA-155 as an ideal candidate in DC maturation and to regulate the inflammatory

status of Mds.

39



1.3 Hypothesis

MicroRNA 155 targets specific genes in dendritic cells and monocytes that

regulate their immune activation and function.

1.4 Aims

Aim 1. To determine possible targets of miR-155 by bioinformatics’ analysis of

putative binding sequences.

Aim 2. To select from the putative targets those genes relevant to dendritic cell

and monocyte biology.
Aim 3. To validate the selected targets in vitro.

Aim 4. To demonstrate their biological significance in DCs and Mds.
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2 Chapter 2: Materials and methods

2.1 List of materials used

2.1.1 Equipment

7900HT Fast Real-Time PCR System (#4329001, Applied Biosystems, California,
USA)

BD FACSAria™ or a BD FACSCalibur™ cytometers (BD Biosciences)

DNA Engine TETRAD™ 2 Peltier Thermal Cycler (#TA001175, Esco Technologies,
Inc., USA)

EVG620 mask aligner (EV Group, Optimim Services, Liandysul, UK)
Hemocytometer (#MNK-420-010N, Fisher Scientific UK Ltd, Leicestershire, UK)
Mini-PROTEAN Tetra Cell (#165-8002, Bio-Rad, California, USA)

Nanodrop (Fisher Scientific UK Ltd, Leicestershire, UK)

STS Pegasus DRIE plasma etcher (STS, Sumitomo Precision Products Co. Ltd.,

Japan)

Thermo Scientific Heraeus FRESCO 17 Centrifuge (#CFH-203-010K, Fisher
Scientific UK Ltd, Leicestershire, UK)

XCell SureLock® Mini-Cell and XCell 1™ Blot Module Kit CE Mark (#EI0002,

Invitrogen Ltd, Paisley, UK)
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2.1.2 List of reagents

100 BP DNA LADDER 250 UG (#MW-0302-04, Eurogentec Ltd., Hampshire, UK)
30% Acrylamide/Bis Solution 29:1 (#161-0157, Bio-Rad)
Agarose (#BPE 1356-100 C4, Thermo Fisher Scientific Inc, Leicestershire, UK)

Albumin from bovine serum 2>98% (BSA) (#A7906-100G, SIGMA-ALDRICH
COMPANY LTD., Dorset, UK)

Aminoallyl-UTP - OYSTER-656 (#NU-821-656, Bioquote Limited, York, UK)
Ammonium persulfate (APS) (##161-0700, Bio-Rad, California, USA)

Anti a-Tubulin (AA12) (#sc-58667, Santa Cruz Biotechnology Inc., Heidelberg,

Germany)
Anti beta Actin antibody - Loading Control (ab8227, Abcam plc., Cambridge, UK)

Anti B-Tubulin (H-235) (#sc-9104, Santa Cruz Biotechnology Inc., Heidelberg,

Germany)

Anti DC-SIGN (H-200): sc-20081 (Santa Cruz Biotechnology, Inc., Heidelberg,

Germany)
Anti IL-13Ral (sc-25849, Santa Cruz Biotechnology Inc., Heidelberg, Germany)
Anti-miR™ miRNA Inhibitors—hsa-155 (#AM17000, Ambion, Texas, USA)

Anti-miR™ miRNA Inhibitors—Negative Control #1 (#AM17010, Ambion,
Warrington, UK)

Anti Phospho STAT6 (#9361, Cell Signalling Technology- New England Biolabs (UK)
Ltd., Hertfordshire, UK)

Anti STAT6 (#9362, Cell Signalling Technology- New England Biolabs (UK) Ltd.,
Hertfordshire, UK)

AZ" 400K Developer 1:4 (MicroChemicals GMBH, Ulm, Germany)
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AZ" 9260 thick film photoresist (MicroChemicals GMBH, Ulm, Germany)

BCA Protein Assay Kit (#23225, Thermo Fisher Scientific Inc, Leicestershire, UK)
Beta-Mercaptoethanol (#6250, SIGMA-ALDRICH COMPANY LTD., Dorset, UK)
Boric acid (#B/3800/53 C9, Thermo Fisher Scientific Inc, Leicestershire, UK
Bromophenol blue (#114405-25G, SIGMA-ALDRICH COMPANY LTD., Dorset, UK)
CD14 magnetic beads (#130-050-201, Miltenyi Biotech, Germany)

cf/mplete Protease Inhibitor Cocktail Tablets (#0469312400, Roche Products
Ltd., Hertfordshire, UK)

D-MEM Media - GlutaMAX™-| (#61965-059, GIBCO®, Invitrogen Ltd., Paisley, UK)

Doxycycline hyclate 298% (TLC) (#D9891-5G, Fluka, SIGMA-ALDRICH COMPANY
LTD., Dorset,UK)

Dual-Luciferase Reporter Assay System (#£E1910, Promega UK Ltd, Hampshire, UK)

EDTA Disodium Salt (#D/0700/53 C30, Thermo Fisher Scientific Inc, Leicestershire,
UK

Fetal Bovine Serum, Certified (#16000-044, GIBCO®, Invitrogen Ltd., Paisley, UK)
Ficoll-Paque™ PLUS (#17-1440-03, GE Healthcare)

FITC using FluoroTag™ FITC Conjugation Kit (SIGMA-ALDRICH COMPANY LTD.,
Dorset,UK)

Foetal Bovine Serum (Heat Inactivated) (#10108-165, Life Technologies LTD,
Paisley, UK)

Genopure Plasmid Maxi Kit (#03143422001, Roche Products Ltd., Hertfordshire,
UK)

Glycerol (#G/0650/08 C35, Thermo Fisher Scientific Inc, Leicestershire, UK)

Glycine (#G/0800/60 C40, Thermo Fisher Scientific Inc, Leicestershire, UK)
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Glycogen 20mg (#10901393001, Roche Products Ltd., Hertfordshire, UK)

H,DCFDA, (H,-DFC, DFC) (#D-399, Invitrogen Ltd., Paisley, UK)

High Capacity cDNA Reverse Transcription Kit (#4374967, Applied Biosystems,
USA, California)

hsa-miR-155 miRCURY™ LNA microRNA Power Inhibitor, 5 nmol, ready to label
(#426839-00, Exigon, Vedbaek, Denmark)

IGEPAL CA-630 (#17771-50ML, SIGMA-ALDRICH COMPANY LTD., Dorset, UK)

Immobilon polyvinylidene difluoride membrane (#IPVH00010, Millipore Ltd..,
Watford, UK)

LB Agar (#L2897 SIGMA-ALDRICH COMPANY LTD., Dorset, UK)

LB Broth (#L3022 SIGMA-ALDRICH COMPANY LTD., Dorset, UK)

LS Columns (#130-042-401, Miltenyi Biotech, Germany)

Luminol 297% (HPLC) (#A8511, SIGMA-ALDRICH COMPANY LTD., Dorset, UK)

MACS® MultiStand (#130-042-303, Miltenyi Biotech, Germany)

microRNA Power Antisense Control A (#199020-00, Exigon, )

Midi-MACSTM separator (#130-042-301, Miltenyi Biotech, Germany)

mini  Quick Spin RNA Columns (#11814427001, Roche Products Ltd.,
Hertfordshire, UK)

NaCl for molecular biology (#71376-1KG, SIGMA-ALDRICH COMPANY LTD.,
Dorset, UK)

N,N,N’,N’-Tetramethylethylenediamine (TEMED) (##161-0801, Bio-Rad,
California, USA)

NuPAGE® MOPS SDS Running Buffer (for Bis-Tris Gels only) (20x) (#NP0001,

Invitrogen Ltd, Paisley, UK)
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NuPAGE® Novex 4-12% Bis-Tris Gel 1.0 mm, 10 well (#NP0321BOX, Invitrogen Ltd,
Paisley, UK)

NuPAGE® Novex 4-12% Bis-Tris Gel 1.0 mm, 15 well (#NP0323BOX, Invitrogen Ltd,
Paisley, UK)

Oligofectamine Transfection Reagent (SKU#12252-011, Invitrogen Ltd, Paisley,
UK)

One Shot Machl T1 Phage-Resistant Chemically Competent E.coli (#C8620-03,

Invitrogen Ltd, Paisley, UK)

Opti-MEM® | Reduced-Serum Medium (1X), liquid (#31985-062, GIBCO ®)

PBS tablets (#18912-014, GIBCO ®, Invitrogen Ltd, Paisley, UK)

p-Coumaric acid 298.0% (HPLC) (#C9008, SIGMA-ALDRICH COMPANY LTD,,
Dorset, UK)

Pefablock SC (#11585916001, Roche Products Ltd., Hertfordshire, UK)

Pfu DNA Polymerase 100U (#M7741, Promega UK Ltd, Hampshire, UK)

Polybrene (#L107689, SIGMA-ALDRICH COMPANY LTD., Dorset, UK)

Polyclonal Goat Anti-Rabbit Immunoglobulin HRP conjugated (#P0448, Dako UK
Ltd., Cambridgeshire, UK)

Propidium iodide (#81845-25MG, SIGMA-ALDRICH COMPANY LTD., Dorset, UK)

PU.1 (Spi-1) (T-21) (#sc-352, Santa Cruz Biotechnology, Inc., Heidelberg,

Germany)

QIAquick Gel Extraction Kit (#28704, Qiagen, Sussex, UK)

QlAquick PCR Purification Kit (#28104, Qiagen, Sussex, UK)

Recombinant human IL-13 (#213-IL-005, R&D Systems Europe Ltd., Oxfordshire,
UK)
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Restriction enzymes used were purchased from New England Biolabs (Herts, UK)
rh GM-CSF (#11343127, Immunotools, Germany)
rh IL-4 (#11340047, Immunotools, Germany)

RPMI Medium 1640 - GlutaMAX™-| (#72400-054, GIBCO®, Invitrogen Ltd, Paisley,
UK)

SmartLadder (#MW-1700-10, Eurogentec Ltd., Hampshire, UK)
Sodium azide (#52002-100G, SIGMA-ALDRICH COMPANY LTD., Dorset, UK)

Sodium dodecyl sulphate (#S/5200/53 C107, Thermo Fisher Scientific Inc,

Leicestershire, UK)

Spectra™ Multicolor Broad Range Protein Ladder Lot 34744 (#SM1841,

Fermentas, )

SuperFect Transfection Reagent (#301305, Qiagen, Sussex, UK)

SYLGARD® 182 silicone elastomer kit (Seneffe, Belgium)

Syringe pumps (UB microfluidics)

T7 RNA Polymerase (#10881767001, Roche Products Ltd., Hertfordshire, UK)

TagMan® Universal PCR Master Mix, No AmpErase® UNG (#4364341, Applied

Biosystems, USA, California)

tert-Butyl hydroperoxide solution (#19990 SIGMA-ALDRICH COMPANY LTD.,
Dorset, UK)

TOPO® TA Cloning® Kit (#K450001, Invitrogen Ltd, Paisley, UK)

TOPO® TA Cloning® Kit (with pCR®2.1-TOPO®) with One Shot Machl1™-T1R
Chemically Competent E. coli and PureLink™ Quick Plasmid Miniprep Kit (SKU#
K4510-22, Invitrogen Ltd, Paisley, UK)

TransIT®-LT1 Transfection Reagent (#MIR 2300, Mirus Bio LLC, USA)
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TRI Reagent Solution (#AM9738, Applied Biosystems, Warrington, UK)

Tris Base Ultra Pure (#BPE152-1 C131, Thermo Fisher Scientific Inc, Leicestershire,
UK)

Tris hydrochloride 1M pH 7.5 (#BPE1757-500, Thermo Fisher Scientific Inc,

Leicestershire, UK)
TRIzol (#15596-018, Invitrogen Ltd, Paisley, UK)
Tween 20, Molecular Grade: 500ml (#41116134, Promega UK Ltd, Hampshire, UK)

Ultrapure DNAse/RNAse-Free distilled water (#10977035, Invitrogen Ltd., Paisley,
UK)

Ultrapure LPS from Escherichia coli 0111:B4 (# tIrl-pelps, InvivoGen).
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2.1.3 Buffer recipes

For cell biology:

FACS Blocking solution: 1%BSA, 0.1% sodium azide, 10%FBS in PBS
FACS solution: 0.01% sodium azide and 1% BSA in PBS
MACS BUFFER: 1% BSA, 0.1% sodium azide in PBS

Binding Buffer (20mM Tris pH7.5, 150mM NaCl, 1mM CaCl2, 2mN MgCI2 and 1%
BSA)

For DNA
CES 5x: 0,54M betaine, 1.34mM DTT, 1.34% DMSO and 11mg/ml BSA

Tris Acetate EDTA (TAE) 50x: 240g Tris Base, 57.1ml Glacial acetic acid, 100ml
0.5M EDTA

For protein work and Western Blotting:

Lysis buffer: NP-40 1% in water (add protein inhibitors at the moment of use)

5x SDS-loading buffer: 10% SDS, 50% glycerol, 0.25M Tris-HCI pH 6.8, 0.01%

bromophenol blue

Blocking solution: TBS-T 5% non fat milk

Enhanced Chemiluminescence (ECL) solution: 1:1 mix of Solutions A and B, and

add H,0, (0.02% final)

- Solution A (100mL): 1ml 250mM luminol, 0,44ml 90mM p-Coumaric acid,
10mL Tris-HCI 1M pH 7,5

- Solution B (100mL): 10mL 10mL Tris-HCI 1M pH 7.5

Running buffer electrophoresis (for 11): 14 g Glycine, 3g Tris-Base, 20%SDS

Transfer buffer (for 11): 11,25 g Glycine, 2,25 g Tris-Base, 20% methanol

48



TBS-T: 20mM Tris-Cl, pH 7,4; 12,5 mM NacCl, 0,05% or 0.1% Tween 20
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2.2 Cell culture

All cell culture was performed under regular culture conditions (37°C and 5%CO,)
in antibiotic free media (except in the cases of doxycycline treatment). “Complete
medium” refers to the addition of 10% foetal bovine serum (FBS). When using FBS not
commercially heat inactivated, inactivation of the complement system was achieved by

incubation at 56°C during 30min before adding it to the different media.

2.2.1 Cell lines.

THP-1 cells. This cell line was kindly provided by Dr.Christopher Pickard (ATCC
number TIB-202™). It was maintained in RPMI complete medium at a cell density of 5-

7-10° cells/mL.

THP1-155 cells. This cell line was cultured in RPMI complete medium at a cell
density of 5-7-10° cells/ml. In miR-155 up regulation experiments with doxycycline
treatment, cell density was maintained between 3 and 5 10° cells/mL over the course of
doxycycline treatment (5 days). Cells were kept during the time course diluting them half

the volume each day and retreating with doxycycline when needed.

When treated with IL-13 or IL-4, THP1-155 cells were starved over night and then

stimulated with these cytokines. Starvation consisted in culturing cells in RPMI 0.5% FBS.

HEK293T (ATCC number CRL-11268™) and HelLa (ATCC number CCL-2™) cells

were cultured in complete D-MEM medium and passed when confluent.

2.2.2 Monocyte derived dendritic cells

Monocyte derived dendritic cells (DCs). All dendritic cells used in this study were
derived from monocytes. Monocytes were isolated from human peripheral blood
mononuclear cells as previously described (Dominguez-Soto A et al., 2005). Peripheral
Blood Mononuclear Cells (PBMCs) were separated from buffy coats by centrifugation in
gradient density with Ficoll or Lymphoprep. Buffy coats were diluted in PBS at least by
half before subjecting them to density gradient separation and pipetted on top of Ficoll
(or Lymphoprep) in a ratio 1:4 (Ficoll: diluted buffy) approximately. These gradients were

centrifuged at 2000 rpm 20min at room temperature with no centrifuge brake. The layer
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of separated PBMCs was then removed using a serological pipette and washed 4-6 times
in PBS to remove cell debris and platelets. Centrifugation during washes was performed
as follows: 1 and 2" wash at 1500 rpm 10min and the remaining washes at 1200 rpm
10 min. All washes were performed at room temperature. Washed PBMCs were then
labelled using CD14 magnetic beads (Miltenyi) in MACS buffer (approximately 80ul
MACS buffer+20ul CD14-beads per 100-10° PBMCs) at 4°C during 18min inside a 15ml
facon tube. After labelling, cells were washed in MACS buffer and pelleted at 1200 rpm
during 10min. CD14" cells (monocytic fraction) were separated by positive selection
using magnetic LS MACS columns (Miltenyi) and the column was washed 4-6 times with
MACS buffer to remove unlabelled cells. Isolated monocytes were then counted and
cultured for 5-7 days at a cell density of 0.7-1-10%ells/ml in RPMI 10% FBS with 500
units/ml of GM-CSF (Granulocyte-Macrophage Colony Stimulating Factor) and 250
units/ml of IL-4 in order to obtain immature DCs. Immature DCs were stimulated on day
5 of culture with 1pug/mL ultrapure LPS from Escherichia coli 0111:B4 and left 48h more
to allow maturation. Cells were cultured on 6 well plates for RNA and protein expression

analysis and on 96 well plates (U shape) for transfection experiments.

2.2.3 Macrophages

Monocytes were obtained using the same protocol described in 2.2.2 for
obtaining dendritic cells. Isolated monocytes were plated at a cell density of 10° cells/ml
onto 96 well plates (flat bottom) and maintained in RPMI 10% FBS supplemented with

500U/ml GM-CSF to allow macrophage differentiation.
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2.3 Cloning

2.3.1 Vectors generated

PCDNA3.1.BIC: This vector harbors the coding region that contains microRNA
155. In order to clone it, the genomic region encompassing miR-155 in the BIC gene was
amplified by PCR and cloned using TOPO TA Cloning Kit (Invitrogen) into pCR4 vector,
clone named as pCR4_BIC (Fig.7, first vector represented on the left). The primers
employed were BIC_FOR: CTC GAG TAT GCC TCA TCC TCT GAG TGC and BIC_REV: AAG
CTT ACG AAG GTT GAA CAT CCC AGT GAC C, designed in order to clone the fragment
including Xho | restriction site at its 5° end and Hind Ill at its 3’ end. The annealing
temperature used was 60°C. After checking by sequencing, this fragment was sub cloned
from pCR4_BIC into Xhol/Hindlll sites of pCDNA3.1 (-) multicloning site (Fig. 7). T4 DNA
Ligase High Concentrated was used following manufacturer’s instructions overnight at

16°C. Clones were checked by sequencing (Geneservice, Oxford- Appendix 1).

__Hind I
_ Hind 11l

“Xhol
Hind IlI
Xhol

Hind Il
Xho | digestion

_——

Ligation
in pCONA3.1

-  »

pCR4_BIC pCR4_BIC pCDNA3.1.BIC

|—. : Promoter

= : BIC fragment containing miR-155

CMV : CytoMegaloVirus promoter

Figure 7 MiR-155 expression vector construct. The genomic region encompassing miR-155 (BIC
in the figure) was cloned into pCR4 TOPO vector (first vector represented on the left, pCR4_BIC).
pCR4_BIC was subsequently digested with Hind l1lI/Xho | enzymes; the excised fragment was cloned into

PCDNA3.1. empty vector constructing pCDNA3.1.BIC (vector represented on the right).
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pPSUPER_BIC: The same genomic fragment as above was amplified using the
following primers: BIC_LENTI_FOR AAG CTT TAT GCC TCA TCC TCT GAG TGC and
BIC_LENTI_REV: CTC GAG ACG CGT ACG AAG GTT GAA CAT CCC AGT GAC C. The forward
primer includes a Hind lll site at its 5’ end, and the reverse primer a Mlu | site followed
by a Xhol site at its 3’ end. These restrictions sites were included for the subsequent
cloning steps required to contruct the lentiviral vector pLENTI_BIC. BIC genomic
fragment was amplified by PCR and cloned using TOPO TA Cloning Kit (Invitrogen) into
pCR4 vector following manufacturer’s recommendations. The resulting clone was called
pPCR4_LENTIBIC (Fig. 8, upper row, first represented vector on the left). A second cloning
step was done subsequently in pSUPER between Hindlll/Xhol sites (Fig. 8, upper row
right). T4 DNA Ligase High Concentrated was used following manufacturer’s instructions
overnight at 16°C. The resulting construct was named pSUPER_BIC. This cloning step was
required to excise the histone 1 (H1) promoter from pSUPER_BIC vector and clone it in
the lentiviral pLVTHM vector afterwards. H1 promoter drives transcription from RNA
Polymerase lll, which is the cellular RNA Polymerase that transcribes small RNAs, tRNAs,
5S ribosomal RNA and U6 spliceosomal RNA. H1 promoter has been shown to be
efficient for transcribing siRNA molecules (Brummelkamp et al., 2002; van de Wetering
et al., 2003). RNA Polymerase |l promoters (like the one present in pCDNA.3.1, CMV or
CytoMegaloVirus promoter) have also been reported to efficiently transcribe microRNAs
(Zeng et al., 2005). pLVTHM lentiviral vector was designed to drive the expression of the
cloned transgene (siRNA usually) from the H1 promoter (Wiznerowicz and Trono, 2003).
To keep its original structure, the subcloning steps were performed in such way that the

H1 promoter was kept in the final construct pLENTI_BIC.

PLENTI_BIC: The fragment containing H1 promoter-BIC was removed form
pSUPER_BIC digesting with EcoRIl and Mlul sites and subcloned into pLVTHM (Fig. 8 lower
row). T4 DNA Ligase High Concentrated was used following manufacturer’s instructions
overnight at 16°C. This vector was named as pLENTI_BIC and it was the lentiviral vector

used for creating THP1-155 cell line.
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Figure 8 Cloning steps for constructing miR-155 lentiviral vector. Upper row: pCR4_LENTI_BIC
harbours the genomic fragment form BIC gene containing a Hind Ill site at its 5’end and MIlu I+Xhol sites
at its 3’ end. After digestion with Hindlll+Xhol, the excised fragment was subcloned into pSUPER
constructing pSUPER_BIC. Lower row: pSUPER_BIC was digested with EcoRI+Mlu | enzymes; the
resulting fragment including the histone 1 (H1) promoter and BIC was cloned into pLVTHM leading to

the construction of pLENTI_BIC, lentiviral vector used for the generation of THP1-155 cells.
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pRLTK_ 3°UTR_PU.1: The construction of this vector is summarized in Fig.9. The
3'UTR of PU.1 was amplified from genomic DNA by PCR following the protocol
established by (Ralser et al., 2006) using primers 3’'UTR_PU.1_FOR TCT AGA TAC GAC
TTC AGC GGC GAA GTG CTG and 3'UTR_PU.1_REV_BamHI GGA TCC GGA TTG AGA ATA
ACT TTA CTT G. The conditions for the PCR were modified due to the high GC content of
this region (discussed in section 4.2.1). The protocol established by Ralser et al. includes
the use of a solution called CES containing 0,54M betaine, 1.34mM DTT, 1.34% DMSO
and 11mg/ml BSA (final concentrations). The volume used in the PCR reaction was 30pl
and the amount of genomic DNA 50pg. Gradient PCR determined the optimal annealing

temperature between 58 and 60 degrees. PCR conditions were as follows:

95°C 10min

95°C 30secs

58°C to 60°C 30sec 40 cycles
72°C 1min

72°C 10min

4°C until samples were collected and kept on ice

The amplified region was cloned into pCR4 with TOPO TA Cloning Kit (Invitrogen)
leading to pCR4_3'UTR PU.1 (represented in Fig.9, left hand vector). Clones were
checked by sequencing (Geneservice, Oxford-Appendix 2). pCR4_3"'UTR PU.1 was then
digested with Xba I+Not | enzymes and the excised fragment subloned into the reporter
vector pRLTK Basic (Promega). For the ligation step, T4 DNA Ligase High Concentrated
(NEB) was used overnight at 16°C following manufacturer’s instructions. The constructed

vector was named pRLTK_3’UTR_PU.1 (Fig.9, vector represented on the right side).
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Figure 9 pRLTK_3’UTR_PU.1 reporter vector cloning steps. The 3’UTR of PU.1 was firstly cloned
into pCR4 TOPO TA (left vector pCR4_3’UTR PU.1). It was then excised using Xba I/Not | enzymes and
subsequently cloned into pRLTK (Promega) leading to pRLTK_3’UTR_PU.1 reporter vector. This was the

reporter vector used in the luciferase assays testing miR-155 direct targeting of PU.1 3’UTR.
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pRLTK_MUT_3°UTR_PU.1: this vector was generated by site directed
mutagenesis on pRLTK_3"UTR_PU1. This vector was mutated in the putative miR-155
binding site (positions 45 to 51 of PU.1 3’UTR) using the following primers:
3'UTR_MUT_PU.1 FOR GCC TCC CCG CTG GCC TGA ATT CGA AGC CCT CGC CCG GCC CGG
3’'UTR_MUT_PU.1 REV CCG GGC CGG GCG AGG GCT TCG AAT TCA GGC CAG CGG GGA
GGC. Mutagenesis was done using the QuickChange®© Site-Directed Mutagenesis Kit
(Stratagene) following manufacturer’s instructions. The predicted seed region of miR-

155 was changed in the 3’UTR of PU.1 into an EcoRl site to easily check mutated clones.
The pair of PCR primers was designed following manufacturer’s instructions:

- both primers contained the same mutation and primers annealed in opposite

strands of the same sequence;
- primers length was between 25-45nt (42nt in this case);

- primers meting temperature (T,,) was greater than or equal to 78°C using the
formula T, = 81.5 + 0.41(%GC)-675/N - % mismatch where “%GC” is the percentage of

guanosine+cytosines in the primer and “N” is number of nucleotides in the primer;
- primers GC content must be at least 40%;
- primers should preferentially terminate in on or more G or C bases;

- primers should contain the desired mutation in the middle of the primer flanked

by 10-15nt of correct sequence on each side.

pPCDNA3.1_PU.1_3’UTR. This vector contains the full length cDNA PU.1 sequence.
It was generated by cloning the 3’UTR fragment of PU.1 from pCR4_3"UTR PU.1 into
pPCDNA3.1_PU.1 (vector that codes for PU.1 and lacks the 3’'UTR of PU.1; see 2.3.2).
pCR4_3°UTR PU.1 was digested with EcoRI to excise the 3’UTR of PU.1 and blunt ends
were then generated using Klenow DNA polymerase. pCDNA3.1_PU.1. construct was
linearized using Hind IIl and filled with Klenow polymerase to generate blunt ends. The
linearized vector was subsequently dephosphorylated Alkaline Phosphatase Calf
Intestinal (CIP) to avoid religation of undigested pCDNA3.1_PU.1. Each one of these

digestion+filling steps was followed by heat inactivation of the enzymes and purification
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of the fragments using QlAquick PCR Purification Kit (Qiagen). Ligation was performed

using Quick Ligation™ Kit (NEB) 5 min at room temperature.

pRLTK_WT_IL13RA1_3’UTR: The steps for constructing this vector are
summarized in Fig.10. The 3’UTR of IL13RA1 was amplified using 120ng of the plasmid
clone HmiT009700-MT01 (Gene Copoeia) as template and the following primers:
IL13RA1_3’UTR_FOR GGC TGT TAG GGG CAG TGG AG and IL13RA1_3’UTR_REV CAG
AGC CTT GGC TGG CTG G. The PCR reaction included CES solution (0,54M betaine,
1.34mM DTT, 1.34% DMSO and 11mg/ml BSA) (Ralser et al., 2006). PCR reaction volume

was 30ul; the PCR protocol was a “touch up” as follows:

95°C 7min

95°C 40secs

58°C +0.2°C/cycle 30sec 40 cycles
72°C 1min 20secs

72°C 10min

4°C until samples were collected and kept on ice

The amplified product was cloned into pCR2.1 TOPO TA (Invitrogen) generating
pCR2.1._3’UTR_IL13RA1 (Fig.10, left hand vector) and checked by sequencing
(Geneservice, Oxford-Appendix 3). The amplified fragment was excised from
pCR2.1_2’UTR_IL13RA1 with Bam HI/Notl enzymes and inserted into Not | linearized
pPRLTK (Promega) (Fig.10, right vector). In these cut+filling steps, both insert and vector
were then subjected to blunt ending with Klenow DNA polymerase. Vector was
dephosphorylated using CIP prior ligation of the insert. Both vector and insert were
purified using QlAquick PCR Purification Kit (Qiagen) after digestion and filling to ensure
the quality of DNA and eliminate possible enzymatic contaminations. Ligation was
performed using Quick Ligation™ Kit (NEB) 5 min at room temperature to obtain pRLTK
_WT_IL13RA1_3’UTR (right hand vector in Fig.10).

58




|

x

E -
8 = -
2 = H
s E
= =
Bam HI o “

Not I digestion Ligation in
+ Not Id'!gsted
. Blunt endi . TK+ blunt .
pCR2.1_3°UTR_IL13RA1 "€ ¥ oCR2.1 3°UTR_IL13RA1 pRI;n ding RLTK_3 UTR_WT_IL13RA

IIE : Thymidine Kinase promoter
™Y : 3'"UTR of IL13RA1
: SV40 PolyA signal

: Renilla luciferase reporter gene

Figure 10 Cloning steps to obtain pRLTK_WT_3’UTR_IL13RA1. The fragment of ILL3RA1 3’UTR
containing both predicted binding sites for miR-155 was amplified by PCR and cloned into pCR2.1 TOPO
TA (Invitrogen), clone named as pCR2.1_3’UTR_IL13RA1 (vector represented on the left). This fragment
was then excised using Bam HI and Not | and filled with Klenow Polymerase. This insert was then cloned
into Not | digested and subsequently blunt ended pRLTK (Promega) obtaining

PRLTK_WT_3’UTR_IL13RA1.
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PRLTK__MUT1_3°UTR_IL13RA1 and pRLTK__MUT2_3°UTR_IL13RA1. These
clones were obtained by site directed mutagenesis of pRLTK__WT_3"UTR_IL13RA1 using
QuickChange Site Directed Mutagenesis (Stratagene) following manufacturer’s
instructions, as previously described for pRLTK_MUT_3’UTR_PU.1 construction. MiR-155
was predicted to bind to two sites in the 3’UTR of IL13RA1 named Sitel and 2 hence
forth. Mutation of Site 1 (positions 1049-1071 of IL13RA1 3’UTR) led to the construction
of the reporter pRLTK_MUT1_3°UTR_IL13RA1l. Primers employed were
ILI3RA1_3’UTR_MUT1_FOR CTG CTA CTC AAG TCG GTA CCA CTG TGT CTT TGG TTT GTG
CTA GGC CCC and IL13RA1_3'UTR_MUT1_REV GGG GCC TAG CAC AAA CCA AAG ACA
CAG TGG TAC CGA CTT GAG TAG CAG. Site 2 was predicted to map to positions 1399-
1424 of IL13RA1 3’UTR; mutation of this site led to the construction of
pRLTK__MUT2_3°UTR_IL13RA1. Primers employed were IL13RA1_3’UTR_MUT2_FOR
CCA TGT GAG GGT TTT CAG GGC CGA TAT TTG TGC ATT TTC TAA ACA G and
ILI3RA1_3’UTR_MUT2_REV CTG TTT AGA AAA TGC ACA AAT ATC GGC CCT GAA AAC CCT

CAC ATG G. Clones were checked by sequencing (Geneservice, Oxford).

Vectors generated in this study are listed in Table 1 and primers used in Table 2.

Vector name Clone Vector function

pCR4_BIC BIC- pri-miR-155 Cloning

11 | pPCDNA3.1.BIC BIC- pri-miR-155 Expression

E pSUPER_BIC BIC- pri-miR-155 Sub-cloning

€ | pCR4_LENTIBIC BIC- pri-miR-155 Cloning
PLENTI_BIC BIC- pri-miR-155 Lentiviral expression
pCR4_3'UTR PU.1 WT 3'UTR PU.1 Cloning

= | pRLTK_3'UTR_PU.1 WT 3'UTR PU.1 Reporter

2 PRLTK_MUT_3°UTR_PU.1 Mutant 3'UTR PU.1 Reporter
pCDNA3.1_PU.1_3’UTR Full length PU.1 protein Expression

- pCR2.1._3’UTR_IL13RA1 WT 3'UTR IL13RA1 Cloning

§ PRLTK _WT_IL13RA1_3’UTR WT 3'UTR IL13RA1 Reporter

g pPRLTK__MUT1_3°UTR_IL13RA1 | Mutantl 3'UTRIL13RA1 Reporter

- PRLTK_MUT2_3"UTR_IL13RA1 | Mutant2 3'UTR IL13RA1 Reporter

Table 1 List of vectors generated during this study. From left to right, first column shows the
gene these constructs relate to. Second column shows the name of the vector; third column shows the

cloned product and fourth column the function or use of the vector.
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Name Sequence
BIC_FOR CTC GAG TAT GCC TCATCC TCT GAG TGC
A | BIC_REV AAG CTT ACG AAG GTT GAA CAT CCCAGT GACC
E BIC_LENTI_FOR AAG CTT TAT GCCTCATCC TCT GAG TGC
= CTC GAG ACG CGT ACG AAG GTT GAA CAT CCC
BIC_LENTI_REV AGT GACC
3°’UTR_PU.1_FOR TCT AGA TAC GAC TTC AGC GGC GAA GTG CTG
;! 3’UTR_PU.1_REV_BamHI GGATCCGGATTG AGAATAACTTTACTTG
: GCCTCC CCG CTG GCC TGA ATT CGA AGC CCT
'5 3’'UTR_MUT_PU.1 FOR CGC CCG GCC CGaG
™ CCG GGC CGG GCG AGG GCT TCG AAT TCA GGC
3’UTR_MUT_PU.1 REV CAG CGG GGA GGC.
IL13RA1_3’UTR_FOR GGC TGT TAG GGG CAG TGG AG
ILI13RA1_3’UTR_REV CAGAGCCTTGGCTGG CTG G
- CTG CTACTCAAG TCG GTACCACTG TGT CTT
;, IL13RA1_3’UTR_MUT1_FOR TGG TTT GTG CTA GGC CCC
- GGG GCC TAG CAC AAA CCA AAG ACACAG TGG
ln__: IL13RA1_3’UTR_MUT1_REV TAC CGA CTT GAG TAG CAG
_3 CCATGT GAG GGT TTT CAG GGCCGATATTTG
IL13RA1_3’'UTR_MUT2_FOR TGCATTTTCTAAACAG
CTGTTT AGA AAATGC ACA AAT ATC GGC CCT
IL13RA1_3’UTR_MUT2_REV GAA AAC CCT CACATG G

Table 2 List of primers used in this study. From left to right, first column shows the the gene
amplified by these primers; second column shows the name of the primer and third column the primer

sequences.
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2.3.2 Other vectors

Other vectors used in this study were either commercially purchased or provided

by other groups:

Lentiviral system: pPAX2, pMD2G and pLV/tTR_KRAB_Red were kindly provided
by Prof. Didier Trono (Ecole Polytechnique Fédérale de Lausanne, Switzerland). The viral
envelope is encoded in pPAX and capsid proteins are transcribed from pMD2G.
tTR_KRAB_Red encodes for dsRed reporter gene and for the KRAB repressor (see 2.4.1
and 3.5).

MIiR-155 direct targeting of PU.1 and IL13RA1 3’UTRs: pGL3 Control (Promega)
was used as normalizer in the transfections performed to determine the direct targeting

of PU.1 and IL13RA1 3’UTRs by miR-155.

Promoter assays: pCD209-468 pXP2 and pCDNA3.1_PU.1 were kindly provided
by Prof. Angel L. Corbi (Centro de Investigaciones Biologicas, Madrid, Spain); these
constructs have been previously described elsewhere (Dominguez-Soto et al., 2005).
pCD209-468 pXP2 is a reporter vector that harbors a fragment of DC-SIGN promoter
containing a PU.1 binding site at the 5 of a firefly luciferase reporter gene (thus,
controlling its transcription in a PU.1 dependent manner). pCDNA3.1_PU.1 is an
expression vector for PU.1 protein that lacks the 3’"UTR of PU.1. pRLTK (Promega) was

used as normalizer in promoter assays
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2.4 Lentiviral work: THP1-155 cell line generation

The lentiviral system used in this study was generated and described previously
(Wiznerowicz, M. and D. Trono, 2003). This system consists on two different lentiviruses
that share both the envelope and capside proteins and differ in the lentivirus genome
(see 2.3.1. for pLENTI_BIC and 2.3.2 for the other vectors). The viral genome harbours

the transgene that will be transduced in the host cell.

2.4.1 Viral stocks production

HEK293 T cells were used as packaging cells to generate viral stocks. HEK293 T
cells were transfected with Superfect (Qiagen) following manufacturer’s instructions;
plasmid DNA amounts employed were: 5ug of pLVTHM BIC construct (or
pLV/tTR_KRAB_Red when appropiate), 3.75ug of pPAX2 and 1.5ug of pMD2G vectors.
Cell supernatants were collected 48h post transfection and centrifuged at 1500 rpm
during 15min to pellet cell debris and also avoid possible cell cross-contamination.
Centrifuged supernatant containing lentiviral particles was then added to THP-1 cells.
Fresh medium was added to HEK 293 T cells and 24h later supernatants were again
collected, centrifugued at 1500 rpm during 15min and used in a second infection of the

cells.

2.4.2 THP-1 cells transduction protocol

THP-1 cells were doubly transduced in two different rounds of infection (of
double infections as explained in 2.4.1) to generate the THP1-155 cell line. A first round
of infection was done with pLENTI_BIC derived-viruses (two infection steps) to generate
THP-1 cells stably harbouring this construct. pLENTI_BIC vector contained both the
cloned miR-155 transgene (see 2.3.1) and a GFP marker under a Tet-On controlling
system. Transduced cells were sorted by FACS using GFP as reporter gene. Sorted cells
were then re-infected with pLV-tTR-KRAB containing-viral particles (second round of
infection performed in two infection steps). This viral construct provides inducibility to
the system as explained in 3.5. These cells were then sorted again constituting the

inducible THP1-155 cell line.
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Cells were plated onto 6 well plates at a cell density of 2.6-3:10° cells/ml and
incubated with 8ug/ml of polybrene (SIGMA) 30 min at 37°C to enhance the efficiency of
infection (Coelen et al., 1983). Supernatants from 48h post transfected HEK293T cells
were added on THP-1 cells in a ratio of 1:1. Cells were then centrifuged at 2000rpm
during 90 min at 37°C and incubated under normal conditions afterwards (37°C and
5%CQ0,). Infection was repeated 24h later using supernatants of 72h post transfected
HEK293 T cells following the same conditions except that no polybrene was added.
Transduction efficiency was assesed 4 days after this second infection by flow cytometry

and GFP positive cells were sorted.

Sorted cells were then infected following the same conditions and steps with
lentiviral particles derived from pVL/tTR-KRAB plasmid. This vector harbors tTR-KRAB, a
fusion protein in which KRAB module represses transcription of nearby promoters and
tTR confers tetracycline inducibility (see section 3.5 and Fig.23). Both miR-155 and GFP
genes harboured in pLENTI_BIC are transcribed from promoters with TR (Tetracycline
Response) elements. Thus, in the presence of tTR-KRAB cells harbouring pLENTI_BIC
phages become GFP negative. After the second transduction with pVL-tTR-KRAB-viruses,
GFP negative cells were sorted. Because this population contained also non-infected GFP
negative cells, doxycycline was added to the medium to select only miR-155-GFP
containing cells. After culturing cells in the presence of doxycycline during one week, a
third sorting round was then performed to purify only GFP-miR-155 positive cells,

population that constituted the THP-1 155 cell line.
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2.5 Dual Luciferase system

The Dual Luciferase Reporter (DLR) system is an in vitro tool to determine the
translational effects of non-protein coding sequences. It consists on two different
reporter genes, Renilla and Firefly luciferase, in which one is used as reporter and the
other as normalizer. These genes code for enzymes that catalyze the conversion of
different substrates in a chemical reaction that leads to the emission of light of different
wavelengths (represented in Fig.11). To assay promoter activity (like that exerted by
transcriptional factors) sequences are cloned at the 5’ end of the reporter gene, which
translation will depend on the transcriptional activity of the promoter. To assay post
transcriptional regulation (like that exerted by microRNAs), sequences are cloned at the
3’end of the reporter leading to post transcriptional control of the reporter gene. In both
cases, translational effects are measured as light emission readout captured by a
luminometer.

Firefly

Luciferase )
Beetle luciferin =)  Oxyluciferin +AMP+PP+CO, 4Light

Renilla

Luciferase .
Coelenterazine =  Coelenteramide +CO, +Light

Figure 11 Dual Luciferase Reporter enzymatic reactions. Firefly Luciferase (upper reaction, in
green) and Renilla Luciferase (lower reaction, in red) are two enzymes that can be both used as reporter
and normalizer genes. These enzymes catalyze the conversion of different substrates (beetle luciferin
and colenterazine, respectively) with the emission of light of different wavelengths, represented as
green and red colors. These different light emissions are captured by a luminometer and serve as

readout of the enzyme quantity in each of the reactions.
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Dual-Luciferase Reporter Assay System (Promega) was used to determine the
direct targeting of PU.1 and IL13RA1 3’UTRs by miR-155. These 3’UTRs were cloned into
pPRLTK (Promega) at the 3’ end of the reporter Renilla luciferase (explained in sectior
2.3.1.) constituting pRLTK_3’UTR_PU.1 and pRLTK_WT_3’UTR_IL13RA1, respectively. The
assay is summarized in Figure 12. Renilla luciferase was used as reporter gene for
assaying miR-155 effects and Firefly lucifearse (encoded in pGL3 Basic vector, see 2.3.2)

was used as normalizer.

~PRLTK_3’UTR transfection
and |ey‘cpression

|
\d

No miR-155 Basal  Basal light emission
—

expression in |luciferase assay

EEEENEUTE A ——— EEEEEEUTR AAA Less Lesslight emission

_ expression jn |uciferase assay
binds to the 3'UTR

inhibiting the Renilla construct expression

Figure 12 Luciferase system representation for miR-155 direct targeting of a given 3’UTR. Renilla
luciferase reporter vector (up in blue) harbouring Renilla gene (“Renilla” in red) fused to the assayed
3’UTR (“3’UTR” in pink) is co-transfected with or without a miR-155 over expressing vector (indicated as
“MiR-155" in green). The absence of miR-155 over expression (upper reaction) leads to a basal
expression of the construct with the concomitant light emission in the luciferase enzymatic assay. The
over expression of miR-155 (lower reaction) inhibits the expression of the Renilla construct leading to a

decreased light emission in the luciferase enzymatic reaction.
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The DLR system was also used for promoter assays (see 3.6.4) and it is
summarized in Fig.13. The assayed promoter is cloned at the 5’ end of the reporter gene
and the light measured is readout of the reporter transcriptional activity. In this case

Firefly luciferase was used as reporter gene and Renilla luciferase as normalizer

_fp_Gl.a_promoter transfection
anc?'lexpression

v

P\ [Firefly luc|  Na Ik o P‘ [Firefiy luc] Basal  Basal light emission

Promoter expression in |luciferase assay

assayed

r—| [Firefly luc +TF Different Different light emission

expression jp |uciferase assay

TF (Transcription Factor) binds to the promoter
modulating the Firefly construct expression

Figure 13 Luciferase system representation for promoter assays. The promoter assayed (in pink)
is cloned at the 5’ end of the reporter Firefly luciferase (Firefly luc, in green). The presence of a
transcription factor (TF in red) modulates the transcriptional activity of the Firefly construct, which is

measured as light emission captured by a luminometer.
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2.6 Plasmid transfections

In all cases, plasmid DNA preparations were isolated and purified using Plasmid

Maxi Kit (Qiagen) following manufacturer’s instructions.

2.6.1 Direct targeting of PU.1 by miR-155

pPRLTK, pRLTK_WT_3"UTR_PU1 or pRLTK_MUT_3'UTR_PU1 plasmids were co-
transfected with pCDNA3.1.BIC or pCDNA3.1 empty vector into Hela cells employing
Superfect (Qiagen) following manufacturer’s instructions. Normalization was done by co-
transfection of pGL3 (Promega). Assays were measured employing the Dual-Glo kit
(Promega). The experiments were performed three times in triplicates. Statistical

differences were determined using Student’s t test.

2.6.2 Direct targeting of IL13RA1 by miR-155

The constructs pRLTK_WT_3"UTR_IL13RA1, pRLTK_MUT1_3°UTR_IL13RA1 or
pRLTK_MUT2_3"UTR_IL13RA1 were co-transfected with pCDNA3.1.BIC or pCDNA3.1
empty vector into Hela cells employing LT1 (Mirus) following manufacturer’s
instructions. Normalization was achieved by co-transfecting pGL3 (Promega). Assays
were measured employing the Dual-Glo kit (Promega). Experiments were performed
three times in triplicates. Statistical differences were determined using Student’s t test

and GraphPad Prism, Prism 5 version 5.00 for Windows software.

2.6.3 Promoter assays

These experiments were performed by Dr. Tilman Sanchez-Elsner (University of
Southampton, UK). pCD209-468 pXP2 harbours the proximal region of DC-SIGN
promoter reported to be bound by PU.1 transcription factor (Dominguez-Soto et al.,
2005). pCDNA3.1-PU.1 encodes for PU.1 without 3’UTR (see 2.3.2).
pPCDNA3.1_PU.1_3’UTR construct is explained in 2.3.1. THP-1 155 cells were transfected
using DEAE-dextran following standard procedures. pRLTK (Promega) was used as
normalizer. Assays were measured employing the Dual-Glo kit (Promega). Experiments
were repeated at least three times in triplicates. Statistical analysis was performed using

student’s t-test.
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2.7 Anti-microRNA transfections

2.7.1 THP-1 and THP1-155 cells transfection

THP-1 or THP1-155 cells were seeded at 2.5-10° cells/mL onto 24well plates in
RPMI serum free medium in a volume of 400uL/well. Preliminary experiments showed
that higher cellular concentrations rendered lower transfection efficency and cell

viability was reduced at lower concentrations.
The transfection protocol employed is summarized as follows:
1. Seed cells in serum free media.

1. Mix 2ul Oligofectamine + 3.7ul Opti-Mem¢ incubate 5min at room

temperature.

2. Mix 40ul Optimem+ Anti-miRNA Inhibitors (Anti-155 or Control, 0.8uL of 50uM
stock)¢ add the previous mixture of Oligofectamine/Opti-Mem¢ incubate 20min

at room temperature® add on top of the cells.

3. Addition of 100 ul of RPMI 50%FBS to reach normal culture conditions
(10%FBS) 3h post transfection.

Cells were collected at 24h and 48h post transfection; RNA was extracted using

TRIzol (see 2.8) and subjected to analysis (see 2.9).
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2.7.2 Dendritic Cells transfection

For the pathogen binding experiments, mature DCs (see 2.2.2) were transfected
with 100 nM of Anti-miR-155 Inhibitor or Anti-miR Inhibitors—Negative Control #
(Applied Biosystems), and 50 nM of Cy3-premiR-control-1 (Ambion) at day 5 of culture.
Cy3 fluorescence was used in order to assess transfection efficiency by flow cytometry.
These cells are transfected with no need of reagents/transfection techniques avoiding
possible undesired effects of these. It is likely that they uptake the oligonucleotides by
natural phagocytosis or passive diffusion. Cells were collected, counted and plated at a
cell density of 1.5 -10°cells/ml in 96 round bottom well plates. Medium and cytokines
were renewed and LPS and anti-miRNA probes were added. Binding assays and DC-SIGN
surface expression were assayed 48h post transfection by flow cytometry (see 2.11.1).

Transfection efficency was checked by gPCR detection of miR-155 (see 2.9.2).

2.7.3 Macrophages transfection

Following human monocyte isolation (see 2.2.2 and 2.2.3) cells were plated onto
96 well plate (flat bottom) in the presence of 500U/ml of GM-CSF (Immunotools) to
induce macrophage differentiation. 100nM Anti-miR-155 Inhibitor or Anti-miR
Inhibitors—Negative Control # (Applied Biosystems) were transfected in monocytes at
day 0. 100nM Cy3-premiR-control-1 (Ambion) was used to check transfection efficency.
As it happens with DCs, these cells are transfected by natural phagocytosis or passive
diffusion. At day 3, some cells were collected and checked for miR-155 inhibition.
10ng/ml 1L-13 was added or not to the cells and these were collected 24h post

stimulation to check miR-155 effects on the IL-13 pathway.
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2.8 RNA extraction

RNA samples were obtained using TRIzol (Invitrogen) and TRl Reagent Solution
(Applied Biosystems), following manufacturer’s instructions and modifying some of the
steps. Briefly, after disrupting the cells with TRIzol or TRI Reagent Solution, samples were
left 5 min at room temperature. 200 pl of chloroform per ml of TRIzol or TRI Reagent
were added, vortexing samples for at least 15 secs and incubating them 5min at room
temperature. Samples were then centrifuged at 13000 rpm in a bench minifuge at 4°C
during 30 min in order to separate the organic and aqueus phases, the latter containing
the RNA fraction. After taking the aqueus phase, RNA was precipitated in isopropanol
(0.65 vols of isopropanol per vol TRIzol approximately) and glycogen (1mg/ml) during 10
min at room temperature followed by a minimum of 10 min at -80C. After centrifugation
at 4°C at 13000rpm during 30 min, the pellet obtained was washed with chilled 75-80%
ethanol (lower % could cause loss of small RNAs), left 15 min on ice and centrifugued at
13000rpm during 15min at 4°C. Ethanol was removed completelyand pellets were air
dryed. RNA pellets were then resuspended in RNAse free water, and RNA concentration

was determined using a Nanodrop.
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2.9 Reverse Transcription and Real Time PCR analysis

2.9.1 Reverse Transcription

2.9.1.1 mRNA reverse transcription

RNA reverse transcription was performed using High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems) following manufacturer’s instructions. 400ng to
1ug of total RNA were used in the reverse transcription reaction, which was performed

using Random Hexamer primers. The reverse transcription protocol employed was:

10min at 25°C

2h at 37°C

5min at 85°C

Hold at 4°C until samples were removed and kept on ice

After reverse transcription, Real Time PCR (Quantitative PCR or gPCR) was

performed (2.9.2.1 and for protocol see 2.9.3).

2.9.1.2 MicroRNA Reverse Transcription

For the detection of microRNAs, 5ng of total RNA were used with High Capacity
cDNA Reverse Transcription Kit (Applied Biosystems) with specific stem loop primers for
miR-155, RNU6 or RNU44 from TagMan® MicroRNA Assays (Applied Biosystems)

following manufacturer’s instructions.

Protocol for microRNA reverse transcription employed:

30 min at 16°C

30 min at 42°C

5min at 85°C

Hold at 4°C until samples were removed and kept on ice
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After reverse transcription, Real Time PCR (Quantitative PCR or gPCR) was

performed following manufacturer’s instructions (2.9.2.2 and for protocol see 2.9.3).

2.9.2 Real Time PCR

2.9.2.1 mRNA Real Time PCR

Real Time PCR (Quantitative PCR or qPCR) for mRNA was performed following
manufacturer’s instructions using TagMan® Universal PCR Master Mix, No AmpErase®

UNG.

Two different probes were used: Perfect Probe and TagMan. The difference in
these probes relate to the structure of the detection probe: TagMan probes are linear,
Perfect Probe creates a stem loop. Both TagMan and Perfect Probe detection probes and
primers were designed to avoid intron amplification, thus excluding genomic
contamination in the qPCR results. Detenction of DC-SIGN, PU.1 and ACTB1 in Chapter 3,
and IL13RA1 and ACTB1 in Chapter 4 mRNA levels was done using PerfectProbe from
PrimerDesign (Southampton SO15 0DJ). Genes assayed in Chapter 4 were detected using

TagMan® Gene Expression Assays (Applied Biosystems).

2.9.2.2 microRNA Real Time PCR

Real Time PCR for microRNAs was performed using TagMan® Universal PCR
Master Mix, No AmpErase® UNG following manufacturer’s instructions. miR-155, RNU6
and RNU44 were detected using Applied Biosystems TagMan® MicroRNA Assays

following manufacturer’s instructions.
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2.9.2.3 Protocols for Real Time PCR

TagMan:
95°C 8min

95°C 15secs
} 40 cycles

60°C 1Imin

Perfect Probe:

95°C 8min

95°C 15secs

50°C 30secs DATA COLLECTION 40 cycles

72°C 15 secs

Data collection and real time analysis enabled

72°C 10min
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2.10 Western Blotting

Cells were lysed in NP-40 1%; 2mM Pefablock and 2 pg/ml aprotinin, leupeptin
and pepstatin protease inhibitors were added in the moment of cell lysis. Alternatively,

cllmplete Protease Inhibitor Cocktail Tablets (Roche) were used.

Lysis was performed on ice during 15 min, and cell lysates were centrifuged at
13000 rpm in a top bench centrifuge at 4°C. Supernatants containing whole cell extracts
were collected and quantified using the BCA Assay following manufacturer’s
instructions. 30ug of cell lysates were mixed with 5x loading buffer (see 2.1.3) to a final
concentration of 1x. Beta-Mercaptoethanol was added in a 1:50 ratio to ensure reducing

conditions and samples were boiled during 5 min before subjected to SDS-PAGE.

For electrophoresis of the samples, two different systems were used. Chapter 3
results were obtained using Mini-PROTEAN Electrophoresis System and casting the gels
using Acrylamide/Bis 29:1, N,N,N’,N’-Tetramethylethylenediamine (TEMED) and
ammonium persulfate (APS), all from Bio-Rad. Chapter 4 results were mainly obtained
using precasted gels from Invitrogen: NUPAGE® Novex 4-12% Bis-Tris Gel 1.0 mm, 10 well
and NuPAGE® Novex 4-12% Bis-Tris Gel 1.0 mm, 15 well, in the manufacturer’s
electrophoresis system XCell SureLock® Mini-Cell and XCell [I™ Blot Module Kit CE Mark.
The change in system did not affect the results, but the advantage of using pre-casted
gels saves time and avoids possible inconveniences from casting the gels (leaking, time of
polymerization, ease of use). Invitrogen system was only used in Chapter 4 and not 3

simply because of its availability.

Protein samples were then transferred onto an Immobilon polyvinylidene
difluoride membrane during 90min at 100V and at 4°C. For blocking purposes,
membrane incubation in TBS-T 5% non fat milk was carried for at least 1h at room
temperature with the exception of memebranes for the detection of Phospho-STAT6

which were blocked in TBS 0.05% Tween 5% BSA.
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Primary antibodies were incubated in different conditions, as follows:

- anti-Btubulin antibody was incubated in TBS 0.05% Tween 5% non fat milk

during 1h at room temperature;

- anti-IL13RA1 antibody was incubated over night at 42C in TBS 0.1% Tween 5%
non fat milk 0,1M NaCl;

- anti PU.1 primary antibody was incubated at 4°C over night in TBS containing

0.05% Tween and 5% non fat milk;

- anti-STAT-6 antibody was incubated over night in TBS 0.05% Tween 5% BSA at
4°C

- anti-Phospho-STAT6 antibody was incubated over night in TBS 0.05% Tween 5%
BSA at 4°C

After washing the excess of primary antibody 3 times in TBS-0.05% Tween (or
TBS-T 0.1% Tween in the case of anti-IL13Ra1), membranes were incubated 1h at room
temperature with secondary antibody HRP conjugated anti rabbit (#P0448, DAKO) in
TBS-0.05% Tween 5% non fat milk (or TBS-0.05% Tween 5%BSA in the case of detection
of Phospho-STAT6)

The excess of secondary antibody was washed three times with TBS-0.05% Tween

and protein detection was performed using the ECL (see 2.1.3).

Antibodies purchased from Santa Cruz Biotechnology, Inc. were a-PU.1 (sc-352);
o.-DC-SIGN (sc-20081), and a-IL13RA1 (sc-27861. As loading control it was used Anti beta
Actin antibody - Loading Control (ab8227, abcam). Antibodies for STAT6 and Phospho-

STAT6 were purchased from Cell Signalling Technology (#9362 and #9361, respectively).
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2.11 Flow cytometry and microscopy analysis

2.11.1 DC-SIGN surface expression

Mature DCs were transfected with 50nM of anti-miR-155 or anti-Mir-Control as
explained in 2.7.2. DC-SIGN surface expression was assayed 48h post transfection by

flow cytometry. Staining of the cells was performed as follows:
- cells were blocked in FACS Blocking Solution (see 2.1.3.) 15 to 30min on ice;

- cells were then incubated with either 0.3 ng/ml APC-anti-DC-SIGN or APC IgG,,

isotype control during 1h on ice
- wash excess of unbound antibody using 10 volumes of cold PBS;

- cells were resuspended in FACS solution (see 2.1.3) and flow cytometry was

performed.

Detection of APC fluorescence was performed in FL4 channel in a BD FACSAria™

Cell Sorting System (BD Biosciences) cytometer.
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2.11.2 Pathogen binding assays

For the pathogen binding experiments mature DCs were transfected with 50nM
of anti-miR-155 or anti-Mir-Control as explained in 2.7.2. Binding assays were assayed

48h post transfection.

2.11.2.1 Labelling of pathogens

C. albicans conidia were heat inactivated at 95°C during 20 minutes. After this,
conidia were stained using propidium iodide (1mg/ml) during 1h at 4°C with shaking.
Conidia were then washed with Binding Buffer (see 2.1.3) four times and counted with a

hemocytometer.

gp120 protein (Trinity Biotech) was labelled with FITC using FluoroTag™ FITC

Conjugation Kit (SIGMA) following manufacturer’s instructions.

2.11.2.2 Pathogen binding assays

Pathogen binding assays were performed as follows:
- cells were collected and washed in binding buffer (see 2.1.3)

- cells were the incubated 30 min at 4°C in the presence of labelled C.albicans

conidia were added in a 1:5 - 1:10 ratio

- for FITC-gp120 binding experiments, 1ug labelled FITC-gp120 was added and

cells were incubated at 37°C during 20 min

- cells were washed with binding buffer twice and analyzed by flow cytometry in

a BD FACSAria™ or a BD FACSCalibur cytometers (both from BD Biosciences).
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2.11.3 Reactive Oxygen Species (ROS) detection

For the detection of ROS (Chapter 5), cells were monitored using a fluorescent
microscope with a culture chamber at 37°C 5%CO,. The excitation source and filters that

were employed corresponded to those used for FITC.
In order to label the cells with ROS detector probe:
- cells were collected and washed with PBS;

- cells were resuspended at 10° cells/ml in PBS and incubated with OxyBURST®
Green H2DCFDA in a dilution 1:1000 on ice during 30-40min. This is a cell-permeable
indicator for reactive oxygen species that is not fluorescent until the acetate groups are

removed by intracellular esterases and oxidation occurs within the cell

- positive control cells were incubated with 1:100 tert-Butyl hydroperoxide

solution (TBHP)

- cells were washed in PBS and analyzed by fluorescent microscopy using Carl

Zeiss Axio Vision software.
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3 Chapter 3. Results: Role of miR-155 in dendritic

cell pathogen binding ability

3.1 Introduction

Dendritic cells act at the interface between innate and adaptive immunity. In
their immature state they recognise and bind to pathogens in peripheral tissues due to
the expression of PRRs such as DC-SIGN. Upon binding of pathogens they undergo
maturation while migrating to a lymphoid organ, where they will engage and activate
lymphocytes. Maturation involves the down regulation of PRRs and up regulation of co-
stimulatory molecules that will later allow lymphocyte activation (Fig.2). DCs present the
sensed and processed pathogens in the form of antigens to the lymphocytes, which will
then proliferate and develop the adaptive branch of the immune response in a
pathogen-specific manner depending also on the microenvironment (Geijtenbeek and
Gringhuis, 2009; Murphy et al., 2008). These adaptive immune responses can be
classified into two main types, Th; or Th; (described in 1.1.1 and represented in Fig.1).
Thus, to exert an effective immune response it is key that DCs sense and present

pathogens correctly.

DC pathogen recognition relies primarily on DC surface receptors and membrane
sensors such as DC-SIGN, a C-type (Calcium dependent) lectin present in immature DCs
that is down regulated during DC maturation triggered by pro-inflammatory (pro-Thy)
stimuli like LPS (Geijtenbeek et al., 2000c; Steinman, 2001). Also known as CD209
(Cluster of Differentiation 209), DC-SIGN binds to a wide range of pathogens via
mannose and fucose interactions. Mannose interactions include the ones with Candida
albicans and the HIV glycoprotein gp120 (Cambi et al., 2003; Curtis et al., 1992). Besides,
DC-SIGN also promotes transient adhesion with T cells trough ICAM-3 recognition,
(Geijtenbeek, T.B. et al., 2000), DC transmigration across endothelium via ICAM2

interactions and neutrophil interaction via Mac-1 (Geijtenbeek, T. B.et al., 2000).

In myeloid cells, DC-SIGN transcription has been shown to be controlled by PU.1

(Dominguez-Soto et al., 2005). PU.1. dictates DC-SIGN basal levels and shows a parallel
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expression during dendritic cell maturation (Serrano-Gomez et al., 2008). PU.1 is a key
transcription factor in hematopoietic development, with an expression pattern restricted
to B lymphoid, monocytic and granulocytic cells. PU.1 levels are tightly regulated during
hematopoietic development in different lineages. It is required in a fine balance with
MafB levels in order to determine a dendritic phenotype versus a macrophagic one
(Bakri et al., 2005; Bharadwaj and Agrawal, 2007; Friedman, 2007). The low levels of
PU.1 in PU.1 (-/-) cells achieved by the fusion of PU.1 to the estrogen receptor (PUER)
and controlled by the addition of 4-hydroxy-tamoxifen (OHT) induced granulopoiesis
while high levels primed monopoiesis (Laslo et al., 2006). The lack of one PU.1 allele has
been shown to favour neutrophil development from embryonic stem cells (Friedman,
2007) and if PU.1 is expressed at 20% of its normal levels, monopoiesis loss is observed
and granulopoiesis is preserved. Besides, PU.1 concentration has been reported to be
critical for the development of B lymphocytes as compared with macrophages (DeKoter
and Singh, 2000). Importantly, PU.1 has been described as a Th,-type determining factor
(Brunner et al., 2007; Chang et al., 2005a), being a key transcriptional factor in the

establishment of a Th, phenotype.

Previous results in the lab (personal communication of Dr.T.Sanchez-Elsner)
suggested a possible implication of BIC (MIR155 HG) in inflammatory (pro-Thy)
conditions in human macrophages, and shortly after miR-155 was shown to be involved
in the inflammatory response of murine macrophages (O'Connell et al.,, 2007).
Intriguingly, these stimuli can trigger DC maturation and bioinformatics’ in silico tools

predicted PU.1 as a putative target of miR-155.
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3.2 Hypothesis and aims

3.2.1 Hypothesis

MiR-155 is up regulated during human dendritic cell maturation, leading to down
regulation of DC-SIGN through direct targeting of PU.1 and modulating the pathogen
binding ability of dendritic cells.

3.2.2 Aims

- To determine miR-155 and PU.1 expression during dendritic cell maturation
- To assay the direct binding of miR-155 to PU.1

- To create a cellular model in which miR-155 expression can be controlled and

test miR-155 effects. Assay miR-155 effects in this model.

- To determine the effects of miR-155 in dendritic cell pathogen binding ability
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3.3 MicroRNA 155 and PU.1 levels in dendritic cell maturation

3.3.1.1 Dendritic cell maturation phenotyping

Immature dendritic cells (iDCs) are present in peripheral tissues sampling their
surroundings by PRRs such as DC-SIGN and binding of pathogens triggers DC maturation.
Maturation involves a series of changes in DCs surface (Fig.2); typical features of
maturation are the down regulation of DC-SIGN and up regulation of co-stimulatory
molecules like CD83 or CD86 required for T-cell activation (Steinman, 2001). These
phenotypical changes are in accordance with the different roles of DCs before and after
maturation: from sensors and pathogen recognizers (immature DCs or iDCs) they

become antigen presenting cells (mature DCs or mDCs).

Maturation can be mimicked in vitro by stimulating DCs with bacterial
lipopolysacharide (LPS). iDCs (see section 2.2.2) were stimulated or not with 1ug/mL LPS
and 48h later DC-SIGN, CD83 and CD86 surface expression was checked by flow
cytometry. Figure 14 shows the flow cytometry profiles of immature DCs versus mature
DCs. DC purity was checked by flow cytometry (data not shown). When comparing iDCs
and mDCs, LPS triggered DC-SIGN down regulation whilst it promoted both CD83 and
CD86 up regulation as shown by the numbers in upper right corners (mean fluorescence
of the population). These flow cytometry profiles are the validation proof for the
dendritic cell model and hypothesis, and starting point of work. It is shown one donor
out of N>20. The shown flow cytometry profiles were provided by Dr.Fethi Louafi

(University of Southampton, UK).
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Figure 14 Flow cytometry profiles of maturing DCs. DCs were stimulated with LPS (lower row,
Mature DCs) or not (upper row, Immature DCs) during 48h and analyzed by flow cytometry afterwards.
DC-SIGN was down regulated whilst the co-stimulatory molecules CD86 and CD83 were up regulated as
indicated by the population mean fluorescence numbers in the upper right corner of each plot. Left axis

shows cell count and X axis shows fluorescence units (logaritmic scale).

Previous experiments in Dr.T.Sanchez-Elsner lab suggested a possible role of miR-
155 in macrophages under inflammatory conditions. Shortly after, miR-155 was reported
to be up regulated by LPS in murine macrophages (O'Connell et al., 2007). Several target
databases and in silico tools predicted PU.1 as a candidate for miR-155 targeting
(TargetScan, microCosm Targets, PITA, RNAHybrid). To test a possible link between PU.1

and miR-155 levels during dendritic cell maturation two objectives were assayed:

- Objective 1: Determination of miRNA-155 levels during dendritic cell maturation

by specific reverse transcription followed by Real Time PCR.

- Objective 2: Determination of PU.1 protein and mRNA levels by Western

Blotting and reverse transcription followed by Real Time PCR, respectively.

3.3.1.2 MiR-155 levels during DC maturation

Monocyte derived DCs were stimulated or not with 1ug/ml LPS (mDCs and iDCs,

respectively) during the course of 48h. Levels of miR-155 were detected by specific
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reverse transcription with stem loop primers followed by Real Time PCR (gqPCR)
amplification and quantification as described in section 2.9.1.2., 2.9.2.2. and 2.9.2.3. C;
(Cycle threshold) values of the qPCR for miR-155 oscillated between 27.5 (iDCs) and 20.5
(mDCs) approximately (Appendix 4). Results are shown in Fig.15: mir-155 levels
augmented steadily during DC maturation, increasing up to 136 times 48h after LPS

stimulation when compared to the basal levels (starting point of the time course)

miR-155/RNU6

S160
140
2120

=
o
o

N B O 0
o O O O

miR-155 Fold Exp

Oh 4h 12h 24h 48h 4h 12h 24h 48h
iDCs mDCs

o

Figure 15 MiR-155 levels during dendritic cell maturation. DCs were incubated in the presence
of LPS (mDCs) or not (iDCs) during 48h and mir-155 levels were detected at different time points (X axis)
by specific reverse transcription followed by qPCR. RNU6 was used as house keeping gene. Mature DCs
(mDCs) showed an up regulation of 136 times when compared to time 0. It is shown one experiment of a

series of more than three.
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3.3.1.3 PU.1 levels during dendritic cell maturation

Dendritic cells were subjected to maturation with LPS and PU.1 expression was
analyzed at both protein and mRNA levels (Fig.16). Fig.16A shows a western blot for PU.1
protein (left panel) and its densitometry quantification (right panel). PU.1 protein
expression dropped by 50% 48h post LPS treatment when compared to time O (starting
point of the treatment). Fig.16B shows the results of the gPCR analysis for detecting PU.1
MRNA levels (see 2.8, 2.9.1.1, 2.9.2.1 and 2.9.2.3). PU.1 mRNA showed a decrease of
60% at 48h post stimulation. It is noticeable that PU.1 protein levels increased slightly in
the case of immature DCs (iDCs) during the course of 48h while its mRNA levels
remained almost constant under the same conditions. It is shown one experiment of a

triplicate.
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Figure 16 PU.1 levels during LPS-induced dendritic cell maturation. A: Left panel: Western blot
of PU.1 protein during 48h of DC maturation time course. Immature DCs (iDCs) displayed higher levels
than mature DCs (mDCs) as determined by densitometry (right panel). B: RT-qPCR analysis of PU.1
mRNA comparing immature DCs (iDCs) and mature DCs (mDCs). PU.1 mRNA levels dropped during DC

maturation.
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Thus, it was concluded that LPS triggers DC maturation during which DC-SIGN is
down regulated (Fig.14), miR-155 is over expressed (Fig.15) and PU.1 protein and mRNA

levels are diminished (Fig.16).
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3.4 PU.1lis a direct target of miR-155

PU.1 was predicted as a putative target of miR-155; after observing the inverse
correlation between miR-155 and PU.1 levels (Figs.15 and 16, respectively), the aim was
to test the direct targeting of PU.1 3’'UTR by miR-155. To assay this hypothesis several

objectives were designed:
- Objective 1: Bioinformatics’ analysis of PU.1 3’UTR::miR-155 interaction

- Objective 2: Cloning of PU.1 3’UTR in the reporter vector pRLTK. Site directed

mutagenesis of the predicted binding site for miR-155.

- Objective 3: Co transfections of pRLTK-based reporter constructs with or

without a miR-155 over expressing vector. Luminometry assays.

3.4.1 Bioinformatics’ analysis of PU.1 3’'UTR::miR-155 interaction

The first database used for the prediction of miR-155 targeting PU.1 was
TargetScan 3.0 (June 2006 release). Other databases that were employed to analyze the

possible interaction between miR-155 and the 3’UTR of PU.1 are listed in Table 3.

Database miR-155 targets PU.1
TargetScan 5.1. Yes

microRNA.org (January 2008) 1T No

microRNA.org (September 2008) | No

microCosm Targets | ves

pTA | Ves T

PicTar | | No
Diana-microT 3.0 Yes

Table 3 MiR-155 predictions for PU.1 targeting amongst the different databases used
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All these in silico tools are based on algorithms that predict the likelihood of
binding between a given microRNA and a gene. This is achieved mainly by performing
alignments between conserved 3’UTRs and miRNA sequences in search of Watson-Crick
complementarity (John et al., 2006; Maragkakis et al., 2009). RNA secondary structure is
also taken into account by some of them such as PITA algorithm, which relies on
microRNA site accessibility modelling the thermodynamic stability of microRNA-target

interaction (Hofacker, 2003; Kertesz et al., 2007).

3.4.1.1 TargetScan predictions

TargetScan 3.0 was the first prediction tool used for predicting miR-155 targeting
of PU.1 3'UTR. MiR-155 was the only microRNA predicted to target the 3’UTR of PU.1;
Fig.17 shows the predicted site for miR-155 in the 3’UTR of PU.1 that maps to
nucleotides 45 to 51 of PU.1 3’"UTR. Following the classification shown in Fig.5, miR-155
predicted site consists on a 8mer: an exact match to positions 2-8 of the mature miRNA
(underlined in Fig.17) followed by an adenosine matching to nucleotide 1 of the mature

miRNA.

3' UGGGGAUAGUGCUAAUCGUAAUU miR-155

LTI
5' ...CUCCCCGCUGGCCAUAGCAUUAA... PU.13’UTR

Figure 17 Predicted pairing between PU.1 3’UTR and miR-155 in TargetScan 5.1.

TargetScan 5.1 (last version) predicts miR-155 site as the only conserved one in
the 3’UTR of PU.1 as shown in Figure 18. Other microRNAs are also predicted but those

sites lack the conservation shown by miR-155.
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Figure 18 MicroRNAs predicted to bind to PU.1 3’UTR in TargetScan 5.1. MiR-155 is the only

conserved site predicted as shown in the first row (Conserved sites for miRNA families broadly

conserved amongst vertebrates). Image was downloaded from www.targetscan.org/vert_50 website.
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3.4.1.2 miRanda,microCosm Targets, PITA, Diana-microT

miRanda, microCosm Targets, PITA and Diana-microT predicted the same site for
miR-155 in PU.1 3’UTR. Figure 19 shows an example that corresponds to microCosm
Targets web interface (source at http://www.ebi.ac.uk/enright-srv/microcosm/cgi-
bin/targets/v5/search.pl). microCosm Targets predicts miR-155 site binding to the 3’UTR
showing also additional base interactions in the 3’ end of miR-155 between positions 32
and 53 of the 3’UTR of PU.1. The seed region of miR-155 binds to nucleotides 45-51 of
the 3’UTR of PU.1.

3’ GGGGAUAGUGCUAAUCGUAAUU MIiR-155

5'... MliechéLm-LM PU.13'UTR

Figure 19 miR-155 predicted binding site in the 3’"UTR by microCosm Targets. This in silico tool
predicts additional base interactions between the 3’ end of miR-155 and the 3’UTR of PU.1 MicroCosm

Targets can be found at http://www.ebi.ac.uk/enright-srv/microcosm/cgi-bin/targets/v5/search.pl.

3.4.1.3 RNAHybrid

miR-155 predicted site in the 3’UTR of PU.1 is conserved amongst at least 7
species. During the course of this work miR-155 was shown to target PU.1 3’UTR in mice
(Vigorito et al., 2007). microRNA::target interaction depends also on RNA secondary
structure and site accessibility of the binding site. To test structural diferences in miR-
155::PU.1 interaction between human and mouse, in silico structure analysis was
performed. RNA folding of miR-155::3’UTR interaction was done using RNAHybrid (found
at http://bibiserv.techfak.uni-bielefeld.de/rnahybrid/submission.html) (Rehmsmeier et
al., 2004). It allows performing on line predictions for microRNA::target interaction. Fig.
20 shows the predicted secondary structures for miR-155::PU.1 3’UTR in human and
mouse species. Despite the sites are conserved, the predicted RNA folding and energy
released in the interaction is different between human (-26kcal/mol) and mouse (-24.2
kcal/mol). Higher energies mean more stability in the interaction. Thus, in vitro assays

were required to confirm the prediction of human miR-155 binding to PU.1 3’UTR.
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miR-155
PU.1 3’UTR

nfe: -24.2 kcal/rol c

nfe: -26.0 kcal/mol I

Mouse Human

Figure 20 Predicted structure for miR-155::PU.1 3’UTR interaction in mouse and human. Red
indicates the 3’UTR sequence that is predicted to interact with miR-155 (in green). Energies indicated
are the predicted energy values released in each one of the interactions. Downloaded from RNAHybrid

(http://bibiserv.techfak.uni-bielefeld.de/rnahybrid/submission.html)
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3.4.2 Amplification of the 3’UTR of PU.1: cloning of pRLTK_3’UTR_PU.1

Dual luciferase assay (section 2.5) was performed to test the predicted direct
binding of miR-155 to the 3’UTR of PU.1 as explained in Fig.12. This assay required
cloning the 3’UTR of PU.1 at the 3’ end of the Renilla luciferase reporter gene harboured

in pRLTK vector (see section 2.3.1).

The 3’UTR of PU.1 was amplified from genomic DNA instead of cDNA; PU.1 mRNA
was detected when using primers to amplify exonic sequences (Fig.16B); however, the
3'UTR of PU.1 was never detectable when amplifying it from cDNA. It was hypothesised
that the 3’UTR high GC content (68%) made the reverse transcription reaction unable to
produce cDNA from cytoplasmic mRNA and 50 pg of genomic DNA were used as PCR

template instead.

PCR conditions were optimized following the protocol established by (Ralser et
al., 2006). The 30ul PCR reaction included a solution called CES (for composition see
section 2.1.3). These conditions make the concentration of DNA in the mixture higher

and improves the PCR amplification (Ralser et al., 2006).

Gradient PCR was performed to establish the optimal annealing temperature
which was calculated between 58 and 60 degrees (Fig.21). Figure 21 shows a gel picture
of the amplified genomic region corresponding to the 3’UTR of PU.1. Left lanes 2 to 6
show that in the absence of CES solution the PCR reaction amplified unspecific bands,
none of which correspond to the expected size (450nt approximately). Lanes 8 to 13
show the amplified products obtained when adding CES solution to the PCR mixture.
Bands circled were the ones extracted, cloned and sequenced, corresponding to the

3’UTR of PU.1.
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Figure 21 Agarose gel image corresponding to the amplification of PU.1 3’UTR by gradient PCR.
Annealing temperatures tested in the PCR reaction are indicated below. First lane: Smart Ladder
(Eurogentec). 2-6 left lanes: no CES (enhancer solution for high GC content sequences) was added. 8-13
lanes on the right correspond to the matched annealing temperatures with addition of CES solution. CES

use in the PCR reaction was adopted from the protocol by (Ralser et al., 2006).

After several subcloning steps (see section 2.3.1 and Fig.9) the 3'UTR of PU.1 was
cloned in pRLTK vector constructing pRLTK_3"UTR_PUL1. This vector was then subjected
to site directed mutagenesis (see section 2.3.1) to construct pRLTK_MUT_3°UTR_PU.1.
for pin pointing the site of miR-155 targeting. This mutant version contains mismatches

in the putative miR-155 binding site (positions 45-51 of the 3’UTR) as shown in Fig. 22A.
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3.4.3 MiR-155 directly binds to the 3’'UTR of PU.1

After cloning the 3’'UTR of PU.1 and obtaining the wild type and mutant reporter
versions PpRLTK_3'UTR_PU1 and pRLTK_MUT_3°'UTR_PU.1, respectively, these
constructs were assayed using Dual Luciferase Assay system as described in 2.5 and
represented in Fig.12. The mutant version was designed and then specifity checked by
employing RNAHybrid and PITA for miR-155 binding, which did not predict putative miR-
155 sites.

Each reporter vector was co transfected with pCNA3.1 BIC (over expressing

vector for miR-155) or with empty pCDNA3.1 as control into Hela cells.

PRLTK empty vector (pRLTK in Fig.22B) was unaffected by the over expression of
miR-155 as shown by the similar luciferase values when co transfecting pRLTK with
control or miR-155 over expressing vectors. When the 3"UTR of PU.1 was included in the
pPRLTK vector (WT in Fig.22B) the co-transfection of miR-155 led to a drop of 85% in
luciferase activity. Mutating the predicted pairing region for miR-155 (MUT in Fig.22B)
rendered the construct unaffected by miR-155 over expression similarly to pRLTK empty
vector. All transfections were normalized using pGL3 as the 3’UTR of this Firefly
luciferase reporter gene is not affected by microRNA-155. Moreover, this normaliser is
routinely used in this type of assays. Transfections were performed in triplicates and it is

shown one of them.

Therefore, it was concluded that human PU.1 is a direct target of miR-155 and
that the predicted binding sequence mapping to nucleotides 45-51 of the 3’UTR of PU.1

is essential for miR-155 activity.
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Figure 22 MiR-155 directly targets the 3’UTR of PU.1. A: predicted binding site for miR-155 in
the 3’UTR of PU.1 and the generated mutant version between nucleotides 45-51 of PU.1 3’UTR. B:
Luciferase assay for miR-155 action on the 3’UTR of PU.1. pRLTK: pRLTK empty vector; WT: pRLTK
including the wild type 3’UTR of PU.1; MUT: pRLTK including the mutant version for miR-155 binding site
on the 3’UTR of PU.1 as shown in A.
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3.5 Generation of THP-1 155 cell line

MiR-155 was shown to be up regulated by LPS in DCs (Fig.15) which has also been
reported to induce miR-155 expression in murine macrophages (O'Connell et al., 2007)
and involved in the inflammtory response of human macrophages (personal
communication of Dr.T.Sanchez-Elsner). LPS is a pro-inflammatory stimulus that triggers
different pathways such as TLR4 and NFxB which in turn involve many other
downstream targets. Thus, LPS exerts its effects on many targets at the same time (e.g.
PU.1 and miR-155) that might or might not be directly interrelated. A cell line with
controllable and titrable miR-155 expression was developed to analyze the effects of
miR-155 over expression on its own and isolate it from other inflammatory pathways
and events. The chosen cell model was THP-1 cell line due to several of its
characteristics: i) it is of myelocytic origin as DCs and Mds are; ii) it is known to share
characteristics with human DCs (Berges et al.,, 2005); iii) it is commonly used for
obtaining Md-like cells (Auwerx, 1991; Park et al., 2007) and, importantly, iv) they

express PU.1.

The lentiviral system used in this study was generated and described by
Wiznerowicz and Trono (Wiznerowicz, M. and D. Trono, 2003) and it is represented in
Figure 23. This system consists on two different lentiviruses that share the envelope and
capside proteins and differ in the lentivirus genome that is inserted in the host cell. The
viral envelope is encoded in the plasmid pPAX and the capsid proteins are transcribed

from pMD2G plasmid (see 2.3.2). The transduction protocol is detailed in 2.4.

Both pLENTI_BIC and pLV/tTR-KRAB-Red lentiviral vectors contain reporter genes
that allow their monitoring by flow cytometry. pLENTI_BIC harbours pri-miR-155 and has
a GFP marker gene transcribed from an independent promoter (EF-1o, Elongation

Factor-1 alpha).

pLV/tTR-KRAB-Red harbours the tTR-KRAB fusion protein and DsRed2 protein.
DsRed2 codes for a fluorescent marker that has an excitation wavelength of 563nm and
an emission at 582nm. The flow cytometer used did not have the required laser to excite
this fluorophore so it was not possible to use it as a marker for infected cells. This

explains the infection protocol and the several rounds of sorting performed to obtain the
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THP-1 155 cell line (see 2.4.2). tTR-KRAB is a fusion protein with two modules: tTR and
KRAB. KRAB is a repressor of both Polymerase Il and Ill transcriptional activity within a
distance of 3Kb from its binding site. tTR (tetracycline TransRepressor) is a DNA binding
domain which confers specifity to the repression resulting in a specific binding to tetO
(tetracycline Operators) sequences. Thus, tTR-KRAB suppresses the transcription of tetO
juxtaposed promoters. tTR confers not only specifity but also inducibility to the system
because its binding to DNA is regulated by tetracycline or a derivative such as
doxycycline (Doxy). When tetracycline (or Doxy) are added to the medium tTR-KRAB is
then sequestered freeing the promoter and allowing gene expression to occur (Deuschle
et al.,, 1995). This inducibility is necessary as the long-term over expression of the
transgene could lead to changes in the overall behaviour of the system and possibly

generate some undesired off-target effects.
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Figure 23 THP1-155 cells lentiviral system. THP-1 155 cells harbour PpLENTI_BIC and
pLV/tTR_KRAB_Red. pLENTI_BIC is a lentivirus that contains a miR-155 transgene and a GFP reporter.
Both genes are constitutively repressed in a Tet On dependent manner (left side) due to tTR-KRAB
protein (encoded in pLV/tTR_KRAB_Red) repression. Addition of doxycycline sequesters tTR-KRAB by
binding to the tTR module, releasing promoters of both miR-155 and GFP which become
transcriptionally active.
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3.5.1 Validation of THP-1 155 cells

3.5.1.1 Flow cytometry analysis of THP1-155 cells

To validate the inducibility of the system, Doxycycline was added to the medium
at different concentrations (0.25, 2.5 and 10 pg/mL) and GFP was monitored. The
optimal concentration, 2.5ug/ml, was determined as the lowest one that showed
earliest and strongest GFP expression. Figure 24 shows the flow cytometry profiles of
cells treated with 2.5 pg/ml doxycycline over 96h; time points were taken every 24h and
cells were monitored by flow cytometry. After 96h almost all cells (96% approximately)

were GFP positive.
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Figure 24 Flow cytometry profile of Doxycycline treated THP1-155 cells. Addition of Doxycycline
to THP-1 155 cells during the course of 96h up regulated GFP expression reaching 95.8% of GFP positive

cells after 5 days of treatment

Thus, it was established that the optimal timing for de-repression of THP-1 155

cell system was 96h and the chosen dose of doxycycline 2.5ug/mL.
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3.5.1.2 miR-155 analysis of THP1-155 cells

The addition of doxycycline to THP-1 155 cells during 96h was sufficient to allow
GFP de-repression of almost the whole population (Fig.24). To assay miR-155 de-
repression THP1-155 cells were incubated with 2.5ug/mL during 96h and time points
were taken each 24h. MiR-155 expression was analysed by specific RT-gPCR (see 2.8,
2.9.1.2,, 2.9.2.2 and 2.9.2.3). Figure 25 shows that miR-155 over expression occurred
steadily during the course of 96h of doxycycline treatment; after 96h THP1-155 cells an
increase of eight times in miR-155 expression when compared to the start of the
treatment. Untreated cells (No Doxy in Fig.25) showed no significant modification of

miR-155 levels.

miR-155/RNU6

Oh 96h 24h 48h 72h 96h

No Doxy Doxy

Relative fold expression
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Figure 25. Mir-155 expression in doxycycline treated THP-1 155 cells. THP1-155 cells were
treated with doxycycline (Doxy) or not (No Doxy) during 96; cells were taken every 24h and analyzed to
detect miR-155 expression. Fold expression was calculated using the small nuclear RNA RNUG6 as house

keeping gene.

102



3.6 Determination of miR-155 effects on PU.1 and DC-SIGN in
THP-1 155 cells

PU.1 was demonstrated to be directly bound by miR-155 (Fig. 22B) and it is a
known transcriptional regulator of DC-SIGN (Dominguez-Soto et al., 2005). After
validating the THP1-155 cell line (Figs.24 and 25), the effects of miR-155 up regulation in

PU.1 and DC-SIGN expression were tested following these objectives:

- Objective 1: Determination of miR-155 up regulation effects on of PU.1 and DC-
SIGN protein by western blotting. Analyze PU.1 and DC-SIGN mRNA expression by qRT-
PCR.

- Objective 2: Analyze miR-155 regulation of DC-SIGN expression employing

promoter assays.

- Objective 3: Checking the specifity of the system by transfecting THP1-155 cells
with Anti-miR-155 oligonucleotides. Analysis of mRNA levels of PU.1 and DC-SIGN by
qRT-PCR.
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3.6.1 miR-155 effects on PU.1 expression

THP-1 155 cells were treated with doxycycline during 96h (which results in up
regulation of miR-155 as shown in Fig. 25). Cells were taken every 24h and analyzed both
protein and RNA levels by Western blotting (see 2.10) and RT-qPCR, respectively. Figure
26A shows that PU.1 protein levels dropped to 16.8% of the initial levels at the start of
the treatment (time Oh) as determined by densitometry. Normalisation was done against
a-tubulin. Analysis of RNA by RT-gPCR (see 2.8, 2.9.1.1, 2.9.2.1. and 2.9.2.3) determined
that PU.1 mRNA levels remained almost constant during the same time course (Fig.26B).

The results shown correspond to an experiment that was performed in triplicates.
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Figure 26 MiR-155 modulates PU.1 expression in THP1-155 cells. A: Western blot analysis of
PU.1 protein in THP1-155 cells during 96h of doxycycline (Doxy) treatment. Densitometry values are
shown on top of each lane compared to time 0 and normalized against a-Tubulin. B: RT-qPCR of PU.1

mMRNA levels compared (a-actin) (ACTB1).
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3.6.2 miR-155 effects on DC-SIGN expression

MIiR-155 up regulation led to a decrease of PU.1 levels in THP-1 155 cells (Fig. 26).
PU.1 controls the transcription of DC-SIGN in myeloid cells (Dominguez-Soto et al., 2005)
and thus, it was hypothesised that miR-155 levels would have an effect on DC-SIGN
expression. To test this, THP-1 155 cells were treated with doxycycline over 96h, time to
release the repression from the whole cell population (Fig.24) and over express miR-155
(Fig.25). Cells were then maintained a further period of 48h with or without doxycycline
and protein and RNA were analyzed every 24h by western blot (2.10) and RT-gPCR (see
see 2.8, 2.9.1.1, 2.9.2.1. and 2.9.2.3), respectively. Both DC-SIGN protein and mRNA
levels were down regulated in the presence higher levels of miR-155 (Figs.27A and B,
upper panels +Doxy, respectively). PU.1 protein levels were down regulated when miR-
155 levels were increased (+Doxy, middle panel in Fig.27A) while PU.1 mRNA levels
remained constant (Fig.27B, lower panel). An experiment that was performed in

triplicates is shown.
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Figure 27 DC-SIGN and PU.1 expression in THP-1 155 cells. THP1-155 cells treated during 96h
with Doxycycline (+Doxy) or not (-Doxy) were left an extra period of 48h with/without Doxy. A: Western
Blot showing DC-SIGN and PU.1 protein levels (upper and middle panels, respectively). Normalisation
was done against B-tubulin. B: RT-gPCR results of DC-SIGN and PU.1 mRNA levels (upper and lower

panels, respectively) normalised against a-actin (ACTB1)
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DC-SIGN surface expression was also analysed in THP1-155 cells by flow
cytometry. Fig.28 shows the flow cytometry profiles of THP1-155 cells treated or not
with doxycycline (+Doxy and —Doxy, respectively), that is, over expressing or not miR-
155. MiR-155 over expression led to a reduction of DC-SIGN membrane levels of 65% as

shown by the MFI (Mean Fluorescence Intensity).

% 0.48% 10 81.41%
0 MFI 2.23 MFI 65.41
xX = =
O <& u O
o
0 0!
1 10t 1 10t 1 1 10 100
73.49%
0.25%
"l MFI2.09 [ MF1 3193/
% 4 w0
> : 0 I
o
Q 3
+ 10 20
0 0 |
1 10t i 10 1 10 s 10
Unstained DC-SIGN

Figure 28 Flow cytometry profiles of DC-SIGN surface expression in THP1-155 cells. THP1-155
over expressing (+Doxy) or not (-Doxy) miR-155 were stained with anti-DC-SIGN fluorescent antibody
and analyzed by flow cytometry. % indicates percentage of positive cells: MFI: Mean Fluorescence

Intensity. Stained population was determined by comparison to unstained cells.

The results shown in Figs.26, 27 and 28 suggested that miR-155 regulates PU.1
expression post transcriptionally whilst it modulates transcriptional DC-SIGN activity,

suggesting this regulation to be mediated via direct targeting of PU.1.
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3.6.3 Specifity of miR-155 effects

In order to confirm the specificity of miR-155 effects on PU.1 and DC-SIGN
expression a “reverse” approach was assayed by blocking miR-155. Anti-miR-155
inhibitor oligonucleotires (Ambion) were transfected into doxycycline treated THP1-155
cells (cells over expressing miR-155) (see 2.7.1). Transfection efficiency was firstly
checked by flow cytometry using a Cy3 labelled Pre-miRNA probe (Fig.29A). Almost 90%
of the population was transfected as shown by the percentage of positively labelled cells
(Fig.29A right plot) when compared to unstained cells. Anti-miR-155 or Anti-miRNA-
Control oligonucleotides were then transfected following the same protocol; 48h post
transfection RNA was extracted from transfected cells and analyzed by RT-qPCR (see 2.8,
2.9.1.1,, 2.9.2.1 and 2.9.2.3). Fig.29B shows that PU.1 mRNA levels were not affected by
miR-155 inhibition (black bars). DC-SIGN mRNA levels were significantly increased up to
1.6 fold when Anti-miR-155 oligonucleotides were transfected (Fig. 29B right, black bar).
Fold increase was calculated by comparing to Control-Anti-miRNA (Fig.29B white bars)

and normalizing against a-actin (ACTB1 gene).

These results showed the reversibility of the THP1-155 cell system and confirmed
the previous observations in Figs.26, 27 and 28: miR-155 modulates PU.1 expression at

the post transcriptional level while it regulates DC-SIGN at the pre-transcriptional level.
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Figure 29 THP1-155 cells transfection with Anti-miRNA probes. A: Transfection efficency was
checked transfecting Cy3-Pre-miRNA in THP-1 cells and monitored by flow cytometry (efficency approx.
89.03% of Cy3 positive cells). B: THP-1 155 cells were transfected with Anti-miR-155 probe or an Anti-
miRNA-Control to prove specifity of miR-155 in PU.1 and DC-SIGN regulation at the mRNA level (right

panel).
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3.6.4 MiR-155 regulates DC-SIGN promoter activity by targeting PU.1

Previous results (Figs. 27 and 29) suggested that miR-155 modulates DC-SIGN
expression at the pre-transcriptional level; moreover, DC-SIGN was not found amongst
the putative targets for miR-155 in any of the in silico predictions. Given that PU.1 is a
transcriptional activator of DC-SIGN expression (Dominguez-Soto et al., 2005) it was
hypothesised that miR-155 affects the promoter activity of DC-SIGN in a PU.1-dependent

manner.

In order to test this hypothesis promoter assays were performed based on the
dual luciferase system (see 2.5 and Fig.13). Dr.Tilman Sanchez-Elsner performed these
assays. The reporter vector used was pCD209-468 pXP2 (see 2.3.2). This is a Firefly
luciferase construct that reports for DC-SIGN transcriptional activity dependent on PU.1
as it harbours a fragment of DC-SIGN promoter previously shown to respond to PU.1
binding (Dominguez-Soto et al., 2005). Thus, the activity of the luciferase reporter gene
depends mainly on the presence of PU.1 present in the cell. Normalisation was done

against pRLTK.

THP1-155 cells were treated or not with doxycycline during 96h to allow miR-155
over expression or not, respectively (see Fig.25), and cells were then transfected with
pCD209-468 pXP2. The bar graph in Figure 30 represents the results of these
transfections. “Basal” shows that miR-155 over expressing cells (+Doxy, black bars)
reported a significant reduction in DC-SIGN transcriptional activity dependent on PU.1.
This result confirmed the previous observations in Figs. 27 and 29, demonstrating that

miR-155 modulates DC-SIGN expression at the promoter level.

To determine the role of PU.1 in the miR-155-dependent reduction of DC-SIGN
promoter activity, two additional experimental conditions were tested. In the first one
(+PU.1 No 3’UTR in Fig.30) the reporter for DC-SIGN promoter was co-transfected with a
plasmid encoding for PU.1 protein (pCDNA3.1_PU.1, see 2.3.2). This PU.1 construct
harbours the cDNA of PU.1 protein with no 3’UTR sequence and thus, with no binding
site for miR-155. Co-transfecting this PU.1 vector rescued completely the activity of the
reporter for DC-SIGN promoter: miR-155 over expressing cells (+Doxy) —which have less

PU.1- reported the same transcriptional activity as miR-155 non-over expressing cells
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(-Doxy). The second experimental condition (+PU.1 Complete in Fig.30) was performed
to determine whether the presence of the 3’UTR of PU.1 dictates miR-155 modulation of
DC-SIGN transcriptional activity. It consisted on the co-transfection of DC-SIGN promoter
reporter with a PU.1 construct containing the full length 3’'UTR (pCDNA3.1_PU.1_3’UTR,
see 2.3.1). +PU.1 complete in Fig.30 shows that this expression vector for PU.1 was not
able to rescue the transcriptional activity of DC-SIGN showing a similar behaviour as the
basal conditions (Basal in Fig.30). An experiment that was performed in triplicates is

shown.
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Figure 30 MiR-155 modulates DC-SIGN promoter activity. THP-1 155 cells over expressing miR-
155 (+Doxy, black columns) or not (- Doxy, white columns) were transfected with a reporter construct
harbouring a fragment of DC-SIGN promoter that binds to PU.1. “Basal” shows that Doxy treated cells
reported less luciferase activity. “+PU.1 No 3’UTR” shows that the co-transfection of the DC-SIGN
promoter reporter with a vector coding for PU.1 that lacks its 3’"UTR (no binding site for miR-155)
restored the luciferase values. “+PU.1 complete” shows that co-transfecting DC-SIGN reporter with a
PU.1 expression vector containing its full lenght 3’'UTR behaved similarly to the basal conditions. It is
shown one experiment that was performed in triplicates. Normalisation was performed against Renilla

luciferase (pRLTK)
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Therefore, the hypothesis stated initially was demonstrated: miR-155 modulates

the transcriptional activity of DC-SIGN by directly regulating PU.1 levels.
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3.7 Role of miR-155 in dendritic cells pathogen binding ability

Previous results have shown that miR-155 augments during dendritic cell
maturation (Fig.15) while DC-SIGN and PU.1 are down regulated (Figs.14 and 16,
respectively); that PU.1 is a direct target of microRNA 155 (Fig.22B) and that miR-155

modulates DC-SIGN expression through PU.1 regulation (Figs.26 and 30).

DC-SIGN is a C-type lectin that binds to pathogens such as Candida albicans
(Cambi et al., 2003)or HIV glycoprotein gp120 (Cambi et al., 2003; Geijtenbeek and van
Kooyk, 2003) These data together with the previous results suggested that miR-155 can
modulate the pathogen binding ability of dendritic cells through DC-SIGN modulation. In

order to test this hypothesis two different objectives were planned:

- Objective 1: Transfection of Anti-miR-155 or Anti-miR-Control oligonucleotides

in dendritic cells and validation by RT-qPCR.

- Objective 2: Assay Anti-miR-155/Control transfected DCs binding to gp120-FITC

and labeled Candida albicans by flow cytometry.
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3.7.1 Anti-microRNA transfection of dendritic cells

Dendritic cells show high phagocytic ability (Banchereau and Steinman, 1998;
Kindt et al., 2007; Murphy et al., 2008; Steinman, 2001) so it was hypothesised that
these cells might naturally uptake Anti-microRNA inhibitors with no need of transfection

reagents and/or techniques such as electroporation.

To test the transfection efficency a Cy3 labelled Control-microRNA probe was
initially transfected into DCs (see 2.2.2 for DC generation). Cells were incubated in the
presence of 50nM Cy3-labelled oligonucleotides and checked 48h post transfection by
flow cytometry. Fig.31A shows that cells were 100% positive when incubated in the
presence of the Cy3 probe. Confocal microscopy experiments were carried out to test
the cellular localization of the probe. These experiments confirmed that the probe was
located inside the cytoplasm and not bound to the cell membrane. Confocal microscopy
assays were done by Dr. Fethi Louafi (data not shown). Dendritic cells were then
transfected with Anti-miR-155 (see section 2.7.2 for a detailed protocol) and miR-155
levels were checked by RT-gPCR (see see 2.8, 2.9.1.2., 2.9.2.2 and 2.9.2.3). Two doses
(50nM and 500nM) of specific anti-miR-155 or control anti-miRNA oligonucleotides were
employed initially to optimize the blocking efficency. miR-155 knock down was not
detectable 24h post transfection (data not shown); Fig.31B shows the RT-qPCR results
for miR-155 detection 48h after transfection. When compared to immature DCs (iDCs in
Fig.31B) LPS triggered miR-155 up regulation with both doses of anti-miRNA transfection
(Control in Fig.31B). LPS up regulation was reduced when transfecting the highest
concentration of anti-microRNA control (500nM Control) when compared to the lowest
one (50nM Control). It is possible that the highest ammount of oligonucleotides
impaired the maturation of DCs, as the levels of miR-155 were similar when comparing
transfections of 500nM of Control and 50nM of Anti-miR-155 oligonucleotides. 50nM
dose of Anti-miR-155 was efficient in the blocking and to avoid possible undesired

effects 50mM was chosen as the working dose.
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Figure 31 Transfection of Anti-microRNA in DCs. A: Flow cytometry overlay of DCs transfected
(red) or not (blue) with a labelled Cy3-miRNA probe. All cells were transfected B: Blocking efficency of
Anti-miR-155 oligonulceotides when transfecting 50nM or 500nM in mature dendritic cells (mDCs). Fold

induction was calculated by comparing to immature dendritic cells (iDCs) and RNU6 was used as a

normaliser.
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3.7.2 MiR-155 effects on DC-SIGN surface expression and pathogen
binding ability of dendritic cells

Once the transfection conditions were established, iDCs were transfected at day
5 with Anti-miR-155 or Anti-miR-Control oligonucleotides and maturation was induced
with LPS (see 2.2.2). DC-SIGN surface expression was checked by flow cytometry (see
2.11.1) and binding experiments to FITC-gp120 protein and C.albicans conidia were
performed 48h post transfection (see 2.11.2 for a detailed protocol). Fig. 32 shows the
flow cytometry profiles (first and second columns) and overlays (third column) of
transfected cells with Anti-miR-Control (in blue) or Anti-miR-155 (in red)
oligonucleotides. As expected, Anti-miR-155 transfected DCs showed higher DC-SIGN
membrane expression compared to Control transfected cells (Fig.32, first row).
Concomitantly, DCs transfected with anti-miR-155 oligonucleotides showed greater
binding to both C.albicans and gp120 in DCs (Fig.32, second and third rows, respectively)
when compared to the binding observed in Anti-miR-Control transfected cells. Results
shown correspond to one donor out of three replicates. These experiments were done

with the help of Dr.Fethi Louafi.
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Figure 32 Dendritic cell pathogen binding modulation by miR-155. Flow cytometry profiles of

red) or Anti-miRNA-Control

(in blue)

oligonucleotides. First row shows DC-SIGN membrane levels; second row shows binding to C.albicans

and third row shows binding to gp120-FITC. Overlays in third column are the result of superposing blue

and red plots. % shows the percentage of positively labelled cells; MFI: Mean Fluorescence Intensity.

Experiments were performed in triplicates. It is shown one of the donors.
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3.8 Discussion

In search of genes involved in inflammation, BIC (MIR155 HG) was found as a
candidate up regulated by pro-Th; conditions in human macrophages; moreover, miR-
155 was shown to be up regulated in murine macrophages by inflammatory stimuli
(O'Connell et al., 2007). Employing in silico tools for the prediction of miR-155 targets
PU.1 was found as a conserved candidate (Figs. 17 and 19) in which 3’UTR the only
conserved site for miRNA action was that of miR-155 (Fig.18). PU.1 is an essential factor
in dendritic cells (Bakri et al., 2005; Carotta et al., 2010) and an important regulator of
hematopoiesis (Laslo et al., 2006; Scott et al., 1994) that has been linked to Th,
responses (Brunner et al., 2007; Chang et al., 2005b). PU.1 is also a known transcriptional
regulator of the pathogen binding receptor DC-SIGN (Dominguez-Soto et al., 2005),
which is present in dendritic cells and it is regulated during DC maturation induced by
inflammatory stimuli. Linking miR-155 and DC-SIGN regulation through PU.ltargeting
would prove a new role for this microRNA in DCs pathogen binding abilities. Moreover, it

would establish a new role for miR-155 in the initial steps of the immune response.

LPS induced maturation of DCs triggered up regulation of miR-155 (Fig.15)
concomitantly with DC-SIGN and PU.1 down regulation (Figs.14 and 16, respectively). In
vitro assays demonstrated that miR-155 directly binds to the 3’UTR of PU.1 requiring
nucleotides 45-51 of PU.1 3’UTR intact to exert its action (Fig.22). To isolate the effects
of miR-155 over expression from those exerted by LPS signalling (which activates other
pathways), a monocytic cell model was developed: THP1-155 cells. In THP1-155 cells, the
over expression of miR-155 is controlled by the addition of tetracycline or a derivative,
such as doxycycline. This inducibility allows testing the effects of miR-155 over
expression in a more isolated manner. Importantly, these cells show basal levels of miR-
155 comparable to those found in DCs and Mds and THP-1 cells have been previously
reported as a cell model for the generation of DCs and Mds (Auwerx, 1991; Bocchietto et
al., 2007; Park et al., 2007). These observations add value to the THP1-155 cell sytem as
a good model for studying miR-155 effects in a DC/Md-like environment. It is worth
mentioning that non-specific effects of Doxycycline on PU.1 expression cannot be
excluded in this system and the development of a control THP-1 cell line transfected with

an empty vector is ongoing in the lab.
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Up regulation of miR-155 in THP1-155 cells led to the down regulation of both
DC-SIGN and PU.1 (Figs.26, 27 and 28). However, this down regulation was at different
expression levels. Both PU.1 and DC-SIGN protein levels were shown to be down
regulated and only DC-SIGN mRNA levels were diminished whilst PU.1 ones remained
stable (Figs. 26 and 27). These results suggested a post-transcriptional mechanism for
miR-155 regulation of PU.1 most likely through translation inhibition, one of the
mechanisms exerted by microRNAs (Bartel, 2004; Eulalio et al., 2008; Filipowicz et al.,
2008). Interestingly, PU.1 levels showed a down regulation in THP1-155 cells (up to 16%)
similar to the down regulation observed by in vitro luciferase experiments (Figs. 26 and
22, respectively). These observations support the in vitro assays results, obtained with
artificial constructs in a different cell context. It is likely that miR-155 is targeting PU.1 in
different cell types like B cells, where miR-155 has been shown to regulate PU.1 and
immunoglobulin switch in mice (Vigorito et al., 2007). Moreover, both miR-155 and PU.1
have shown to be oncogenic (leukemogenic) factors (Clurman and Hayward, 1989; Eis et
al., 2005; Kluiver et al., 2005; Scott et al., 1994), and it is possible that an imbalance of
miR-155/PU.1 levels might lead to aberrant cell proliferation with leukemogenic

implications.

PU.1 is a known transcriptional activator of DC-SIGN (Dominguez-Soto et al.,
2005) and miR-155 over expression led to a down regulation of DC-SIGN protein and
mRNA levels (Fig. 27). These data suggested a role for miR-155 in the transcriptional
activity of DC-SIGN likely to be meditaed via direct targeting of PU.1. Promoter assays
were therefore performed to test the hypothesis that miR-155 modulates DC-SIGN
transcriptional activity through regulation of PU.1 levels. Fig.30 shows that miR-155 over
expression led to a diminished DC-SIGN transcriptional activity by modulating the
amounts of PU.1. These results proved the link between miR-155 and DC-SIGN during DC
maturation, in which miR-155 is up regulated and both PU.1 and DC-SIGN levels are
diminished (Figs. 15, 16 and 14, respectively). To assay the possible role of miR-155 in
the pathogen binding ability of dendritic cells by DC-SIGN modulation, DCs were
transfected with Anti-miR-155 oligonucleotides (Fig.31). These cells were then analyzed
in pathogen binding experiments which showed that miR-155 levels modulate both DC-

SIGN membrane levels and dendritic cell binding to C.albicans and gp120 (Fig. 32). The
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effects on C.albicans were milder when compared to those on DC-SIGN expression and
gp120 binding. It is possible that assaying miR-155 effects in C.albicans binding might
require more sensitive techniques that allow single cell monitoring. This can be achieved

by microfluidic cell trapping systems such as the one presented in Chapter 5.

MiR-155 modulation of dendritic cell binding ability establishes a new role for
miR-155 in immunity. Pathogen recognition is one of the first steps in the immune
response, in which a correct sensing and binding of pathogens is essential to exert a
balanced and effective response. It results in the development of different T cell
populations (Thy, Thy, Thi; or Tgs) that prime the adaptive immune response. An
equilibrium between these phenotypes is necessary for a healthy immune system and its
unbalance leads to diseases such as asthma or inflammatory bowel disease (Fuss and
Strober, 2008; O'Shea and Murray, 2008; Wills-Karp, 2004). Thus, by modulating DC-SIGN
levels miR-155 contributes to the initial processes and effectiveness of the immune
response. In this regard, PU.1 is a known Th, regulator (Brunner et al., 2007; Chang et al.,
2005b) and DC-SIGN has been shown to be controlled by Th, stimuli and involved in the
modulation of Th responses (Bergman et al., 2004; Geijtenbeek et al., 2003; Relloso et
al., 2002; van Kooyk, 2008). Mice lacking miR-155 show a skew towards Th, development
(Rodriguez et al., 2007), suggesting that miR-155 might act as an inhibitor of “pro-Th,”

responses.

DC-SIGN is a lectin that binds to both foreign and self-glycans -reviewed in
(Geijtenbeek et al., 2004)- and it is localized in immune-tolerance sites like placenta
(Soilleux et al., 2002). Thus, it needs to be tightly regulated: ectopic expression of DC-
SIGN might trigger the binding of self structures and in turn lead to autorreactiviy. By
modulating DC-SIGN and PU.1, miR-155 not only contributes to the Th balance, it also
contributes to an effective and localized antigen presentation for the development of a

healthy immunity.

In conclusion, miR-155 contributes to the pathogen binding ability of dendritic
cells by down regulating DC-SIGN through the direct targeting of PU.1. This proves a new

role for miR-155 (and in fact for any microRNA as yet) during the initial steps of the
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immune response where adequate pathogen recognition will determine the efficency

and balance of the immune system, making miR-155 a small director in a big orchestra.
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4 Chapter 4. Results: MiR-155 modulates the IL-13
pathway in macrophages by direct targeting

IL13RA1

4.1 Introduction

Mdos act as a first barrier of defence in the immune response; they promote
inflammation and its resolution and can differentiate into a broad spectrum of
phenotypes depending on the microenvironment and pathogens they encounter (Kindt
et al., 2007; Murphy et al., 2008). Activation of Mds results in a broad spectrum of
phenotypes which are represented in Fig. 3: M1 (classically activated, pro-Thy) and M2
(alternatively activated, pro-Th,). Whilst M1 macrophages are triggered by pro-
inflammatory stimuli, M2 macrophages depend on Th,-type cytokines such as IL-4 and IL-

13 (Gordon and Taylor, 2005; Mantovani et al., 2005; Mosser and Edwards, 2008).

Interleukin 4 and 13 are classical Th, cytokines that bind mainly to IL-4 Type | and
Il Receptors. Type | receptors consist of dimers of the common gamma chain (y.) and IL-4
receptor alpha chain (IL4Ra), and Type Il receptors consist of dimers of IL4Ra and 1L-13
receptor alpha 1 chain (IL13Ral). IL-4 and IL-13 exert their effects mainly through
phosphorylation of the transcription factor STAT6 (Signal Transducer and Activator of
Transcription 6) (Jiang et al., 2000; Palmer-Crocker et al., 1996; Takeda et al., 1996).
While IL-4 can bind to both Type | and Il receptors, IL-13 only binds to Type Il receptors.
IL-13 can also bind to IL13Ra2, considered as a decoy receptor; however, this receptor
has been shown to signal in a STAT6 independent manner (Fichtner-Feigl et al., 2006;
Hershey, 2003). Binding of IL-13 to the Type Il receptor depends on the presence of
IL13Ral (Jiang et al., 2000); therefore, this chain accounts for the IL-13 dependent

activation of STAT6.

Binding to the IL- 4 Type | and Il receptors leads to the phosphorylation and
activation of Janus Tyrosine Kinases (JAKs), which are believed to be bound to these

receptors in unstimulated cells. The functional phospho-JAK proteins then phosphorylate
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the IL4Ra chain, providing docking sites for STAT6. When STAT6 is bound to the
receptor, it is also phosphorylated by JAKs, becoming active, dimerizing and
translocating to the the nucleus, where it acts as a transcription factor (Hebenstreit et

al., 2006).

M2 Mdos are specialised in the defence against extracellular pathogens; they
promote tissue repair and inflammation resolution and are also involved in pathologies
characterized by exacerbated Th, responses, such as asthma or ulcerative colitis (Fuss
and Strober, 2008; Martinez et al., 2009; Wills-Karp, 2004). Mds can be reprogrammed
between M1 and M2 phenotypes depending on the stimuli sensed (Stout and Suttles,
2004). Previous work in Sanchez-Elsner’s lab suggested that miR-155 might be involved
in the pro-inflammatory profile of human M1 Mds; in addition, it was shown that
inflammatory stimuli lead to up regulation of miR-155 in murine macrophages (O'Connell
et al., 2007). Interestingly, bioinformatics analysis predicted IL13RA1 as a putative target
of miR-155. IL13RA1 is a key component of the Type Il IL-4 receptors (LaPorte et al.,
2008) and it is essential for IL-13 function (Ramalingam et al., 2008). IL-13 is one of the
main Th, cytokines that trigger alternative (M2) Md¢ activation through the STAT6
(Signalling Transducer and Activator of Transcription 6) signalling cascade, a typical
Thy/M2 signalling pathway (Hebenstreit et al., 2006; Hershey, 2003; Martinez et al.,
2009; Wynn, 2003).
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4.2 Hypothesis and aims

4.2.1 Hypothesis

MIiR-155 targets IL13RA1 modulating the IL-13 response of macrophages and

contributing to the M1/M2 macrophage differentiation system.
4.2.2 Aims
- To assay miR-155 direct targeting of IL13RA1 3’UTR.

- To determine miR-155 over expression effects on IL13RA1 expression and STAT6

activation in THP1-155 cells.

- To determine miR-155 over expression effects on IL13RA1 expression and STAT6

activation in primary macrophages.
- To assay miR-155 regulation of IL-13/STAT6 targets in primary macrophages.

To avoid confussion, the term “IL13RA1” will be used when referring to the

gene/mRNA and “IL13Ra1” to the protein henceforth.
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4.3 MiR-155 targets the 3’"UTR of IL13RA1

BIC (MIR155 HG) was shown to be involved the expression profile of human M1
Mds and miR-155 was demonstrated to be up regulated by pro-inflammatory stimuli in
mice (O'Connell et al., 2007). In silico analysis was performed to identify pro-Th, (pro-
M?2) factors putatively targeted by miR-155. Amongst the targets predicted for miR-155,
IL13RA1 was considered as a good candidate due to its role and high expression in
alternatively activated macrophages and where the levels of miR-155 were shown to be
lower. Therefore the potentital for direct interaction between miR-155 and the 3'UTR of

IL13RA1 was investigated.
In order to do this, two main objectives were proposed:
- Objective 1: In silico analysis of miR-155::1L13RA1 3’UTR interaction

- Objective 2: Cloning and mutation of the 3’UTR of ILI3RA1 in pRLTK reporter
vector. In vitro assay of the direct targeting of ILI3RA1 3’UTR by miR-155 using the Dual

Luciferase Assay system.
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4.3.1 Insilico analysis of miR-155 directly targeting IL13RA1 3’UTR

Using an in silico approach IL13RA1 was predicted as a putative target of miR-
155. Table 4 shows a list of the predictions for mir-155 directly targeting ILI3RA1 by
different databases. The discrepancie between database predictions may be attributed
to databases and algorithms differentially relying on the conservation of ILL3RA1 3’UTR
amongst several species (e.g., D.melanogaster or C.elgans have no ortholog for IL13RA1,

and both rat and mouse 3’UTRs differ from humans).

Database miR-155 targets IL13RA1
TargetScan 5.1. No
''''' microRNA.org (January 2008) |  Yes(2sites) |
~ microRNA.org (September 2008) | Yes (1site) |
~ microCosm Targets | No |
''''''''''''''''''''' PTA | Yes ]
'''''''''''''''''''' picTar |  No |
- Diana-microT | No

Table 4 Predictions for miR-155 targeting IL13RA1 3’UTR in the list of databases used
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4.3.1.1 microRNA.org

microRNA.org is a microRNA::target prediction tool and database available on
line at (http://www.microrna.org/microrna/home.do). It employs miRanda algorithm,
which uses a method based on the conservation of evolutionary relationships between
microRNAs and their targets (Enright et al., 2003). miRanda searches for sequence
complementary (this includes Watson and Crick base pairing and G:U wobbles) rather
than sequence similarity (alignment of sequences). It also evaluates the thermodynamic
stability of the predicted alignments between target-microRNA using the RNAIlib library
included in the Vienna package, a compilation of RNA folding algorithms and tools

(Hofacker et al., 1994; McCaskill, 1990; Zuker and Stiegler, 1981).

microRNA.org was released in January 2008; in this version miR-155 was
predicted to target the 3’UTR of IL13RA1 in two different sites shown in Figure 33 that
map to nucleotides 1049-1071 (named as Site 1) and 1399-1424 (named Site 2) of the
3'UTR of IL13RA1. microRNA.org September 2008 version does not include the
contribution of the terminal nucleotides (first and last two) to the alighment score, in

accordance to (Wang et al., 2008), and only Site 2 was predicted in this version.

. 3! UGGGGATAGCU--GCUAATCGUAAUTL 5' hsa-miR-155
Site 1 RIS RSN
1049:5"' ACCUOCUGCUACUCAAGUAGCADUua 3' WT IL13RAl

i 3’ uGCGGAUAGUGCUAA---UCGUAADU 5' hsa-miR-155
Site 2 LIzl 0 =00 e
1399:5" qUCCAUGUGAGGGEUUUUCAGCADUGA 2' WT IL13RAl

Figure 33 Sites for IL13RA1 as prediced by microRNA.org January 2008 version. In the 2008

September release, miR-155 was only predicted to bind to site 2.
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4.3.1.2 PITA

The PITA (Probability of Interaction by Target Accesibility) algorithm was one of
the first prediction methods to incorporate microRNA site accessibility (Kertesz et al.,
2007a) and it models the thermodynamic stability of microRNA target interaction based
on the folding of RNA structures. PITA software can be downloaded and is also a web

interface (http://genie.weizmann.ac.il/pubs/mir07/mir07_prediction.html).

IL13RA1 3’UTR sequence was loaded from Ensembl Genome Browser and run on
the PITA web interface. IL13RA1 3’UTR was predicted to have 5 different binding sites for
miR-155. These are annotated in the form of X:Y:Z which corresponds to
nucleotides:mismatches:GUwobbles. Sites were: 8:1:0 in position 1038; 8:1:1 in position
1389; 8:1:1 in position 2847; 8:1:1 in position 2946 and 8:1:0 in position 2275 of the
3’UTR of IL13RA1. Despite prediciting 5 different sites for miR-155, only the first two
listed binding sites (which correspond to Sitel and 2, respectively, in agreement with
Figure 33) were the only ones with a negative AAG value, the free energy released in the
microRNA::target interaction. Thus, negative values are those that are energetically
favourable. Predicted energies were AAG= -5.36 for Site 1 and AAG= -2.12 for Site 2,

which indicates a putative more stable binding to Site 1 for miR-155.

127


http://genie.weizmann.ac.il/pubs/mir07/mir07_prediction.html

4.3.1.3 RNAHybrid

As shown for PU.1::miR-155 interaction (Fig.20), the secondary structure of
IL13RA1 3'UTR and miR-155 interaction was sought using RNAHybrid. Fig. 34 shows the
RNA structures of each one of miR-155 binding sites predicted in the 3’"UTR of IL13RA1.

miR-155
IL13RA1 3’UTR

mfe: -22.8 kcal/mol

mfe: -21.4 kcal/mol

Site 1 Site 2

Figure 34 Predicted structures for miR-155::IL13RA1 3’UTR binding sites. Red indicates the
3’UTR sequence that is predicted to interact with miR-155 (in green). Energies indicated are the
predicted energy values released in each one of sites. Site 1 maps to nucleotides 1049-1071 and Site 2 to
1399-1424 in the 3’UTR of IL13RA1. Downloaded from RNAHybrid (http://bibiserv.techfak.uni-
bielefeld.de/rnahybrid/submission.html)
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4.3.2 Cloning of pRLTK_3’UTR_PU.1 and mutagenesis of miR-155 binding
sites.

The protocol for cloning the ILI3RA1 3’UTR fragment harbouring the predicted
binding sites for miR-155 (Sites 1 and 2) is detailed in section 2.3.1. This led to the
construction of the reporter vector pRLTK_WT_3’UTR_IL13RA1 (Fig.10). Site directed
mutagenesis was performed in each one of the predicted binding sites:
PRLTK_MUT1_3’UTR_IL13RA1 contains a mutation in Site 1 and
PRLTK__MUT2_3°UTR_IL13RA1 contains a mutation in Site 2. As a preliminary screening,
RNAHybrid was used to predict the structures of the binding sites for miR-155 in sire 1
and site 2 mutants. Figures 35 and 36 show these predicted binding structures. When
mutating Site 1 neither the structure or energy of Site 2::miR-155 binding showed a
change while that of Site 1 did (Fig.35, right and left columns, respectively). Similarly,
mutation of Site 2 did not alter the structure or energy of Site 1 whilst those of Site 2 did

(Fig.36 left and right columns, respectively).

Fig.37A shows the predicted nucleotide interactions between the 3’UTR of
IL13RA1 with miR-155 in each one of the sites, for the wild type version (WT) and each

one of the mutants: MUT1 (mutant in Sitel) and MUT2 (mutant in Site 2).
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S_'% Site 2

Site 1 WT

mfe: -22.8 kcal/mol

Site 1 MUT1

S,E

mfe: -21.2 kcal/mol

miR-155
IL13RA1 3'UTR

Site 2 WT

mfe: -21.4 kcal/mol

Site 2 MUT1

mfe: -21.4 kcal/mol

Figure 35 Predicted structures and energy released in each predicted binding site for miR-155 in

the MUT1 IL13RA1 3’UTR. It is shown the comparison between the wild type (WT) and mutant for Site 1

(MUT1). Site 1 was predicted to change structure and energy while Site 2 did not show any predicted

modification. Predictions were made using the web interface of RNAHybrid using as input the sequence

of the cloned 3’UTR and mutant for Site 1 versions. MiR-155 sequence was downloaded from MiRBase

release 15-April 2010.
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Site 1 S'ﬁe:g

Site 1 WT

mfe: -22.8 kcal/mol

Site 1 MUT2

mfe: -22.8 kcal/mol

miR-155
IL13RA1 3’UTR

Site 2 WT

mfe: -21.4 kcal/mol

Site 2 MUT2

mfe: -21.2 kcal/mol

Figure 36 Predicted structures and energy released in each predicted binding site for miR-155 in

the MUT2 IL13RA1 3’UTR. It is shown the comparison between the wild type (WT) and mutant for Site

2(MUT2). Site 2 was predicted to change structure and energy while Site 1 did not show any predicted

modification. Predictions were made using the web interface of RNAHybrid using as input the sequence

of the cloned 3’UTR and mutant for Site 2 versions. MiR-155 sequence was downloaded from MiRBase

release 15-April 2010.
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4.3.3 MIiR-155 directly binds to the 3’UTR of ILI13RA1

The targeting of IL13RA1 3’UTR by miR-155 was analyzed transfecting the wild
type, MUT1 and MUT2 reporter constructs in Hela cells and employing Dual Luciferase
Assay (see 2.5 for Dual Luciferase Assay and 2.6.2 for the transfection protocol). Fig.37A
shows the predicted pairings between each site in the 3’UTR of IL13RA1 in the wild type
(WT) and mutant (MUT1 and MUT2) versions.

Co transfection of these constructs with pCDNA BIC (expression vector for miR-
155, “miR-155", black bars in Fig.37B) or control vector (“Control” white bars in Fig.37B)
allowed testing direct binding of miR-155 to each predicted site in the 3'UTR of IL13Ra1.
Figure 37B shows the results of the luciferase assays performed. Co transfection of miR-
155 with the wild type construct led to a significant reduction of the renilla luciferase
activity by 50% (Fig.37B, WT). Mutation of either of the predicted binding sites for miR-
155 abolished miR-155 effects (Fig.37B, MUT1 and MUT2, respectively). Experiments
were performed in triplicates and it is shown one of them. Statistical analysis was

performed using t-test with GraphPad Prism version 5.00 for Windows.

These data indicarte that miR-155 directly binds to the 3’UTR of IL13RA1 and that
it requires both binding sites for its action, as mutation of either site rendered the

construct unaffected by miR-155 over expression.
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3' UGGGGAUAGU--GCUAAUCGUAAuu 5' hsa-miR-155

RN N R R AR
1049:5' ACCUCUGCUACUCAAGUAGCAUUua 3' WT IL13RAl

3' UGGGGAUAGU--GCUAAUCGUAAuu 5' hsa-miR-155

LI 0 e VIR TN
1049:5' ACCUCUGCUACUCAAGUCGGUACCa 3' MUT1 IL13RAl

3' uGGGGAUAGUGCUAA---UCGUAAUU 5' hsa-miR-155

o I I I I B R FEEErned
1399:5' uUCCAUGUGAGGGUUUUCAGCAUUGA 3' WT IL13RAl

3' uGGGGAUAGUGCUAA---UCGUAAUU 5' hsa-miR-155

SR B I I B O N Il 2
1399:5' uUCCAUGUGAGGGUUUUCAGGGCCGA 3' MUT2 IL13RAl

1504

* ns ns -
' ' ' ' ; ' Bl mir-155
1004~ T T
S
x
=
50-
0
WT MUT1 MUT2

Figure 37 MiR-155 directly binds to the 3’UTR of IL13RAL1. A: Predicted binding sites for miR-155
in the 3’UTR. MUT1 is the mutant version for Site 1 (nucleotides 1049-1071) and MUT2 is the mutant
version of Site 2 (nucleotides 1399-1424) of the 3’UTR of ILI3RA1. B: Reporter constructs were co
transfected with empty pCDNA3.1 (white bars, -) or pCDNA3.1_BIC (black bars, miR-155). When
mutating any of the predicted sites (MUT1 and MUT2) the over expression of miR-155 (black bars)

showed no effect. It is shown one experiment of three replicates. *: P-value<0.05
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4.4 MiR-155 effects on IL13RA1 levels and STAT6 signalling in
THP1-155 cells

After confirming in vitro the predicted targeting of IL13RA1 3’UTR by miR-155
(Fig.37), the next step investigated whether this occurred for endogenous expression of
IL13RA1 in THP1-155 cells. This cell line provides a good model to study miR-155 over
expression within a monocytic cell context and had been previously validated (section
3.5). These cells over express miR-155 under the control of tetracycline or a tetracycline
derivative as doxycycline; this isolates the effects of miR-155 over expression from other
pathways activated by pro-inflammatory stimuli that trigger miR-155 up regulation
(O'Connell et al., 2007) and Fig.15. Moreover, THP-1 cells are commonly used to study
macrophage biology (Auwerx, 1991; Park et al., 2007) and therefore provide a

macrophage-like environment to study miR-155 effects.

The aim was to determine miR-155 over expression effects on endogenous
IL13RA1 expression. IL13RA1 is part of the Type Il IL-4 receptors and triggers STAT6
signalling, a transcription factor related to Th, responses (Hebenstreit et al., 2006;
Hershey, 2003). Therefore, IL13RA1 expressiona and and STAT6 activation in THP1-155

cells was investigated following these objectives:

Objective 1: Determining IL13RA1 protein and mRNA levels in THP-1 155 cells by

western blotting and RT-gPCR, respectively.

Objective 2: Analysis of STAT6 phosphorylation in THP-1 155 cells following IL-4

and IL-13 stimulation by western blotting.
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4.4.1 The effects of miR-155 over expression on IL13RA1 in THP1-155

cells

THP1-155 cells were cultured in the presence or absence of doxycycline over 96h
which had proven efficient to induce miR-155 over expression (Fig. 25; an example of Ct
values is shown in Appendix 5). Cell extracts (see 2.10) were collected every 24h and
protein and mRNA was analyzed by western blotting and RT-gPCR, respectively (see 2.8,
2.9.1.1, 2.9.2.1, 2.9.2.3 and 2.10). Fig.38 shows the results obtained of one time course
experiment that was performed three times. B-tubulin was used as loading control.
Figure 38A shows that upon addition of doxycycline, IL13Ra.1 protein levels dropped to
4% of its original value (start of the treatment). Fig.38B shows the results of the RT-qPCR
analysis for IL13RA1 mRNA; actin (ACTB1) was used as housekeeping (normaliser)
control. mRNA levels of IL13RA1 did not show significant fold change suggesting a post
transcriptional mechanism for the action of miR-155 over expression on the regulation of

IL13RA1.
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Figure 38 IL13RA1 regulation by miR-155 over expression in THP1-155 cells. A: western blot
analysis of IL13Ra1 in THP1-155 cells over expressing (+Doxy) or not (-Doxy) miR-155 over the course of
96h of treatment with doxycycline. Densitometry values are %numbers on top of each lane, compared
to time 0 and normalized with B-tubulin. B: RT-qPCR of IL13RA1 mRNA expression in cells treated over
96h with doxycycline. Actin (ACTB1) was used as normalizing control. It is shown one experiment of a

triplicate.
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4.4.2 MiR-155 effects on STAT6 activation in THP1-155 cells

IL13Ral is an essential component of Type Il IL-4 receptors and signals through
STAT6 phosphorylation(Hebenstreit et al., 2006; Hershey, 2003). While IL-4 can bind to
both Type | IL-4 and Type |l recptors, IL-13 binds solely to IL13Ral promoting STAT6
phosphorylation and has been shown to promote different actions than those of IL-4

(Jiang et al., 2000; Morimoto et al., 2009; Ramalingam et al., 2008; Wynn, 2003).

To dissect the effects of miR-155 over expression on both IL-4 and IL-13 signalling
via STAT6, miR-155 was induced or not in THP1-155 cells which were then treated with

IL-4 or IL-13. Results are shown in the next sections.

4.4.2.1 MiR-155 effects on IL-4 and IL-13 induced phosphorylation of STAT6 in THP1-
155 cells

MiR-155 over expression effects were first tested on both IL-4 and IL-13
dependent activation of STAT6. Cells were incubated in the presence of doxycycline for a
minimum period of 96h (which leads to miR-155 up regulation, Fig.25); after over night
starvation (see 2.2.1) they were stimulated with IL-4, IL-13 or left untreated during 30
min. Cells were then collected and analyzed by western blotting (see 2.10). Figure 39
shows that in the presence of doxycycline (+Doxy) the phosphorylation of STAT6 (P-
STAT6) was reduced following IL-4 or IL-13 stimulation. B-tubulin was used as loading
control. Importantly, cells unstimulated showed no basal activation regardless of
doxycycline treatment. P-STAT6 down regulation by IL-4 was less than that by IL-13
treatment in cells over expressing miR-155, which was attributed to signalling from IL-4

Type | receptors.
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Figure 39. MiR-155 effects on IL-4 and IL-13 induced phosphorylation of STAT6. THP1-155 cells
were treated with doxycycline (+ and — Doxy, respectively) during a minimum of 96h; after over night
starvation cells were left unstimulated (Unst.) or treated with IL-4 or IL-13 during 30 min. Cell extracts
were analyzed by western blot for phosphorylation of STAT6 (P-STAT6). It is shown one experiment of 3

replicates.

Once observed miR-155 effects on both IL-4 and IL-13 dependent
phosphorylation of STAT6, and since IL-13-dependent phosphorylation of STAT6 solely
depends on the presence of ILI3RA1 (Hershey, 2003; Morimoto et al., 2009), the
following experiments were only performed with IL-13 stimulation. This was done to
avoid misinterpretation of results following IL-4 treatment because this cytokine can also
bind to IL-4 Type | receptors and signal via STAT6 phosphorylation, which would make

the results interpretation more complex or even misleading.

4.4.2.2 MiR-155 effects on total STATG6 levels in THP1-155 cells

In order to determine that miR-155 is not down regulating total STAT6 levels,
THP1-155 cells were treated as before (section 4.4.2.1) and total STAT6 protein
expression measured by western blot (see 2.10). Fig. 40 shows that STAT6 protein levels
are not altered by miR-155 over expression (+ Doxy) or IL-13 stimulation. Thus, the lower
P-STAT6 levels when miR-155 is up regulated (Fig. 39) do not depend on the total
amount of STAT6 protein. These results suggested that miR-155 effects on the

phosphorylation of STAT6 are due to impairment in the signalling cascade.
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Figure 40. MiR-155 and IL-13 effects on total STAT6 protein expression. THP1-155 cells were
treated with doxycycline (+Doxy and —Doxy, respectively) during 96h and cells were treated or not with
IL-13 (+ and -, respectively). The western blot shows that miR-155 over expression did not alter total

STATG levels. It is shown one experiment which was performed in triplicates.

4.4.2.3 MiR-155 lifetime effects on IL-13 signalling in THP1-155 cells

In order to further assay the effects of miR-155 on IL-13 signalling, THP1-155 cells
were stimulated with IL-13 and analyzed at different time points. THP1-155 cells were
cultured in the presence of doxycycline (+Doxy) or not (-Doxy) for 96h, starved over
night (see 2.2.1) and then stimulated with IL-13. Cells were collected 30min, 1h and 2h
post stimulation and P-STAT6 analyzed by western blotting. B-tubulin was used as
loading control. Fig.41 shows the kinetics of IL-13 dependent phosphorylation of STAT6
in a doxycycline (miR-155 over expression) (+/-Doxy) dependent manner. Doxycycline
treated cells (+Doxy) showed less STAT6 phosphorylation; under basal expression of mir-
155 (-Doxy, in blue), in which the phosphorylation peak was at 30min and diminished
over 2h. In the case of doxycycline treated cells (+Doxy, in red), phosphorylation peaked
at 1h and reached 50% of the P-STAT6 levels when compared with no doxycycline
treated cells (-Doxy, in blue). These experiments showed that miR-155 over expression
diminished STAT6 phosphorylation and that these effects were maintained over the

time.
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Figure 41 MiR-155 over expression effects on IL-13 induced phosphorylation of STAT6 over the
time. THP1-155 cells were treated or not with doxycycline (+ or — Doxy, respectively) during a minimum
of 96h; starved over night and stimulated with IL-13. Cells were collected at different times (30min, 1h
and 2h) and phosphorylation of STAT6 (P-STAT6) was checked by western blotting (upper). The graph
bellow plots the kinetics of STAT6 phosphorylation comparing % P-STAT6 in doxycycline treated (Doxy,

in red) or not (No Doxy, in blue).
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4.5 MIiR-155 effects on IL13RA1 expression and STAT6
phosphorylation in primary macrophages

MiR-155 over expression was found to down regulate IL13Ral in THP1-155 cells
(Fig.38); and also to lead to a diminished phosphorylation of STAT6 upon IL-4 and IL-13
treatments (Figs.39 and 41) without affecting STAT6 protein (Fig.40).

It was hypothesised that these effects might be similar in primary macrophages.
THP1-155 cells are an excellent system to test myeloid target genes but it has the
limitations of a cell line. In order to more closely match physiological conditions, Mds

were analyzed employing Anti-miR-155 transfections. The objectives established were:

- Objective 1: Transfection of primary Mds with Anti-miR-155/Control

oligonucleotides.

- Objective 2: Determine the expression of ILL3RA1 and STAT6 phsophorylation in

human macrophages transfected with Anti-miR-155.
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4.5.1 Anti-miR-155 transfections in primary macrophages

4.5.1.1 Transfection efficency check by flow cytometry

Human blood monocytes were extracted from buffy coats (see 2.2.1). Monocytes
were plated and stimulated with GM-CSF to allow macrophage differentiation. These
cells show high phagocytic capability, and it was proposed that the method previously
used with dendritic cells could be used: transfection by natural uptake. To assay this,
monocytes were incubated in the presence of 50nM Cy3-labelled Control microRNA
(Ambion) oligonucleotides and transfection efficency was checked by flow cytometry 3
days later. Section 2.7.3 details the transfection conditions. Before checking the cells in
the cytometer, these were washed with 10 times their volume to reduce unspecific
labelling. Fig. 42 shows a cytometry profile of macrophages at day 3 post transfection.
The blue line shows the fluorescence of untransfected cells and the red line shows the
shift in fluorescence of the cells transfected with the Cy3 labelled probe; 100% of the

cells were positive. It is shown one of four independent donors.
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Figure 42 Transfection efficency in human macrophages checked by flow cytometry. Human
monocytes transfected with Cy3 labelled Control-microRNA (Ambion) and checked 3 days post
transfection by flow cytometry. An overlay of cells transfected and non transfected is shown. Blue:
Untransfected cells. Red: cells transfected with Cy3-labelled probe. All cells were positive for Cy3. It is

shown one of 4 independent donors.
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4.5.1.2 Anti-miR-155 dose titration

After checking transfection efficency, monocytes were transfected with Anti-miR-
155 oligonucleotides. Two Anti-miR-155 doses were assayed: a single dose (“Normal
dose” in Fig.43) at day 0 and stimulated/unstimulated with IL-13 72h later, and a double
dose (Fig.43, “Extra dose”) which consisted on transfecting at day 0, re-transfect 50h
later and stimulate with IL-13 or not at 72h. Anti-miR-155 or Anti-Negative Control #1
(Anti-miRNA Control hence foth) (both from Ambion) were employed. Cells were
collected at day 5 and miR-155 expression analyzed by RT-qPCR (see 2.8, 2.9.1.2, 2.9.2.2
and 2.9.2.3) normalising with RNU44. Values shown in Fig.43 are the relative fold

induction of miR-155 compared to day 0.

Both doses showed miR-155 knock down (Fig.43, black bars in both graphs).
However, the double dose (“Extra dose”in Fig.43) showed to alter cells response to IL-
13: this cytokine led to up regulation of miR-155 in the control transfection more than 30
times when compared to the single dose (“Normal dose”in Fig.43). Monocyte to
macrophage differentiation up regulates miR-155 expression (personal communication
of Dr. T. Sanchez-Elsner); however, this up regulation was around 3 times lower when
Anti-miR-155 oligonucleotides were retransfected twice. This proved some instability
under these conditions and it was therefore decided to use the single (“Normal dose” in
Fig.43) in the following experiments for investigating miR-155 effects on IL13RA1

expression and signalling.
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Figure 43 Anti-miR-155 (or Anti-miRNA Control) dose dependent effects. Normal dose: cells
were transfected with 50nM on day day 0, stimulated or not with IL-13 on day 3 and collected 48h later.
Extra dose: cells were transfected on day 0 with 50nM of Anti-155 or Control, re-transfected again using
the same amounts 50h later, stimulated or not with IL-13 at day 3 and collected 48h post stimulation.

This was a first experiment to test transfection conditions.
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4.5.2 MiR-155 effects on IL13Ral expression and STAT6 phoshorylation in

macrophages

It has been shown that miR-155 directly targets IL13Ral rendering lower STAT6
phosphorylation in THP-1 155 cells (Figs. 37, 38 and 39). It has also been shown that
macrophages transfected with Anti-miR-155 have less miR-155 levels even 5 days post
transfection (Fig. 43). To further test miR-155 effects in human primary macrophages in
the expression of IL13RA1 and in IL-13 signalling, human macrophages were transfected
with Anti-miR-155 oligonucleotides or Anti-miRNA Control (4.5.1.2, 2.8, 2.9.1.2., 2.9.2.2
and 2.9.2.3). Macrophages were stimulated or not with IL-13 on day 3 post transfection
and cells were collected 2h post stimulation to check IL13Ral and phospho-STAT6

proteins by western blotting. In both experiments B-tubulin was used as loading control.

Figure 44A shows the results for IL13Ral protein expression by western blot
analysis: when Anti-miR-155 was transfected IL13Ral protein showed up regulation.
Fig.44B shows a bar graph representing the mRNA fold induction of IL13RA1 after Anti-
miR-155 transfection: IL13RA1 mRNA showed no significant regulation by Anti-miR-155
(black bars). These results suggest a post transcriptional mechanism for miR-155 effects
on IL13RA1 expression in macrophages. An experiment of a triplicate is shown. Statistics

were performed using t-test with GraphPad Prism version 5.00 for Windows.
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Figure 44 MiR-155 effects on IL13RA1 expression in primary macrophages. Monocytes were
transfected with Anti-miR-155 (Anti-155) or Anti-miRNA Control (Control) and stimulated (+) or not (-)
with IL-13. A: western blotting for IL13RA1; densitometry values compared to unstimulated Control
transfected cells are shown above each lane. B: mRNA fold induction of IL13RA1 (ACTB1 used as

normalizer) compared to unstimulated Control transfected cells. It is shown one experiment of three

independent donors. ns: non significant
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The effects of miR-155 levels on STAT6 phosphorylation were also investigated in
these cells. Figure 45 shows that transfecting Anti-miR-155 increased IL-13 dependent
phosphorylation of STAT6 in macrophages. No basal STAT6 activation was detected in

unstimulated cells.

Control Anti-155
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Figure 45 IL-13 dependent phosphorylation of STAT6 in primary macrophages transfected with
Anti-miR-155 (Anti-155) or Anti-miRNA Control (Control). Western blotting for phosphorylated STAT6 (P-
STAT6); densitometry values compared to unstimulated Control are shown above each lane. It is shown

one experiment of three independent donors.
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4.6 MiR-155 affects the expression of IL-13/STAT6 target genes
in macrophages

It has been demonstrated that miR-155:
- directly targets IL13RA1 (Fig.37);

- regulates the expression of IL13Ral in THP1-155 cells (Fig.38) and primary
macrophages (Fig.44);

- and that it modulates IL-13-dependent STAT6 phosphorylation in both THP1-155

cells and Mds (Figs.39 and 45, respectively).

It was therefore important to establish whether miR-155 could modulate target
genes of the IL-13/STAT6 signalling cascade in primary Mds based on previous
observations (Hebenstreit et al., 2006; Mantovani et al., 2004; Martinez et al., 2006;
Martinez et al.,, 2009). Anti-miR-155 or Anti-miR Control oligonucleotides were
transfected in human monocytes as previously described (see section 4.5.1.2). Three
days post transfection cells were stimulated or not with IL-13 for 24h and then collected
for RNA extraction and analysis by RT-gPCR (see 2.8, 2.9.1.1, 2.9.2.1, 2.9.2.3). Genes
analyzed are shown in Fig.46 and included CCL18, SOCS1, CD23, SOCS1, DC-SIGN and
SERPINE. Other genes were also assayed that did not show significant change such as IL-
10 and TFGp (IL-10 and TGFB1 in Fig.47). Results shown in Figs.46 and 47 correspond to
one out of three independent donors. Statistics were performed using t-test with

GraphPad Prism version 5.00 for Windows.
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Figure 46 MiR-155 affects the expression of IL-13 dependent genes. Macrophages transfected

with Anti-miR-155 (Anti-155, black bars) or Anti-miRNA Control (Control, white bars) were stimulated or

not with IL-13 during 24h (IL-13 and Unstimulated, respectively). It is shown the results of the RT-qPCR

of IL-13/STAT6 dependent genes as fold induction compared to Unstimulated Control cells. ACTB1 was

used as normalizer. Results are from one out of three independent donors. *, P-value<0.05, **, P-

value<0.01.
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Figure 47 Control genes in macrophages transfected with Anti-miR-155 (Anti-155, black bars) or
Anti-miRNA Control (Control, white bars) stimulated or not with IL-13 (IL-13 and Unstimulated,
respectively) during 24h. It is shown the results of the RT-qPCR of IL-10 and TGFzZ (TGFB1) genes as fold
induction compared to Unstimulated Control cells. ACTB1 was used as normalizer Results shown are

from one out of three independent donors. ns: non significant
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CCL18, SOCS1 and CD23 genes showed a similar trend: IL-13 up regulated their
expression (Fig. 46, Control cells) which was significantly higher in Anti-155 transfected
cells (Fig.46, IL-13). Anti-miR-155 transfection showed no significant effect in
unstimulated cells (Fig.46, Unstimulated). These results followed the previous
observations: blocking miR-155 up regulated IL13Ral protein expression and
consequently increased IL-13 dependent STAT6 phosphorylation (Figs. 44 and 45,
respectively). Enhanced STAT6 transcriptional activity would therefore lead to the up

regulation P-STAT6 dependent genes, as shown in Fig.46.

Fig.46 also shows that IL-13 dependent up regulation of DC-SIGN and SERPINE
genes was significantly higher when miR-155 was inhibited (Fig.46, IL-13). Interestingly,
Anti-miR-155 transfection also altered DC-SIGN and SERPINE levels in unstimulated cells
(Fig.46, Unstimulated). These results suggested an additional action of miR-155 levels on

DC-SIGN and SERPINE expression despite the absence of IL-13.

Fig.47 shows genes that were not significantly affected by miR-155 levels in
unstimulated or IL-13 treated Mds. These genes were considered as a control of the

specifity of miR-155 effects.

All these results proved the initial hypothesis: miR-155 directly targets IL13RA1

down regulating STAT6 activation and modulating the response of macrophages to I1L-13.
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4.7 Discussion

MiR-155 was involved in the gene expression profile of M1 (CAMds) when
compared to M2 (AAMds) macrophages (data from Sanchez-Elsner’s lab). Shortly after,
miR-155 was involved in murine inflammatory responses (O'Connell et al., 2007). While
M1 macrophages are specialized in the defence against intracellular pathogens and are
triggered by pro-inflammatory stimuli, M2 Mds show a more pro-tolerogenic profile,
being specialists in the defence against extracellular pathogens like protozoa, nematodes
or helminths, promoting tissue repair and angiogenesis and depending on Th, cytokines
such as IL-4 and IL-13 (Mantovani et al., 2005; Mantovani et al., 2004; Martinez et al.,
2006; Stout and Suttles, 2004).

M1 and M2 macrophages are considered to be at the two ends of a continuum of
reprogramming and activation and miR-155 was involved in M1 profiling. It was
hypothesised that if miR-155 targetted pro-M2 factors the Md¢ profile would be skewed
towards a M1 phenotype. Using in silico tools in search of pro-M2 factors, ILL3RA1 was
predicted as a putative target for miR-155 showing two different binding sites that
mapped to positions 1049-1071 (Site 1) and 1399-1424 (Site 2) of the 3’UTR of IL13RA1
(Figs.33 and 34). In vitro dual luciferase assays demonstrated that both sites are required
for miR-155 action (Fig.37). This could be a case of microRNA cooperativity, in which
microRNA action relies on the presence of more than one binding site (Vella et al., 2004).
Other sites present in the fragment cloned or in the remaining sequence of the 3’UTR of
IL13RA1 cannot be excluded, although no favourable predictions were identified

(discussed in section 4.3.1.2).

Using THP1-155 cells, which provide a myeloid environment and model a
macrophage-like cell system (Auwerx, 1991; Park et al., 2007), it was shown that miR-
155 over expression led to IL13Ral protein down regulation while its mRNA levels
remained constant (Fig.38). This suggested a post transcriptional mechanism for miR-155
action on IL13RA1 expression. It is of note that the down regulation detected by the
luciferase reporter assay in vitro was 50% whereas IL13Ra.1 protein levels were reduced
to 4% in THP1-155 cells. It has been shown that the context of the 3’UTR may play a key

role in microRNA regulation (Didiano and Hobert, 2008), and this seems the case for miR-
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155 in IL13RA1 regulation. ILI13RA1 mRNA levels remained more or less constant in
THP1-155 cells making it unlikely that transcriptional factors are involved in the down

regulation observed.

IL13RA1 is an essential component of the IL-4 Type Il receptors, composed of
dimers of IL4ARa and IL13Ral. Type Il receptors can bind to both IL-13 and IL-4 cytokines
triggering STAT6 phosphorylation and activation (Palmer-Crocker et al., 1996). IL-4 can
also signal through the Type | receptors (dimmers of the common gamma chain (yc) and
IL4Rat) via STAT6 phosphorylation (Junttila et al., 2008). However, IL-13 only binds to the
Type |l receptor and it depends on the presence of IL13Ral (Hershey, 2003; Morimoto et
al., 2009; Ramalingam et al., 2008).

To test the role of miR-155 in IL13RA1 downstream signalling, STAT6
phosphorylation was checked in THP1-155 cells over expressing or not miR-155. Mir-155
over expression led to a diminished IL-4 and IL-13 dependent STAT6 phosphorylation
without affecting total STAT6 protein levels (Fig.39 and 40 respectively). Moreover, miR-
155 effects on IL-13 signalling seemed sustainable over the time (Fig.41). Interestingly,
IL-13 dependent STAT6 phosphorylation seemed more unpaired, possibly due to STAT6

phosphorylation from IL-4 triggering Type | receptors.

In order to determine the role of miR-155 in M1/M2 balance, miR-155 was down
regulated in primary macrophages using Anti-miR-155 specific oligonucleotides. It was
shown that blocking miR-155 up regulated IL13Ral protein expression while IL13RA1
mMmRNA remained stable (Fig.44A and 44B, respectively). This suggested a post
transcriptional role for miR-155 in IL13RA1 regulation. IL-13-dependent STAT6
phosphorylation was also enhanced upon inhibition of miR-155 (Fig.45), confirming that

miR-155 affects the IL-13 signalling pathway in primary macrophages.

To further test the role of miR-155 in the IL-13 pathway of Mds, Anti-miR-155 (or
Control) transfected macrophages were stimulated with IL-13 and assayed for IL-
13/STAT6 dependent genes expression (Hebenstreit et al., 2006; Mantovani et al., 2004;
Martinez et al., 2006; Martinez et al., 2009). Fig.46 shows a panel of genes that were
shown to be significantly regulated by miR-155 levels and Fig.47 shows control genes
that were not affected by miR-155 levels. Blocking of miR-155 (Fig.46, Anti-155) led to a
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significant enhancement of CCL18, CD23 and SOCS1 expression in an IL-13-dependent
manner. SOCS1 has been reported as a direct target of miR-155 (Jiang et al., 2010; Lu et
al., 2009) and miR-155 direct action on this gene cannot therefore be excluded in
macrophages. However, SOCS1 mRNA expression did not show significant up regulation
per se when only Anti-155 oligonucleotides were transfected, leaving open the

hypothesis of miR-155 acting directly on SOCS1 and also through IL13RA1.

In addition to CCL18, CD23 and SOCS1 regulation, DC-SIGN and SERPINE showed
modulation by miR-155 levels in unstimulated cells (Fig.46, Unstimulated). This could be
explained by miR-155 direct targeting of factors that regulate these genes: PU.1 in the
case of DC-SIGN (Martinez-Nunez et al., 2009; Vigorito et al., 2007) and SMAD?2 (Louafi et
al.manuscript under revision) for SERPINE. Importantly, there were also genes that
showed no change such as IL-10 or TGFp3 (Fig.47), serving as a control of miR-155/IL-13

specifity.

Although IL-4 and IL-13 both signal via STAT6 phosphorylation and share the Type
Il IL-4 receptors, the development of a knock out model for IL13RA1 allowed
distinguishing the functions of the Type | and Il receptors and dissecting more the
differences between IL-4 and IL-13 cytokines (Ramalingam et al., 2008). Mice lacking
IL13Ral showed impaired defence in models of Th, diseases, and an almost complete
abrogation of allergen-induced airway hyperreactivity and mucus production. Moreover,
mice lacking IL13RA1 have proved an important role for IL13RA1 in allergic lung
pathology and lung homeostasis (Munitz et al., 2008). Interestingly, mice lacking miR-155
show lung remodelling (Rodriguez et al., 2007), linking miR-155 and IL13Ral in lung
physiology. In this context, IL-13 has been shown to play a key role in allergy and asthma
(Wills-Karp, 2004). One of the genes induced by IL-13 is CD23, the low-affinity
immunoglobulin (Ig) E receptor (FcepsilonRIl). CD23 in triggered by CD23 in Md¢s and
binds to IgE complexes promoting an inflammatory response and has been shown to
play an important role in allergy, asthma and antigen presentation amongst other
functions (Rambert et al., 2009; Rosenwasser and Meng, 2005). Moreover, it is one of
the markers of M2 macrophages. Anti-155 transfected macrophages showed a
significant up regulation of CD23 expression only when treated with IL-13 as blocking of
miR-155 did not show any effect on its own (Fig.46). In line with these data, CCL18 and
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SOCS1 showed a similar modulation to that of CD23 pattern by miR-155 (Fig.46). CCL18 is
related to asthma and it is a typical M2 Md marker (de Nadai et al., 2006; Gordon, 2003;
Mantovani et al., 2004), and it has been shown that mice lacking SOCS1 gene have
exacerbated Th; responses in lung (Lee et al., 2009). It might be possible that altered
leveles of miR-155 contribute to the exacerbated immune response observed in
asthmatic patients by skewing and unbalancing the Th;/Th, reponses: less targeting
IL13Ral would enhance IL-13 signalling, modulating CD23, CCL18, SOCS1 and other
targets which in combination would promote a pro-Th;, environment in the lung, as the
one observed in asthma disease and related to IL-13 expression (Wills-Karp, 2004).
Moreover, anti-STAT6 siRNA inhalation has been shown to diminish airway inflammation
and hyperreactivity in lungs (Darcan-Nicolaisen et al., 2009). These data and assays open
the possibility of using miR-155 as a therapeutical agent in asthma disease, or as a

biomarker to assay the severity of exacerbated Th, pathologies.

Recent work in our group (Louafi et al., manuscript under revision), miR-155 is
shown to directly target SMAD2 tuning the TGFJ pathway in human monocytes and
regulating their fibrotic/remodeling capabilities. M2 macrophages show a more
homeostatic profile than M1 macrophages; they promote angiogenesis, tissue repair
(Mantovani et al., 2002) and scavenge functions. Importantly, TFG-f also promotes M2
differentiation (Martinez et al., 2009). SERPINE was demonstrated to be regulated by
miR-155 levels (Fig.46), and this regulation significally enhanced when IL-13 was added,
concomitantly with the SMAD?2 targeting seen in our lab (Louafi et.al, manuscript under

revision) and the pro-Th; roles of TFGp.

Together, all these data indicate that miR-155 is positioned at the core of
immune regulation. By direct targeting of IL13Ra1, miR-155 modulates IL-13 pathway in
macrophages, a typical cytokine that triggers alternative activation of Mds. MiR-155
seems to play a center role in the plasticity displayed by macrophages, constituing an
excellent example of microRNA function: a fine regulator in a system that requires

constant balance and plasticity, key facts of microRNA biology.
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5 Chapter 5. Results: Microfluidic trapping system

to monitor cell to cell interactions

5.1 Introduction

DCs and Mds are key components of the immune system acting at the interface
between innate (unspecific) and adaptive (pathogen specific) immunity (Kindt et al.,
2007; Murphy et al., 2008). Both cells show high phagocytic abilities: whilst DCs mature
upon binding to pathogens (see Fig.2) (Banchereau and Steinman, 1998; Kindt et al.,
2007; Murphy et al., 2008; Steinman, 2001), Mds act as a first barrier of defence using
different mechanisms such as Reactive Oxygen Species (ROS) production (Geissmann et
al., 2010). Depending on the pathogen encountered and the cytokine milieu, M¢s and
DCs will drive the immune profile between pro-Th; and pro-Th, responses (Fig.1) which

requires tight control and regulation.

Therefore, different cell types need to communicate and coordinate to develop
an efficient immune response. Cell to cell communication is one of the most studied
aspects of biology and it is key to understand the overall behaviour of a biological
system. One of the major problems is studying and monitoring single cell interactions
individually over the time. Bulk studies do not allow discriminating single events within a
population or testing the microsurroundings of each element in the population. They
also show limitations in terms of uniformly controlling the conditions and
microenvironment of single cells. Moreover, studying specific cell types in bulk assays
presents limitations when monitoring rare events in large populations. As an example,
flow cytometry allows discriminating and sorting populations of cells but does not allow
monitoring interaction between events or real time event-measurements. Biological
processes can take from seconds to days; studying these time lapses has shown great

difficulties due to the technical limitations of bulk systems.

Microscopy is the technique most commonly used for single cell event and live
monitoring studies. However, it presents technical difficulties in changing and controlling

the environment and free diffusion of cells while monitoring them.
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Microfabrication technology allows building objects in a micro or milimeter scale,
this is, in the range of mammalian cell dimensions. Microdevices can be patterned so
that they include channels, pillars, valves, etc. allowing manipulating and controlling the
environment in a microscale (Voldman et al.,, 1999). They have been more and more
used in biology and medicine since the 80s and are now available commercially as

devices for blood analysis and other applications (Toner and Irimia, 2005).

Microfluidics is a multidisciplinary field that studies the behaviour of fluids in a
microscale, which differs from the properties that fluids have on a macroscale (Beebe et
al., 2002). By combining microfluidics and microfabrication it is possible to analyze and
monitor the behaviour of fluids (and cell suspensions); control their flow, dynamics and

processes.

Microfluidic cell trapping devices are a useful tool for analysing single cell events.
They have been used in stem cell biology, antibody production and immunology (Faley et
al., 2008; Gao et al., 2009; Kobel et al., 2010). Cell trapping systems allow monitoring
single cell events, control changes in the microenvironment and perform real time
analysis. All are done in a microscale with low volumes and the inherent low cost
advantage. These devices are called “Lab on a Chip” because it is possible to perform
several analytical steps using a microdevice in which the experimental conditions can be
changed and measured. In addition, the material analyzed can be recovered for further
analysis. Generally they are made of gas-permeable and biocompatible materials such as
PolyDiMethylSyloxane (PDMS) allowing experimental work that require culture

conditions.

Our current understanding of DC and M¢ biology is based on in vivo experiments
using mice, bulk studies with primary cells and/or cell lines. These are valuable tools and
models that are analyzed in the lab using molecular and in vitro approaches. An example
is the work by (Mempel et al., 2004) which measured cell to cell contacts between
murine DCs and lymphocytes in vivo using microscopy. Nevertheless, there are still
guestions and processes which study is limited by current lab techniques and animal
models. Examples are measuring minimal cell distances required for cell to cell

communication, determining requirements for cell to cell contact and especially real
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time monitoring of single cell changes. These are essential processes that allow the
orchestration of several cell types and responses (like DCs and Mds do) which will result
in an overall behaviour, in health or disease. Performing this type of assays and
measures in a controlled microscale allows monitoring and quantitating them in real

time, and also monitoring cell behaviour by changing the microenvironment.

Many attempts have been made to design microdevices for cell trapping systems;
they sometimes incorporate different tools like electrodes for cell fusion assays or
antibody-covered pillars to discriminate and isolate small cell populations (Faley et al.,
2008; Gao et al., 2009; Sequist et al., 2009; Skelley et al., 2009). All these devices proved
to be a valuable tool for isolating and monitoring single cell events and changes in real
time. Nevertheless, a device that allow single cell trapping with controlled distances has
not been designed so far. This tool would prove of important use to understand the
distance requirements, type of communication and cellular behaviour between different

cell populations.

Antigen presenting cell (such as DCs and Mds) to lymphocyte interactions are
well known and established (Mempel et al., 2004); however, little is known about the

intercellular communications between antigen presenting cells themselves, if any exist.
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5.2 Aims and objectives

In collaboration with the Nanogroup in Electronic and Computer Science in
Southampton University, it was aimed to design a new microfluidic device to monitor and
measure the distance requirements for real time cell to cell communication in order to

further understand DC and M¢ biology.

The main goal was to assay real time exchange of antigens or pathogens between
antigen presenting cells and measure the distance requirements which was divided into

several objectives as follows:
- Objective 1: In silico design of the device masks using CleWin 4.0
- Objective 2: To pattern the silicon mold using photolithography
- Objective 3: To make the devices in PDMS by soft lithography
- Objective 4: To test the device flow workout using THP-1 cells

- Objective 5: To test antigen/pathogen exchange between DCs and Mds and

monitor them by fluorescent microscopy.
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5.3 Design of the masks

Two different designs were required for the device: one design for “cell traps”
and the other for a chamber that would contain the “cell traps” together with a

branched system of pipes to flow in and out the cells.

The cell traps and chambers were designed using CleWin 4.0 (made by WieWeb
software, the MESA+ Research Institute at the University of Twente and Deltamask). This
program is a layout editor and mask design program that runs under Windows operating
system. The output files are CIF (Caltech Intermediate Format) and Calma GDS-Il files;
these file formats are supported by all major layout editors. CleWin 4.0 generates other
files in formats that be easily exported. It is therefore a useful tool that generates files
compatible and readable by most mask manufacturers. Figure 48 shows a picture of the
interface of CleWin 4.0 program. CleWin works with XY coordinates and allows precise
design in different superimposable layers that can be fused to fit in different substrate
dimensions. Mask manufacturers will then fabricate masks of different dimensions

following the coordinates and dimensions of the in silico designed devices.
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Figure 48 CleWin program interface. A mask design is shown.
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Each device was designed to contain ten rows and ten columns of cell traps as an
initial prototyping. Figure 49 shows an overview of the device. Each chamber had a
system of branched micro pipes at both ends to flow the cells in and out (inlet/outlet).
Trap rows were 100um distance from the inlet/outlet and 20um from the edges of the

chamber.
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Figure 49 General view of the device. Separation distances between the rows of traps and the

edge of the chamber are shown.
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5.3.1 Traps design

Each trap was designed in an “H” shape: two hollows separated by a gap with
varying distances (Fig.50A). Each hollow was designed with such dimensions that a single
cell would fit in; given that the same cell type was going to be loaded in each hollow of
the trap these were designed symmetrically. The gap width was designed to be 6um,
potentially big enough to allow cells to pass through and small enough to avoid cells
reflux. This distance was determined based on previous studies related to the

deformation properties of these cells (Kitagawa et al., 1997; Kurosaka et al., 1998).

Traps were designed with three different separation lengths between the two
hollows: 5, 10 and 15 um (Fig. 50A) to test different distance requirements for cell to cell

communication.

To test the efficiency in cell trapping and determine whether there was clogging
of the device, two distances were chosen to separate the rows of traps. The distances
chosen were 20 and 50 um (Fig. 50B) based on previous studies (Skelley et al., 2009). The
spacing between columns was 20 um, corresponding to 1-1.5 mm cell diameters

approximately as previously suggested (Skelley et al., 2009).

The dimensions of the hollows in the H traps were designed to be 18 um:
theoretically big enough to fit a single cell and small enough not to trap two cells. This
hollow size was decided by comparison of THP-1 cells distortion studies and Hela cell
dimensions (Kurosaka et al., 1998; Skelley et al., 2009) to DCs and Mds under the
microscope. Included in these calculations was the fact that photolithography,
development and etching processes would minimally diminish the dimensions of the

devices and traps.
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Figure 50 Dimensions of the different designed traps. A: Each trap has two hollows of 18um2,
6um gap of separation between the hollows. Drawn in blue are trapped cells. Three different distances
between the 2 hollows were also tested: 5um, 10pum and 15um. B: Two different distances between the

trap rows were also tested: 20um and 50um.
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5.3.2 Chamber and channel design

The chambers were designed to fit the arrays of 10x10 cell traps adding 20 um at

both sides and 100 um at both ends of the array of traps (Fig.49).

The channels that flow in the cell suspension were designed by Dr. Sam Birtwell
according to previous data (Birtwell and Morgan, 2009). The number of pipes to irrigate
the device had to be a power of two because of the branching of the channels, which
number expanded from one into two and so forth to distribute the flow homogeneously
(see Fig.51). The width of the pipes in contact with the device was 45um (2 cell
diameters approximately) so each chamber fitted eight pipes to flow the cells in and out
(Fig.51). The branched pipes were centered at each edge of the chamber leaving a gap of

29.5um at both sides of the device (Fig.51).

The length of the main branch of each system of pipes was designed to be 1.5mm
to minimize the risk of piercing the whole device when trying to flow in the cells.
Modelling of the flow dynamics was done by Dr. S. Birtwell using the dimensions of a
device with 5um gap and 50 um between the rows of traps, taken as an average

measure amongst the 6 different designed combinations.

29.5um

1.5mm
Figure 51 Schematic representation of the pipes design. The distance between the pipes and

edges of the chamber was 29.5 um and the width of the pipes was 45um. The length of the main branch

was 1.5mm.
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5.4 Photolitography of the silicon substrate with the designed
masks

In silico designed mask files were sent to a mask manufacturer (Swiss MicroLitho,
Lausanne, Switzerland) that patterned two glass masks: one with the designed traps and
another with the chambers. The masks drawing was done in chrome because an opaque
material is required for the litography process afterwards (explained below). Litography
is the process that define regions and patterns on a wafer from which materials are

deposited or removed.

Figure 52 shows a schematic representation of the photolitographic procedure.
Firstly, the masks were designed in silico using CleWin 4.0 program (see 5.3) and chrome-
patterned on glass masks by a manufacturer. A layer of positive photoresist material was
spun on a silicon disk (substrate) to reach a desired thickness. A photoresist is a material
that is sensitive to light exposure: after exposure to light a positive photoresist (like the
one used) becomes soluble in the developer and a negative photoresist insoluble. The
pattern was therefore transferred to the photoresist layer by UV irradiation. Developing
of the UV-patterned photoresist defined the features of the masks on the photoresist.
Etching and an additional development steps patterned the designs on the silicon
substrate and removed the remaining photoresist, respectively. After these steps, the

silicon mold was ready to use for soft lithography with PDMS.

All these steps were carried out inside a clean room by Dr. S. Birtwell whose
participation has been essential in the manufacturing process. Dr. S. Birtwell had already
established many parameters and protocols of this process. The main parameters of the

protocol are detailed below and more detailed in Appendix 6.
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Mask design with CleWin
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Figure 52 Overview of the photolitography procedure. Masks designed with CleWin were
patterned with chrome by a mask manufacturer onto glass masks. A silicon disk was used as substrate
on which a negative photoresist was spun to a desired thickness. Masks patterns were then transferred
to the photoresist by UV irradiation and developed afterwards. Patterns were then etched in the
substrate and an additional development step removed possible remaining photoresist. The silicon disk

was then ready to use for PDMS stamping. Dr. Sam Birtwell (University of Southampton) performed the

photolithographic process.
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To pattern the silicon wafer that will be used as the mold for the PDMS devices a
photoresist layer was firstly spun on the wafer. The silicon wafer was dehydrated by
baking to remove any moisture that would cause problems during the photoresist
processing. After cleaning and drying out, a layer of positive photoresist (AZ® 9260) was
spun at 400rpm on the surface of the wafer. After spinning, the wafer was left 20 min at
room temperature to relieve stress in the wafer and the thickness of the photoresist

layer was checked.

After the coating process, soft baking was performed at 100°C for 3 min on a
heating plate. This step is required to dry away the solvent from the spun resist, enhance
the adhesion of the resist to the wafer and to anneal shear stress introduced during the
spin coating. The wafer was then left 30 min at room temperature to rehydrate the

resist.

The coated wafer was then aligned with the mask containing the chambers and
irradiated with UV light to pattern the photoresist. This was performed in an EVG620

mask aligner during 33 seconds.

After this step the photoresist was developed using AZ" 400K Developer in a
dilution 1:3 in water during 90 secs. This step removed the photoresist not exposed to
light, this is, the chromed patterns in the glass mask. The definition of the patterned
shapes was checked under the microscope and re-immersion in the developer was
performed if necessary until the features were defined. After this developing step the

wafer was rinsed in distilled water and blown dried with nitrogen.

The patterned wafer was then etched using a plasma etcher. The etching process
removes layers from a surface with a depth and angles that depend on the plasma used
and the parameters set for the etching such as time of exposure. The wafer was etched
during 1min and 52secs in a STS Pegasus DRIE alternating C4Fs/SFs plasma. After this
etching process the resist was stripped by sonication in AZ100 remover; the remaining
resist residue which would create problems in the next steps was removed by a 10 min

immersion in fuming nitric acid.
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These processes of spin, exposure and development were repeated using the
mask of traps on the same wafer. This was done to etch and pattern the features that
would define the different traps inside the chambers. The etching was shorter (37secs)
to get small height gaps (~6um) above traps; putatively these would stop cells from
exiting from the traps once flowed in. An additional step after stripping of the resist was
performed: coating with C4Fg in the STS Pegasus DRIE. This layer prevents PDMS
(PolyDiMethylSiloxane) to adhere onto the silicon wafer during the curing process

afterwards.

Figure 53 shows a schematic representation of a section of the device. The silicon

wafer substrate is shown in grey.

Separation
between
hollows e

Traps —»

Chamber—.
Si wafer —,

Figure 53 Section of the device showing the etched silicon wafer. Rows of traps were not
parallels (see Fig. 50B) and this is indicated by the dotted lines. This patterned mold was used

afterwards for PDMS molding and device making.
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5.5 Soft lithography: making devices in PDMS

For the following steps (soft lithography and device tests), Dr. Marta Lombardini
helped and fully collaborated especially regarding the flow workout and loading

conditions.

Soft lithography consisted on the patterning of elastomeric stamps in PDMS
(PolyDiMethylSiloxane) using the photolitographied silicon wafer as mold (see 5.4).
PDMS is an elastic material broadly used for microdevice manufacturing. Some of its
advantages are: low price and commercial availability, ideal for rapid prototyping and
disposables; although hydrophobic, it can be easily made onto a hydrophilic material by
plasma treatment; its elasticity allows building of valves, pumps and pipes that are
deformable; it is biocompatible and permeable to O, and CO,, gases needed when
culturing mammalian cells; transparency and low autofluorescence allowing microscopy
monitoring; and it can be coated to diminish cell attachment, for example, using BSA

(Beebe et al., 2002; Mata et al., 2005; Whitesides et al., 2001).

PDMS is an elastomer that cures and polymerizes upon mixing with a curing
agent in a 10:1 ratio. Figure 54 shows a diagram of the PDMS curing process. The mixture
was poured on the patterned wafer and degassed during 1h in a vacuum manifold to
disrupt the bubbles formed during the mixing of PDMS+curing agent. Then, PDMS was

baked inside an oven at 80 degrees for 1h approx until it became cured.

Cured PDMS was sliced from the mold using a scalpel; PDMS devices were then
pierced in the main pipes enabling the cells to be loaded afterwards. To bond the cured
PDMS onto microscopy glass slides both PDMS and glass slides were exposed to O,
plasma. This procedure allowed exposure of reactive groups in both the glass slide and

the PDMS that reacted and bonded when pressed against each other.
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Figure 54 PDMS processing. A mixture of PDMS+curing agent is poured onto the silicon mask.
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After degassing and curing, the patterned PDMS is peeled off the mold. Microscopy glass slides and
PDMS are then treated with O, plasma which exposes reactive groups that will allow bonding of their
surfaces. Exposed PDMS and glass are then pressed against each other allowing bonding. Devices are
then ready to use. Dr. Marta Lombardini (University of Southampton) assisted in the soft lithography

process.
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Once the PDMS was bond to the glass slides, it was ready to be loaded and
tested. Fig.55 shows an example of the view of one of the PDMS devices under a light

microscope. Devices contained arrays of 10x10 H-shaped traps within a chamber.

Chamber dimensions were approximately 1mmx600um

Figure 55 Picture of one of the devices in PDMS under the microscope. A zoom of a device is

shown. The device shown corresponds to the design of 5pum gap and 50um of separation between rows.
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5.6 Flow workout using THP-1 cells

5.6.1 Loading overview

THP-1 cells were initially used to test the device as these are easily cultured and
are of a similar size to dendritic cells and macrophages; moreover, they can be
differentiated into DCs and Mds-like cells (Auwerx, 1991; Bocchietto et al., 2007; Park et
al., 2007). Therefore, they are a good model to test myeloid cell to cell interaction and

loading of the device.

The chamber was filled by means of two set of channels as shown in Figure 56.
The aim was to set up the cell concentration and flow rate to fill both hollows (side A and
side B in Fig.56) without cells flowing out on the other side of the trap. The two sets of
channels were designed to achieve a homogeneous distribution of cells within the

chamber.

A unique feature of this device is the bi-directional flow of the channels. Both
channels are considered inlet or outlet depending on the side of the H-shaped trap that
is loaded. Cell loading was done using two syringe pumps (one for each side of the
chamber) that allowed changing the flow rate by controlling the pressure on the syringe
plungers. Each one of the two syringes was attached to a plastic pipe; these pipes
converged in a set of valves that allowed manual control of the opening and closing of

the pipes, in order to alternate the selection of inlet and outlet.

The flow rate used was determined by controlling the fluid coming out of the
syringes using the syringe pumps. During the loading process it was important that the
fluid flow rate was maintained in a biocompatible range. Too high speeds disrupted the
cells and very low speeds did not exert enough pressure. The minimum flow rate to
prevent cell-sedimentation was found to be 2ul/min which corresponded to 0.2pl/min
within the chamber. The maximum biocompatible flow rate of the syringe pump was

20pl/min, corresponding to 2ul/min within the chamber.

In addition, two different row distances were assayed: 50 and 20um (Fig.50B).

Devices with 20um separation between the rows of traps were not efficient in trapping
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cells: trapping efficiency, measured as cells present in both sides of a trap, was around

5%. Therefore, only the devices with 50um separation between the rows of traps were

further used.

X
g’

Channel A Channel B

Side A

Empty trap Loaded trap

Figure 56 Flow representation in the devices. The chamber was filled first from the channel of
one side and then from the one on the other side, represented as “A” and “B”. These channels were

alternatively used as inlet and outlet.
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5.6.2 Loading parameters and factors

Loading of the device was done in two steps. Figure 57 shows two pictures of
each one of these steps. Following the terminology used in Fig.56, cells were first loaded
in side A of the trap (left picture in Fig.57); in this case channel-A was set as inlet and
channel-B as outlet. After this and using the set of valves previously mentioned, channel-
B was turned into inlet and channel-A into outlet. By doing so, the side-B of the traps

was loaded (right picture in Fig.57).

A cell concentration of 106cells/mL was chosen and achieved an adequate loading
time of approximately 1 minute, avoiding; the clogging of the device. An important
requirement of this device was that the second loading step had to be done using a flow-
rate that did not free the cells firstly trapped. Considering all these aspects, 1ul/min flow

rate was found to be the right choice to fulfil the loading requirements.

Flrom A

| ——— —~ —

Figure 57 Flow workout of the device in two steps. A and B correspond to terminology used in

Fig.56. Left picture shows the flow in of cells from channel A; channel B served as outlet. Right picture

shows the filling of the device from channel B and thus, channel A served as outlet.
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One of the main problems in microfluidics is the presence of air bubbles in the
devices. Bubbles disrupt cell membranes when they blow and do not allow
homogeneous flow of the liquid. An example is shown in Fig.58: left shows a trap with a
cell on top, middle trap is empty (probably it contains cell debris) and right trap shows an

air bubble on top and a disrupted cell below.

Figure 58 Bubbles in microfluidic devices. A set of traps is shown; from left to right: a cell
trapped (upper side), empty trap (with cell debris) and an air bubble with a disrupted cell (upper and

lower sides, respectively).

The problem was solved by pre-filling the devices with PBS and confirming the
absence of air bubbles using a microscope before cells were introduced in the chamber.
This allowed a regular and homogeneous flow of cells and no air bubbles inside the
device. Loading efficiency (number of traps loaded in both sides) was measured to be
60%.This loading procedure was performed more than 10 times and Fig.59 shows an

example.
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Figure 59 Loading efficiency of the devices. An example of one of the devices with cells loaded
in both sides of the traps is shown. Efficiency (traps with both sides containing one cell) was estimated

in 60% approximately.
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5.6.3 Fluorescence labelling and biocompatibility test

The main goal of the device is to test cell to cell interaction and communication
by the exchange of antigens or pathogens while real time monitoring by fluorescent
microscopy. Therefore, the fluorescence labelling, monitoring and biocompatibility of

the system were first checked.

THP-1 cells were labelled using a Reactive Oxygen Species (ROS) detector
(Invitrogen) (see 2.11.3). This molecule is a fluorescein derivate that is non fluorescent
and permeable to the cell membrane in its acetylated and reduced form. Once inside the
cells it is de-acetylated by cellular esterases and oxidized becoming fluorescent and non
permeable to the cell membrane. The fluorescence is detector using excitation sources
and filters appropriate for FITC, and it serves as an indicator of the cellular oxidative
state and ROS production. ROS production is induced by stimuli such as cellular stress,
DNA damage or pathogen responses (Yamada et al., 2006). As a positive control cells
were incubated with tert-butyl hydroperoxide (TBHP) which induces oxidative stress
(Garcia-Cohen et al., 2000), conditions that induce H,DCFDA to fluoresce. TBHP was used

instead of H,0, (commonly used for ROS assays) as it is more stable and biocompatible.

This experiment was also a measure of the biocompatibility of the system
(device, pumps, pipes, etc): cells under stress would produce ROS and appear
fluorescent under the microscope. This was useful as cellular stress modify cell
responses and behaviour, which would be important for future applications of this

device.

H,DCFDA harbouring cells did not become fluorescent as they passed through the
microfluidic system when compared with cells engaged in ROS production by incubation
with TBHP. This test was performed 3 times and was reproducible; Figure 60 shows an
example of a picture of one of the traps in which one cell fluoresces (left trap) and the
other does not (right hollow). Both cells contained the probe but only the one incubated

with TBHP was fluorescent.
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Bright field

Fluorescence |t

Figure 60 ROS production imaged by fluorescence microscopy. First row shows cells under
white light and second row show the same cells under fluorescent light. THP-1 cells harbouring H,DCFDA
were loaded in the device; H,DCFDA becomes fluorescent when de-acetylated and oxidized. Cells on the
left hand side were incubated with TBHP (which produces ROS) as positive control. Cells not incubated

with THBP were not fluorescent (right side of the trap). It is shown one experiment of 3 replicates.
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5.7 Testing dendritic cell to pathogen communication

Interrogating DC to DC communication via exchange of antigens or pathogens
was the main aim of the microfluidic device. A first step towards reaching that goal was
assaying DC to pathogen interaction in order to measure the distance requirements and
cell behaviour inside the designed device. DCs had already been shown to bind to
pathogens (see 3.7.2) and performing binding assay inside the device would give insight
into the distance requirements for such interaction to occur, and measure the cell
responses in those conditions. The second step, DC to DC communication, is on going

work (see 6.2.2)

Experiments were done with dendritic cells and Candida albicans conidia, known
to bind to DCs (Cambi et al., 2003) and already tested in bulk experiments (see 3.7.2). As
LPS induces ROS production by dendritic cells (Matsue et al., 2003; Yamada et al., 2006),
DCs sensing pathogens will produce ROS. It was therefore aimed to test DC to C.albicans

interactions monitoring the distance requirements and ROS production in real time.

First, monocyte derived DCs (prepared as described in 2.2.2) were incubated with
H,DCFDA (see 2.11.3) and loaded into the device. At this stage, DCs showed no
fluorescence emission indicating that levels of oxidative stress were not raised. It also
indicated that the fluidic stress inherent to the loading procedure did not seem to induce
cellular stress in DCs. When TBHP was flowed in from the other side of the chamber, ROS
were instantly produced and fluorescence decreased afterwards taking approximately
20min to fade away. It was only possible to perform this experiment once (data not

shown).

Unlabelled DCs were loaded from one side of the device and propidium iodide
labelled C.albicans conidia (see 2.11.2.1.) were then loaded from the other side
(Fig.61A). Real time monitoring of phagocytosis was observed in traps with a separation
of 10um between sides A and B: Fig.61A shows a sequence of images taken at different
times that captured the movement of a labelled C.albicans conidium from one side of a
trap to the other (indicated with an arrow). This trap contained a dendritic cell on the
side towards which the conidium moved, and this process took 20min approximately. It
is noticeable that the shape of the trap was efficient for trapping these pathogens, which
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are smaller than 2 um in diameter. Events were monitored over 3h using a fluorescence
microscope within an environmentally controlled chamber (37°C and 5%CO,) which
allowed mimicking physiological conditions. Images were captured 1min intervals,

minimising the fluorescence exposure to reduce photobleaching.

Devices containing traps with a separation of 15um between the two hollows
(see Fig. 50A) did not show any phagocytosis event. This type of devices were tested
twice and suggested that 15um was a too long distance for DC and C.albicans to
communicate under the assayed conditions. The devices that worked best were the ones
containing traps with gaps of 5um or 10um (see Fig.50A) and these devices were the

ones assayed further.

DC to pathogen interaction was then interrogated employing DCs containing the
ROS detector probe H,DCFDA (see 2.11.3). If DCs contacting pathogens produced ROS
they would show green fluorescence due to the de-acetylation and oxidation of the

probe.

DCs harbouring H,DCFDA were loaded from one side of the device and labelled
C.albicans from the other side. Phagocytosis with simultaneous production of ROS was
observed: Fig.61B shows a series of images that captured the process by which a ROS
producing DC captured C.albicans conidia. This event took 20 min approximately to
occur. Interestingly, DCs were able to sense and phagocytose dead C.albicans, as conidia
were heat inactivated and then stained with propidium iodide (see 2.11.2.1). Propidium
iodide is a fluorescent dye that binds to DNA; it is membrane impermeable and it
therefore penetrates cell membranes that are disrupted (like it happens in dead cells),
being generally excluded by live cells (Darzynkiewicz et al., 1992). Thus, despite conidia

being dead, DCs were able to sense and phagocytose them.
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Figure 61 Real time monitoring of phagocytosis. Two sequences of pictures of two independent
phagocytosis events taken at time intervals of 10, 15 and 20 min (below pictures) by fluorescence
microscopy are shown. A: A propidium iodide labelled C.albicans conidium (indicated with a white
arrow) moves from one side of the trap to the other side which harboured a DC. B: A ROS producing DC

(in green) phagocytosed C.albicans conidia labelled with propidium iodide (in red) is shown.

182



5.8 Discussion

Cell to cell communication has proved difficult to investigate and observe in a one
to one basis. Developing a single cell trapping system to monitor events in single cells
would be a useful tool; moreover, testing different distances for intercellular
communication to occur would be of interest to further understand such requirements.
Pathogen to DC interaction is known to occur but it has mostly been monitored in bulk
experiments (see 3.7.2.1). A microfluidic device was therefore designed in order to assay
DC to pathogen interaction and for future use to observe DC to DC communication (see

6.2.2).

In this microfluidic device cells were trapped in H shaped traps and kept at a
defined fixed distance of 5, 10 or 15 um (Fig.50). Thus, cells can be placed in defined
close proximity but with no contact, therefore allowing the monitoring of intercellular
communication requirements and intracellular changes. Trap dimensions were designed
based on previous studies (Skelley et al., 2009) and considering the mechanically-
induced deformation of THP-1 cells as a DC and Mdo-like cell model (Auwerx, 1991;
Bocchietto et al., 2007; Kitagawa et al., 1997; Kurosaka et al., 1998). This device had a
novel design that positioned cells by a bi-directional flow (Fig.56) without the need of

other mechanical, electrical or magnetical forces (Fig.57).

Devices for trapping cells were etched on a silicon wafer that served as mold for
patterning the devices in PDMS (Figs.53 an 55). PDMS is an elastomer whose properties
make it biocompatible; it allows gas exchange (necessary for cell culture) and easy
monitoring under visible and fluorescent light microscopy due to its transparency and
low auto fluorescence. PDMS is a material that can be coated (e.g. with BSA) to reduce
cell attachment; this offers the possibility of using it for cell sorting by coating with
antibodies against cell surface markers. As PDMS is elastic, microfluidic devices made in
this material can also contain electrodes and other microtools that allow moving cells,
fusing them, stimulating them, monitoring cell membrane properties and/or changes; all
possibilities that makes this type of microdevices a superb tool for biological work.
Importantly, PDMS is a low cost material that is commercially available which makes it of

value for developing disposable devices.
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Microfluidic devices were first tested employing THP-1 cells. Devices trapped
single cells and efficiency, measured as % of traps loaded in both sides, was estimated in
60% approximately (Fig.59). THP-1 cells were also employed to test the possible cellular
stress induced by the loading procedure; these cells were labelled using a ROS detector
probe that fluoresces upon oxidation (see 2.11.3) and they showed no fluorescence

when compared to cells engaged in ROS production (Fig.60).

One of the advantages of the bi-directional flow design is that it allows
stimulating trapped cells and monitor inter and intracellular changes. This was assayed
measuring ROS production when DCs harbouring H,DCFDA (a ROS detector probe that
fluoresces when oxidized) were loaded in one side of the device and TBHP (an oxidative
stress inducer (Garcia-Cohen et al., 2000) was flowed in from the other side. ROS were
instantly produced measured as fluorescence that decreased afterwards, taking
approximately 20min to fade away. However, it was only possible to perform this

experiment once (data not shown) and needs further testing (see 6.2.2).

Cell to cell communication was observed in the form of DC to pathogen
interaction (Fig.61). C. albicans conidia were loaded from one side of the device and DCs
from the other side. It was possible to observe the movement of C.albicans from one to
the other side of a trap (Fig.61A). Following the results presented in Chapter 3 (Fig.32)
and the ability to monitor phagocytosis events (Fig.61), it would be of interest to use this
device to measure the effect of miR-155 over-expression on the ability of cells to
interact with C.albicans conidia at the single cell level. This approach could reveal
differences in individual or subsets of cells complementing or enhancing the
observations from the previous bulk experiments (Fig.32). To further assay the effect of
DC to C.albicans interaction on the oxidative status of DCs, which would also facilitate
their monitoring by fluorescence microscopy, DCs labelled with H,DCFDA were loaded
from one side of the device a labelled C.albicans conidia from the other side. Fig.61B
shows a sequence of images of an experiment in which it was observed that a ROS
producing DC phagocytosed labelled conidia. It is remarkable that DCs phagocytosed
dead C.albicans, as conidia had been previously heat inactivated and propidium iodide is
generally excluded from living cells. This event did not require close contact, as it was
observed inside a trap in which both sides were separated by 10um, so close contact was
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not required to trigger phagocytosis. This is an interesting finding that will be further
assayed; moreover, when using traps with a gap distance of it 15um no phagocytosis
was ever observed. Therefore, it suggests that DCs are able to sense pathogens up to a
maximum distance and that this sensing does not require direct contact. One possibility
is that “pathogen detection” might be due to the diffusion of molecules not monitorable
by microscopy. Another possibility is that as DCs naturally behave like sensors, once on a

substrate (even in vitro) they emit prolongations to sample their surroundings.

In conclusion, the designed device allows assaying live cell to cell communication
and monitoring of intra and extracellular changes by fluorescence microscopy, as well as
the distance requirements for these events to occur. It can be easily redesigned on a cell
dependent manner according to cell size and shape. It is economic and reusable, good
qualities for clinical application. As an example, clinical samples could be loaded and
exposed to different drugs, monitoring real time changes in single cells and measuring
the exact conditions required for these events to occur. In theory, these devices could be
used as a tool to determine patient-specific treatments. The microfluidic design and the
use of PDMS as substrate would also allow recovering the material once assayed for
further testing. All in all, the designed chamber is a good example of a Lab on Chip that

can be of use in both the lab and the clinic, to understand both health and disease.
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6 Chapter 6: Discussion and future work

6.1 General discussion

The immune response is accomplished by the interplay of different structures
and cells that communicate with each other to achieve a balanced behaviour. To develop
an effective response, the immune system regulates and coordinates its two main
branches, innate and adaptive immunity: “general troops” (innate response) and

“specialized killers” (adaptive response) in analogy with a war against a given pathogen.

In this interplay, both dendritic cells and macrophages play a key role and
connect both branches of immunity. Immature DCs reside in peripheral tissues working
as sentinels; they sense and sample their surroundings in search of PAMPs using a broad
range of receptors such as DC-SIGN, also present in alternatively activated macrophages
(Banchereau and Steinman, 1998; Janeway and Medzhitov, 2002). Mds derive from
monocytes recruited from blood to tissues under inflammatory conditions, or they reside
in tissues as homeostatic cells (Gordon and Taylor, 2005; Kindt et al., 2007). Thus, both

DCs and Mds activate under inflammatory conditions to exert their immune roles.

Upon binding to pathogens, DCs mature and migrate to lymphoid organs in which
they will present those antigens to T cells (see Figs.1 and 2); T cells will then proliferate
and differentiate either into a Th; or Th, profile, related to inflammation and
tolerogenicity, respectively. Similarly, Mds activate upon sensing of inflammatory signals
such as LPS into a pro-Th; profile (CAMds or M1 Mds) or towards a pro-Th, profile
(AAMds or M2 Mds) by cytokines such as IL-4 or IL-13 (see Fig.3). Therefore, a correct
sensing of such stimuli is key in order to exert an appropriate and effective immune

response.

In search of genes differentially expressed under pro- or anti-inflammatory
conditions, BIC (MIR155 HG) had been found to be involved in the inflammatory profile
of human macrophages; coincidentally, microRNA-155 was found up regulated by
inflammatory conditions in murine Mds (O'Connell et al., 2007). MicroRNAs are small

non-coding RNAs of ~22nt in length that inhibit gene expression upon pairing to the
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3'UTR of their target genes mRNA (Bartel, 2004). MiRNAs can exert their inhibitory
functions on a wide range of target genes upon binding to sites in their 3’UTRs

(summarized in Fig.5), putatively regulating hundreds of targets (Bartel, 2009).

Thus, microRNAs are ideal candidates in the context of Thi/Th;, responses, in
which they may potentially act as regulators between these two profiles. It was
therefore proposed that miR-155 is involved in the pro-Th; response of macrophages by

down regulating pro-Th; factors.

In silico analysis of Th, factors bound by miR-155 predicted both PU.1 and
IL13RA1 as targets (see 3.4.1 and Table 3, and 4.3.1 and Table 4, respectively). PU.1 is a
known Th; factor, essential in myelopoiesis and required for acquiring a dendritic cell
fate versus a macrophagic one (Bakri et al., 2005; Brunner et al., 2007; Chang et al.,
2005; Laslo et al., 2006; Scott et al., 1994). Importantly, PU.1 has been shown to be the
main transcriptional activator of DC-SIGN in myeloid cells (Dominguez-Soto et al., 2005).
Moreover, DC-SIGN expression has been shown to be triggered by the Th, cytokine IL-4
in DCs (Relloso et al., 2002) relating DC-SIGN with a Th, environment. IL13RA1 is the
main receptor for the Th; cytokine IL-13 which has been shown to exert different effects
to those of IL-4 and it is a known trigger of alternative macrophage activation (Martinez

et al., 2009; Ramalingam et al., 2008).

Pro-inflammatory stimuli trigger maturation of iDCs; iDCs undergo a series of
changes (see Fig.2) that include the down regulation of DC-SIGN with the concomitant
decrease in the binding of pathogens by mature DCs (Steinman, 2001). It was therefore
hypothesized that miR-155 is induced during dendritic cell maturation modulating the
pathogen binding ability of DCs by down regulating DC-SIGN through the direct
targeting of PU.1.

In addition, BIC involvement in CAMds expression profile opposed to AAMds and
the in silico prediction of IL13RA1 as a miR-155 target suggested that miR-155 directly

targets IL13RA1 modulating IL-13 pathway in macrophages.

MiR-155 was shown to be up regulated by LPS-maturation of DCs (Fig. 15) in
which both DC-SIGN and PU.1 were shown to be down regulated (Figs. 14 and 16,
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respectively). This experiment established the link between miR-155, PU.1 levels and DC-

SIGN in dendritic cell maturation and settled the basis of the first hypothesis.

To further analyze the direct relationship predicted in silico between miR-155 and
PU.1, in vitro luciferase assays were performed. Fig.22 shows that PU.1 is directly bound
by miR-155 and that nucleotides 45-51 of the 3'UTR of PU.1 (NM_001080547.1) are
essential for miR-155 action. PU.1 has also been demonstrated as a direct target of miR-
155 in mice, where it is involved in the immunoglobulin class switch of B-cells (Vigorito et
al., 2007) and as a miR-155 target (O'Connell et al., 2008) related to pathological
myeloproliferation. Despite miR-155 binding sites being conserved between mouse and
human species (Fig. 18) and miR-155 shown to target PU.1 in murine cells (Vigorito et al.,
2007) the secondary structure of miR-155::PU.1 interaction in silico is different between
both species (Fig. 20). This observation adds importance to the results obtained and

indicates their novelty.

In a similar experiment, ILL3RA1 was shown to be directly targeted by miR-155
(Fig.37) at two different binding sites mapping to positions 1049-1071 (named as Site 1)
and 1399-1424 (named Site 2) of the 3’UTR of ILI3RA1 (NM_001560.2). Abrogation of
either of these sites abolished miR-155 action suggesting that both sites are required for
miR-155 to down regulate IL13RA1 expression. This could be a case of microRNA
cooperativity (Vella et al., 2004) in which miR-155 binding to one site facilitates access to
the other and vice versa, with both sites required to exert inhibitory function. An
alternative possibility is that the in vitro assay performed only partially measures the

action of miR-155 on IL13RA1 in their natural cell environment.

Therefore, in order to investigate the role of miR-155 in a myeloid context on
both PU.1 and IL13RA1 expression, a cell system was developed in which miR-155 over
expression could be induced and titrated. Pro-inflammatory stimuli such as LPS lead to
the up regulation of miR-155 (Fig. 15) and (O'Connell et al., 2007), but these stimuli
trigger several pathways that may mask (or mimic) miR-155 action. Developing a cell line
in which the over expression of miR-155 could be controlled allowed the effects of miR-
155 over expression to be isolated from other inflammatory events. THP-1 cells are a

promyeloid cell line that can be differentiated and stimulated into macrophage-like and
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dendritic cell like- cells (Auwerx, 1991; Bocchietto et al., 2007; Park et al., 2007; Tsuchiya
et al., 1980). Importantly, these cells express both PU.1 and IL13RA1 so they were ideal
candidates to test miR-155 over expression effects in a myeloid context and test those

predicted targets.

THP-1 cells were doubly transduced with a lentivirus containing miR-155 (see
2.3.1) and a lentivirus that controlled the expression of miR-155 transgene by a Tet-On
system (section 3.5. and Fig. 23). The established cell line was named THP1-155 cells,

which showed up regulation of miR-155 upon doxycycline treatment (Fig. 25).

THP1-155 cells were then cultured in the presence of doxycycline and miR-155,
PU.1 and DC-SIGN levels were determined. MiR-155 over expression led to a down
regulation of both PU.1 and DC-SIGN at the protein level; PU.1 mRNA levels remained
stable while DC-SIGN mRNA expression was down regulated (Figs. 26, 27 and 28).
Similarly, ILI3RA1 protein levels showed down regulation upon miR-155 over expression
whilst its mRNA levels remained steady (Fig. 38). These results suggested a post
transcriptional role for miR-155 in PU.1 and IL13RA1 regulation most likely by inhibiting
MRNA translation, one of the most described mechanisms of microRNA action (Eulalio et

al., 2008; Filipowicz et al., 2008).

Interestingly, it has been recently suggested that microRNA action leads to mRNA
levels down regulation (Guo et al.,, 2010). Nevertheless, microRNAs can exert their
inhibitory functions in two ways: inhibiting the mRNA translation or promoting the
mMRNA degradation of their target genes (Bartel, 2009). These effects may not be
mutually exclusive and it is possible that a given microRNA may lead to different effects
on different targets or different effects in a time and/or dose dependent manner. These
may be addressed by further investigating miR-155 action on the transcription (e.g. by
PU.1 and IL13RA1 promoter assays) and translation of ILI3RA1 and PU.1 (e.g. by

polyribosome profiling) in miR-155 titrated cells.

It is also possible that the lack of other factors promoted by pro-inflammatory
stimuli that trigger miR-155 over expression influence these observations. It would be

interesting to check longer effects in the over expression of miR-155 in THP1-155 cells
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for PU.1 and IL13RA1 regulation (and possibly, other targets) to test the efficiency/timing

or dose dependency of miR-155 on target regulation (see 6.2.1).

It is worth noting that DCs showed down regulation of PU.1 at both protein and
mRNA levels (Fig.16); together with the results obtained in THP1-155 cells (Fig.26)
suggests several possibilities: i) miR-155 regulates PU.1 by different mechanisms
depending on the cell environment (in a dose/time dependent manner, promoting PU.1
degradation in DCs and PU.1 mRNA translation blockage in THP1-155 cells); ii) miR-155
regulates PU.1 in DCs but PU.1 is also regulated at a pre transcriptional level; iii) a

combination of both. Further studies might address these possibilities (see 6.2.1).

Alternatively, levels of both protein and mRNA of DC-SIGN showed down
regulation upon miR-155 over expression in THP1-155 cells (Figs. 27 and 28) suggesting a
pre transcriptional role for miR-155 in the regulation of DC-SIGN. PU.1 is a known
transcriptional regulator of DC-SIGN in myeloid cells (Dominguez-Soto et al., 2005) and it
was therefore hypothesised that miR-155 triggered down regulation of DC-SIGN by
directly targeting PU.1. This possibility was further tested employing promoter assays in
THP1-155 cells (Fig.30). It was shown that miR-155 modulates the transcriptional activity
of a DC-SIGN promoter reporter previously shown to be bound by PU.1 (Dominguez-Soto
et al., 2005) depending on PU.1 levels. Moreover, this regulation required the presence
of PU.1 with its 3’UTR intact in line with the previous results employing Renilla luciferase

assay (Fig. 22).

THP1-155 cells were also used to check miR-155 effects on the Th, signalling
cascade through STAT6. Upon binding to their receptors both IL-4 and IL-13 lead to the
phosphorylation and activation of STAT6 transcription factor (Hebenstreit et al., 2006).
IL-4 can bind also to IL-4 Type | receptors (Junttila et al., 2008) but IL-13 triggering
phosphorylation of STAT6 depends solely on the presence of IL13Ral (Hershey, 2003).
THP1-155 cells over expressing miR-155 showed diminished STAT6 phosphorylation
when stimulated with both IL-4 and IL-13 (Figs.39 and 41). Interestingly, STAT6
phosphorylation showed an increased down regulation when cells were stimulated with
IL-13 in comparison to IL-4 stimulation possibly due to IL-4 signalling through Type |

receptors. STAT6 total protein content showed no regulation by miR-155 levels (Fig. 40)
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determining that the role of miR-155 in STAT6 phosphorylation is due to modulation of
an upstream factor in STAT6 signalling cascade shared by both IL-4 and IL-13 such as
IL13RA1. As IL-4 can also signal through Type | receptors leading to STAT6
phosphorylation, only IL-13 was employed in further assays. IL-13 dependent
phosphorylation of STAT6 was lower in cells over expressing miR-155 and this effect was
shown to be maintained over the time (Fig. 41). The phosphorylation of STAT6 when
comparing miR-155 over expression or not showed a similar pattern to previous studies
aimed to dissect IL-13/1L-4 signalling through differential expression of their receptors

(LaPorte et al., 2008) supporting the results obtained.

In order to further assay the described miR-155 effects in THP1-155 cells in an in
vivo context more closely related to physiological conditions, monocyte-derived DCs and
Mdos were transfected with Anti-miR-155 oligonucleotides (or Anti-miR-Negative

Control) (Figs. 31, 42 and 43).

Anti-miR-155 transfected DCs showed increased DC-SIGN surface expression (Fig.
32). It is known that the pathogens Candida albicans and the HIV glycoprotein gp120 are
bound by DC-SIGN (Cambi et al., 2003; Hong et al., 2007) and, accordingly, Anti-mir-155
transfected DCs showed increased binding to C.albicans conidia and gp120 (Fig. 32).
Together, these and previous experiments demonstrated that miR-155 levels modulate
the pathogen binding ability of DCs by modulating DC-SIGN expression through the

direct targeting of PU.1

Employing a similar approach to that in DCs, Md¢s were transfected with Anti-
miR-155 oligonucleotides and stimulated with IL-13 to determine the role of miR-155 in
the IL-13/STAT6 pathway. Mds showed increased IL13Ral protein while its mRNA levels
remained stable (Fig. 44); this suggested a post transcriptional mechanism for miR-155
action in the regulation of IL13RAlin Mds similar to that observed in THP1-155 cells
(Fig.38). Consequently, Anti-miR-155 transfected Md¢s showed enhanced IL-13
dependent phosphorylation of STAT6 (Fig. 45). Moreover, these cells showed over
expression of IL-13/STAT6 dependent genes: CCL18, CD23 and SOCS1 showed significant
up regulation in Anti-miR-155 transfected cells in an IL-13 dependent manner (Fig.46).

SERPINE and DC-SIGN showed a significant up regulation when miR-155 was blocked and
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these effects to be enhanced upon IL-13 stimulation (Fig.46). Both DC-SIGN and SERPINE
are regulated by direct targets of miR-155: PU.1 in the case of DC-SIGN, corroborating
the results previously observed in DCs (Martinez-Nunez et al., 2009; Vigorito et al., 2007)
and SMAD2 for SERPINE (Louafi et al. under revision). It is very likely that blocking of
miR-155 in Mds led to increased levels of these miR-155 targets leading to DC-SIGN and

SERPINE up regulation, respectively.

Pathogen binding of DCs was assayed by flow cytometry, the most common
technique used in these type of studies, e.g. (Cambi et al., 2003; Colmenares et al., 2004;
Geijtenbeek et al., 2003; Koppel et al., 2004; Serrano-Gomez et al., 2007). Nevertheless,
this technique shows limitations common to bulk studies: they do not allow real time
monitoring or analysis of single cell events. Moreover, flow cytometry does not allow
determining the requirements for cell to cell communication such as direct contact or

cell to cell distance requirements.

In order to assay these parameters in DC to pathogen interaction, a microfluidic
device was designed (see 5.3). This type of Lab on a Chip devices allow single cell
discrimination, working with small volumes and real time monitoring (Chang and
Sretavan, 2007; Faley et al., 2008). Moreover, the devices were patterned in PDMS (see
5.5 and Fig.55), a polymer that is biocompatible, gas permeable, elastic and transparent
that shows low autofluorescence, making it ideal for live cell microscopy imaging (Mata
et al., 2005; Voldman et al., 1999; Whitesides et al., 2001). Cell trap arrays of 10x10 H-
shaped traps were designed with three different gap lengths between both sides of the
trap (Fig.50A) inside a chamber with a novel design of a bi-directional flow (Fig.56). This
bi-directional flow proved to be sufficient to trap cells with no need of additional
electrical or mechanical forces (Fig. 59). Moreover, the device did not induced cellular
stress as measured by the absence of ROS production (Fig.60). It was possible to observe
real time phagocytosis of C.albicans conidia by DCs and this interaction to lead to ROS
production (Fig.61). Both these events took 20 min approximately and further assays are
currently under development. Interestingly, out of the three distances assayed (see
Fig.50A), 15um seemed too far for the cells to interact. Interestingly, DCs showed
phagocytosis despite the fact that C.albicans conidia were dead. These results show the
need of further developing this type of assays in which parameters can be controlled,
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cells can be monitored individually and both inter and intracellular events measured. On
going experiments assaying Mds (with high phagocytic abilities), are under development
to measure distance requirements for these cells to interact with pathogens, DCs and
other Mds (see 6.2.2). This combined approach of cell biology and microfluidics attempts
to understand myeloid cell to cell communication, essential in the development of a
balanced immunity, in which pathogen recognition is the first and key step to exert an

adequate and efficient immune response.

In this regard, pathogen recognition and DC-SIGN expression are an interesting
link between DCs and Mds, between both PU.1 and IL13RA1 targeting by miR-155. DC-
SIGN is present in both DCs and M2 Mds (Geijtenbeek et al., 2000; Martinez et al., 2009)
and it is induced by Th, stimuli (Puig-Kroger et al., 2004; Relloso et al., 2002).
Interestingly, mice lacking IL13RA1 show lack of hyper reactivity and mucus
hypersecretion in the lungs (Ramalingam et al., 2008) and the same murine model has
shown the role of IL13RA1 in allergen induced lung pathology (Munitz et al., 2008).
Moreover, mice treated with siRNA against STAT6 show diminished airway hyper
reactivity and inflammation in a model of Th, lung response (Darcan-Nicolaisen et al.,
2009), which opens the possibility of siRNA (or Anti-miRNA)-based therapies in the
treatment of certain Th, pathologies. DCs and Mds were transfected by natural uptake
(Figs. 31 42 and 43) supporting the feasibility and efficiency of this type of reagents in
human cells. Further analysis of systemic effects and cell-specific delivery technologies

are needed; however this is a first step towards that goal.

DC-SIGN has been involved in the modulation of T cell responses by biasing them
mainly towards a more anti inflammatory and pro-Th, phenotype with little exceptions
(Bergman et al., 2004; Geijtenbeek et al., 2003; Gringhuis et al., 2007; Smits et al., 2005;
Steeghs et al., 2006). Moreover, several studies in mice have shown that DC-SIGN is
required for an effective response to the pulmonary bacterial pathogen M.tuberculosis
(Schaefer et al., 2008; Tanne et al., 2009) and DC-SIGN deficient mice (without the DC-
SIGN ortholog SIGNR1) show a skewed Th; response to this pathogen (Wieland et al.,
2007). Interestingly, Th, cytokines induce DC-SIGN expression in myeloid cells (Puig-
Kroger et al., 2004; Relloso et al., 2002) placing DC-SIGN in a pro-Th, immune context,
which has been shown to be promoted by miR-155 targets such as PU.1 and SHIP
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(Brunner et al., 2007; Chang et al., 2005b; Martinez-Nunez et al., 2009; O'Connell et al.,
2009; Vigorito et al., 2007) and in which IL-13 is a main mediator (Wynn, 2003).

These observations converge in the fact that miR-155 deficient mice show a Th;
skewed phenotype (Rodriguez et al., 2007), positioning miR-155 centrally in the Thy/Th,
balance by targeting different factors. This is of importance not only in health but also in
disease, as exacerbated immune responses lead to pathologies such as asthma or
ulcerative colitis (de Nadai et al.,, 2006; Fuss and Strober, 2008; Umetsu et al., 2003;
Wills-Karp, 2004).

It is very tempting to suggest a model in which de regulated miR-155 levels and a
pro-pathological environment may contribute to the development of these
“multifactorial” diseases, in which several genes are candidates that contribute to the
development of a given phenotype. As an example, CCL18, IL-13, STAT6 or SOCS1 (direct
or indirect targets of miR-155, see Figs.44 and 46) have been involved in asthma
pathogenesis (Borowski et al., 2008; Darcan-Nicolaisen et al., 2009; de Nadai et al., 2006;
Lee et al, 2009; Wills-Karp, 2004), a typical Th, exacerbated lung pathology.
Interestingly, miR-155 deficient mice show lung remodelling (Rodriguez et al., 2007). As
microRNAs can exert their regulatory effects on putatively hundreds of targets (Bartel,

2009), they are ideal candidates for such multigenic-linked pathologies.

In conclusion, the data presented together with other studies suggest that under
inflammatory conditions miR-155 is up regulated and exerts its pro-Thi/anti-Th, role by
down regulating pro-Th; factors such as PU.1 and IL13RA1. It may be possible that miR-
155 also contributes to the restore of the immune balance when required, functioning as
pro-Th, microRNA by targeting known Th; mediators (Ceppi et al., 2009); this makes miR-
155 an excellent example of microRNA regulation. Does size matter? Not in this case: big

effects in a small mediator.
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6.2 Future work

6.2.1 MiR-155 dose-dependent regulation of PU.1

PU.1 was shown to be down regulated at both protein and mRNA levels in DCs
(Fig. 16) whilst in THP1-155 cells only PU.1 protein was down regulated (Fig.26). This
different regulation might be due to different levels of miR-155 over expression: whilst
mature DCs showed an up regulation of miR-155 of more than 130 times (Fig.15), in
THP1-155 the up regulation upon doxycycline treatment reached an eight fold (Fig. 25).
Investigating longer times of miR-155 over expression in THP1-155 cells might show
different effects for PU.1 (and maybe IL13RA1) regulation, with the possibility of
assaying other known targets. Putatively, THP1-155 cells might provide a molecular tool
to develop a mathematical model. Protein quantification by western blotting limits these
types of assays because it is influenced by antibody affinity, which might vary between
different proteins. qPCR analysis would reveal mRNA regulation and this is also a
possibility to explore employing longer miR-155 over expression times than those
employed (96h, Figs. 24 and 25). In addition, polyribosome profiling would reveal the
translational state of any target and it might be used as a measure of translational

efficiency depending on miR-155 levels.

Another possibility is that the differences observed in PU.1 regulation between
DCs and THP1-155 cells are due to miR-155 modulating PU.1 promoter. Further studies
employing PU.1 promoter assays dependent on miR-155 levels similar to those
presented for DC-SIGN regulation (Fig. 30) could reveal and give insight to this

hypothesis.
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6.2.2 Microfluidic device

Current and further work is being carried out using an improved design for the
flowing system. The new devices include more chambers and more traps within each
chamber as done by others (Sequist et al., 2009; Skelley et al., 2009; Toner and Irimia,
2005; Valero et al., 2005).

Little is known about the interaction and communication between antigen
presenting cells, or regarding the intercellular distances required. This may be of
importance as it has been shown that the time and frequency of contact between cells
determines cellular responses in the immune system (Krummel, 2010). Experiments
employing Mds in addition to DCs are under development in order to assay the main aim
of the device: communication between these antigen presenting cells via pathogen or
antigen exchange. This combined approach of cell biology and microfluidics attempts to
understand myeloid cell to cell communication, essential in the development of a
balanced immunity, in which pathogen recognition is the first and key step to exert an

adequate and efficient immune response.

It was possible to monitor phagocytosis of C.albicans conidia by DCs (Fig.61).
Intriguingly, conidia were dead, suggesting that DCs are able to sense them even if not in
direct contact or that DCs act like natural samplers once on a substrate. Further assays
are on going employing primary macrophages also: Mds show high phagocytic ability
and it might be possible that these cells behave differently and require close proximity to
sense pathogens. ROS production will be also monitored, not only as an indicator of the
cellular oxidative stress but also because M1 and M2 Mds differ in their ROS production,
which has been shown higher in M1 Mds (Brys et al.,, 2005; Mantovani et al., 2004,
Mytar et al., 1999; Mytar et al., 2004). It would be interesting to monitor how M1 and
M2 macrophages respond to different stimuli; moreover, it would be important to
observe if the close proximity of these cells modulate their responses. This might show
how M1 and M2 interact and modulate each other’s behavior, which might give insight

into the biology of this system and the plasticity observed for these cells.

An ideal application of this device would be assaying cells from patients suffering

from pathologies with exacerbated immune responses (e.g. asthma, ulcerative colitis or
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allergies). The arrays of traps under development are of 100x100 traps; this increases the
number of cell pairs and the possibility of monitor rare events in larger cell populations,
whilst still using small volumes and samples. Potentially, individual cells could be isolated
from the traps and further analyzed, opening the opportunity of creating expression
profiles, comparing different samples and searching similarities or differences amongst

them.

In conclusion, new devices are under development and testing which hopefully
will give insight to intercellular communication between DCs and Mds during antigen
presentation. This will be of use not only to understand DC and Mg biology, but also to
use as a therapeutic tool, in which pathological cells could be “re-educated” or even
serve as auto-vaccines. Combining microfluidics and biology broadens our current
knowledge and will most likely change the way biology is analyzed towards becoming a

more precise and, possibly, mathematical science.
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BIC sequence

The genomic region encompassing miR-155 was cloned into pCDNA3.1 vector;
the resulting construct was named pCDNA_BIC and the cloned sequence is detailed
bellow. According to BLAST it maps to locus NT_011512.11 (GRCh37). Blue sequence
corresponds to MIR155 HG; underlined nucleotides shaded in grey correspond to
microRNA-155 stem loop (NR_030784.1 and MirBase Accession MI0000681) and red

nucleotides to pri-miR-155.

..... CAGAATTCGCCCTTTATGCCTCATCCTCTGAGTGCTGAAGGCTTGCTGTAGGCTGTA
TGCTGTTAATGCTAATCGTGATAGGGGTTTTTGCCTCCAACTGACTCCTACATATTAGCATTAAC

AGTGTATGATGCCTGTTACTAGCATTCACATGGAACAAATTGCTGCCGTGGGAGGATGACAAA
GAAGCATGAGTCACCCCGCTGGATAAACTTAGACTTCAGGCTTTATCATTTTTCAATCTGTTAAT
CATAATCTGGTCACTGGGATGTTCAACCTTAAGGGCGAATTCC....
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3’UTR of PU.1 sequence

The sequenced clone of PU.1 3'UTR is shown bellow. Blue case in bold
corresponds to the fragment cloned in pRLTK_3’UTR_PU.1. It maps to NCBI Reference
Sequence NM_001080547.1, gene ID 6688, official symbol SPI1. Red case shows the
binding site for miR-155.

..CTTTCTAGATACCAGTTCAGCGGCGAAGTGCTGGGCCGCGGGGGCCTGGCCGAGCG
GCGCCACCCGCCCCACTGAGCCCGCAGCCCCCGCCGGGCCCCGCCAGGCCTCCCCGCTGGCCAT
AGCATTAAGCCCTCGCCCGGCCCGGACACAGGGAGGACGCTCCCGGGGCCCAGAGGCAGGAC
TGTGGCGGGCCGGGCCTCGCCTCACCCGCCCCCTCCCCCCACTCCAGGCCCCCTCCACATCCCGC
TTCGCCTCCCTCCAGGACTCCACCCCGGCTCCCGGACGCCAGCTGGGCGTCAGACCCCACCGGG
GCAACCTTGCAGAGGACGACCCGGGGTACTGCCTTGGGAGTCTCAAGTCCGTATGTAAATCAG
ATCTCCCCTCTCACCCCTCCCACCCATTAACCTCCTCCCAAAAAACAAGTAAAGTTATTCTCAATC
CGGATCCAAGGG...
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3’UTR of IL13RA1 sequence

The sequenced clone of PU.1 is shown bellow. Blue case in bold corresponds to
the fragment cloned in pRLTK_3’UTR_PU.1. It maps to NCBI Reference Sequence
NM_001080547.1, gene ID 6688, official symbol SPI1. Red case shows the binding sites
for miR-155.

..CGTTCGTTGAGCGAGTTCTCAAAATGAACAATAATTCTAGAGCGGCCTCGAGCGGCC
GCCAGTGTGATGGATATCTGCAGAATTCGCCCTTGCTAGCGGCTGTTAGGGGCAGTGGAGGTA
GAATGACTCCTTGGGTATTAGAGTTTCAACCATGAAGTCTCTAACAATGTATTTTCTTCACCTCT
GCTACTCAAGTAGCATTTACTGTGTCTTTGGTTTGTGCTAGGCCCCCGGGTGTGAAGCACAGAC
CCCTTCCAGGGGTTTACAGTCTATTTGAGACTCCTCAGTTCTTGCCACTTTTTTTTTTAATCTCCA
CCAGTCATTTTTCAGACCTTTTAACTCCTCAATTCCAACACTGATTTCCCCTTTTGCATTCTCCCTC
CTTCCCTTCCTTGTAGCCTTTTGACTTTCATTGGAAATTAGGATGTAAATCTGCTCAGGAGACCT
GGAGGAGCAGAGGATAATTAGCATCTCAGGTTAAGTGTGAGTAATCTGAGAAACAATGACTA
ATTCTTGCATATTTTGTAACTTCCATGTGAGGGTTTTCAGCATTGATATTTGTGCATTTTCTAAA
CAGAGATGAGGTGGTATCTTCACGTAGAACATTGGTATTCGCTTGAGAAAAAAAGAATAGTT
GAACCTATTTCTCTTTCTTTACAAGATGGGTCCAGGATTCCTCTTTTCTCTGCCATAAATGATTA
ATTAAATAGCTTTTGTGTCTTACATTGGTAGCCAGCCAGCCAAGGCTCTGAAGGGCGAATTCCA
GCACACTGGCGGCCGTTACTAGTGGATCGGCCGCTTCGAGCAGACATGATAAGATACATTGATG
AGTTTGGACAAACCACAACTAGAATGCAGTGAAAAAAATGCTTTATTTGTGAAATTTGTGATGCT
ATTGCTTTATTTGTAACCATTATAAGCTGCAATAAACAAGTTAACAACAACAATTGCATTCATTTT
ATGTTTCNNNTTCAGGGGGANGTGTGGGNGGTTTTTTAAAGCAAGTAAAACCTCTACAAATGTN
NAAATCGATAANNATNCAGGTGGCACTTTTCGGGGAATGTGCG...
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Cycle threshold values of maturing DCs

DCs were matured in the presence of 1Img/mL of LPS (see 2.2.2) and miR-155 was
detected employing RT-gPCR (see 2.8, 2.9.1.2, 2.9.2.2 and 2.9.2.3.). Threshold values (Ct
values) are shown in the table below. Each time point was measured in triplicates and

RNU6 was used as normaliser.

RNU6  miR-155
28.2 27.5
Oh 28 27.3
28.1 27.4
28.8 28.1
4h 28.8 28.1
28.8 28
28.1 27.6
4 12h
Q iDC 28.3 27.6
o 28 27.6
o
© 28.6 27.4
= 24h
£ iDC 29.2 27.3
28.7 27.5
26.6 28.1
48h 27 28
26.7 27.8
28.7 24.8
4h 28.3 24.9
28.2 24.9
28.7 22.4
§ 12h 28.7 22.4
o 28.7 22.5
% 28.6 21
S 24h 28.5 21
28.9 21.1
28 20.4
48h 28 20.35
28.50 20.4
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Cycle threshold values of THP1-155 cells

THP1-155 cells were treated or nor with doxycycline and subjected to analysis to
detect miR-155 levels by RT-qPCR (see 2.8, 2.9.1.2, 2.9.2.2 and 2.9.2.3.). Threshold values
(Ct values) are shown in the table below. MiR-155 induction shown in the table
corresponds to one experiment of more than three independent ones. Each time point

was measured in duplicates and RNU44 was used as normaliser.

RNU44 | miR-155
No Doxy | Oh 23.50 22.67
23.73 23.24
96h 25.37 25.78
24.03 25.49
24h 25.36 25.12
25.47 25.17
48h 24.93 25.27
Doxy 25.71 25.74
72h 24.71 23.99
25.26 24.19
96h 25.90 23.90
26.65 24.13
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Etching protocol

- Spin AZ9260 resist at 4000rpm.

- Leave for 20min at room temperature to relieve the stress induced in the wafer.
- Bake at 100°C 3min.

- Leave for 30min at room temperature to rehydrate the resist.

- Expose 33s in an EVG620 mask aligner to pattern the chamber mask.

- Develop 90s in a 3:1 mixture AZ400OK developer:water.

- Rinse in water and blow dry with nitrogen.

- Etch for 1min 52s in STS Pegasus DRIE using alternating C4Fg/SFs plasma.
- Strip resist by sonicating in AZ100 remover.

- Remove remaining residue by 10min immersion in fuming nitric acid.

- Repeat the spin/expose/develop steps with the trap mask.

- Etch 37s to get small height (~6um) above traps.

- Strip resist as before.

- Etch to STS Pegasus for coating with C4Fs to prevent PDMS adhesion to Si wafer

during curing process afterwards.
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MicroRNA-155 (miR-155) has been involved in the response
to inflammation in macrophages and lymphocytes. Here we
show how miR-155 participates in the maturation of human
dendritic cells (DC) and modulates pathogen binding by down-
regulating DC-specific intercellular adhesion molecule-3 grab-
bing non-integrin (DC-SIGN)), after directly targeting the tran-
scription factor PU.1. During the maturation of DCs, miR-155
increases up to 130-fold, whereas PU.1 protein levels decrease
accordingly. We establish that human PU.1 is a direct target for
miR-155 and localize the target sequence for miR-155 in the
3’-untranslated region of PU.1. Also, overexpression of miR-
155 in the THP1 monocytic cell line decreases PU.1 protein lev-
els and DC-SIGN at both the mRNA and protein levels. We
prove a link between the down-regulation of PU.1 and reduced
transcriptional activity of the DC-SIGN promoter, which is
likely to be the basis for its reduced mRNA expression, after
miR-155 overexpression. Finally, we show that, by reducing DC-
SIGN in the cellular membrane, miR-155 is involved in regulat-
ing pathogen binding as dendritic cells exhibited the lower bind-
ing capacity for fungi and HIV protein gp-120 when the levels of
miR-155 were higher. Thus, our results suggest a mechanism by
which miR-155 regulates proteins involved in the cellular
immune response against pathogens that could have clinical
implications in the way pathogens enter the human organism.

MicroRNAs have emerged as important regulators of key
cellular processes. They consist of endogenous small, non-cod-
ing RNA molecules of about 19-22 nucleotides in length (1),
which regulate mRNAs in a post-transcriptional manner. They
bind to the 3’-untranslated regions of their target mRNAs and
exert their function in two ways: mainly blocking the transla-
tion and also inducing their cleavage in a similar fashion to
small interfering RNAs (2). MicroRNAs are initially expressed
as long immature pri-microRNAs, which are processed in the
nucleus into the precursor pre-microRNAs and finally matured
by Dicer in the cytoplasm into the functional 19 —22-nucleotide
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long microRNAs, which are then incorporated into the RNA-
induced silencing complex (1).

The role of microRNAs is being intensively studied in many
different fields such as fetal development and the immune sys-
tem. One of the miRNAs that appears to play a particularly
important role in the immune system is microRNA-155 (miR-
155),? the expression of which is induced by inflammatory sig-
nals such as exposure to antigen, Toll-like receptor ligands, or
interferon vy stimulation in T-cells, B-cells, and macrophages,
respectively (3, 4).

miR-155 knock-out mice show aberrant immune functions
including defective B and T cell immunity and abnormal func-
tion of antigen-presenting cells (4, 5). These mutant mice
exhibit an imbalance in the immune Th1/Th2 response, with
the CD4+ T cells biased toward Th2 differentiation (4). A lack
of miR-155 also leads to a failure in production of high-affinity
IgG, antibodies by murine B-cells (28). This effect has been
related to its ability to target the transcription factor PU.1, a key
transcription factor in human hematopoiesis, restricted to B
lymphoid, granulocytic, and monocytic cells (6).

So far, the role of miR-155 in dendritic cell biology has not
been studied in depth. Dendritic cells (DCs) are professional
antigen presenting cells that have a pivotal role in controlling
immune responses, directing them toward immune activation
or tolerance (7), orchestrating an efficient and protective
immune response. DCs are present as sentinels in peripheral
tissues where they capture antigens that will be presented to
CD4+ and CD8+ T cells in lymphoid organs. They arise either
from myeloid- or lymphoid-derived precursors and exhibit an
immature phenotype characterized by a high phagocytic capac-
ity and low expression of co-stimulatory molecules (8). DCs
undergo a maturation process after “sensing” pathogen-derived
structures through pattern recognition receptors such as Toll-
like receptors, exposure to pro-inflammatory cytokines, or after
ligation of the surface receptor CD40. Upon maturation, DCs
stop taking up antigens and change their pattern of homing
receptors, acquiring a phenotype that allows them to migrate
into the T cell compartments, where they perform their antigen

3The abbreviations used are: miR-155, microRNA-155; UTR, untranslated
region; DC-SIGN, dendritic cell-specific intercellular adhesion molecule-3-
grabbing non-integrin; DC, dendritic cell; HIV-1, human immunodeficiency
virus, type 1; LPS, lipopolysaccharide; WT, wild type; RT, reverse tran-
scriptase; qPCR, quantitative PCR.
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presenting function. Many transcription factors such as NF-«B
and PU.1 are involved in this process, although no microRNA
has been implicated so far.

In addition to its role in DC maturation, PU.1 has been impli-
cated in the differentiation of DCs from myeloid precursors. In
this process, the balance between PU.1 and MafB determines
the phenotype as being a dendritic cell or a macrophage (9).
PU.1 controls a number of myeloid genes, and it has been
shown to contribute to transcriptional expression of DC-SIGN
(CD209) (10). DC-SIGN is a C-type lectin, present in myeloid
dendritic cells, that binds a large array of pathogens via man-
nan- and Lewis oligosaccharides-dependent interactions (11—
15). For example, it has been proposed that DC-SIGN binds to
HIV-1, facilitating transport of the virus by DCs’ migrating into
the lymph nodes, thus promoting transinfection of CD4+ lym-
phocytes (16). Moreover, CD209 mediates transient adhesion
contact with T cells through intercellular adhesion molecule 3
recognition, (17), DC transmigration across endothelium via
intercellular adhesion molecule 2 interactions (18), and inter-
action with neutrophils via Mac-1 (19). DC-SIGN is mainly
expressed in DCs and macrophages activated by interleukin-4,
and is down-regulated together with PU.1 during maturation of
human DCs (10).

In this report, we demonstrate that miR-155 levels increase
during maturation of human monocyte-derived dendritic cells
after exposure to lipopolysaccharide (LPS). We show that
human miR-155 directly targets the 3'-untranslated region (3'-
UTR) of PU.1 mRNA and we map the target sequence for miR-
155 binding. We also present a stably transfected, inducible cell
system using the THP-1 monocytic cell line. This cell line,
hence forth named THP1-155, was able to overexpress miR-
155 in a regulated fashion, after treatment with doxycycline. In
this system, we prove that overexpression of miR-155 elicits
protein level down-regulation of PU.1 and subsequently of DC-
SIGN mRNA and protein. Furthermore, we demonstrate that
miR-155 reduction increased DC-SIGN levels in the membrane
of DCs resulting in impaired pathogen binding capacity. Thus,
inhibition of miR-155 by synthetic oligonucleotides increased
the binding of DCs to both Candida albicans and HIV-1 pro-
tein (gp120). Our results show how DC-SIGN, a protein of
functional importance in the immune system, is regulated indi-
rectly by miR-155 by direct targeting of the transcription factor
PU.1. This has an important physiological role in the pathogen
binding ability of dendritic cells, with potentially important
effects on the entry and interaction of pathogens such as HIV-1.

EXPERIMENTAL PROCEDURES
Cell Culture

Dendritic cells were generated from human peripheral blood
mononuclear cells as previously described (20). Monocytes
were cultured for 5-7 days in complete medium (RPMI 1640
medium supplemented with 10% fetal calf serum) with 1000
units/ml granulocyte macrophage-colony stimulating factor
and 1000 units/ml interleukin-4 (Immunotools) to obtain
immature DCs. To mature these DCs, ultrapure LPS from Esch-
erichia coli 0111:B4 (1 ug/ml) was used. The cell line THP1-
155 was cultured in RPMI complete medium. HEK293T and
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HeLa cells were cultured in Dulbecco’s modified Eagle’s
medium plus 10% fetal calf serum.

Vectors Generated

PCDNA3.1.BIC—The genomic region encompassing
miR-155 was amplified and cloned into HindIIl/Xhol of the
pCDNA3.1 multicloning site. Primers employed were BIC-
FOR, AAGCTTTATGCCTCATCCTCTGAGTGC and BIC-
REV, CTCGAGACGAAGGTTGAACATCCCAGTGACC.

pLVTHM_BIC—The same fragment as above was first
cloned in pSUPER in the HindIII/Xhol sites, from where it was
removed using EcoRI and Mlul sites, and then subcloned into
pLVTHM. pRLTK_WT_3'UTR_PU1 was generated by cloning
the 3’-UTR of human PU.1 into Xbal and NotI sites of the
pRLTK vector (Promega). PU.1 3'UTR was amplified from
genomic DNA by PCR amplification following the protocol
established by Ralser et al. (21) using the following primers:
3’-UTR PU.1 FOR2 (TCT AGA TAC GAC TTC AGC GGC
GAA GTG CTQG) and 3’-UTR PU.1 REV BamHI (GGA TCC
GGA TTG AGA ATA ACT TTA CTT G). pRLTK_ MUT_
3'UTR_PU1 was generated by site-directed mutagenesis on
pRLTK_WT_3'UTR_PUL. This vector was mutated in the
putative miR-155 binding site, using the following primers:
3'UTR_Mut_PU.1 FOR (GCCTCCCCGCTGGCCTGAATT
CGA AGCCCT CGC CCG GCCCGG) and 3'UTR_Mut_PU.1
REV (CCG GGC CGG GCG AGG GCT TCG AAT TCA GGC
CAG CGG GGA GGC). Mutagenesis was done using the
QuikChange® Site-directed Mutagenesis Kit (Stratagene) and
following the manufacturer’s instructions.

Transfections

To generate the THP1-155 cell line, HEK293 T cells were
transfected with Superfect (Qiagen) following the manufactur-
er's protocol with 5 pg of pLVTHM_BIC (or pLV/
tTR_KRAB_Red in the case of generating the repressor lentivi-
ral particles), 3.75 ug of pPAX2 and 1.5 ug of pMD2G.
Supernatant from these cells, containing lentiviral particles,
was added to THP-1 cells that were preincubated in the pres-
ence of 8 ug/ml of Polybrene (Sigma) for 30 min at 37 °C. Infec-
tion was checked 4 days after infection, and positive cells were
sorted. All the vectors used in the lentiviral system were kindly
provided by Prof. Didier Trono (Ecole Polytechnique Fédérale
de Lausanne, Switzerland).

For the luciferase promoter assays, we used the pCD209 -
468 pXP2 reporter plasmid, which contains the proximal region
of the DC-SIGN promoter and pCDNA3.1-PU.1 encoding for
full-length PU.1 (10). These plasmids were kindly provided by
Prof. A. L. Corbi (Centro de Investigaciones Biologicas, CSIC,
Spain). pCDNA3.1_PU.1_3UTR was generated by inserting the
3'-UTR of PU.1 after the coding region of pCDNA3.1 employ-
ing a blunt end ligation strategy. THP1-155 cells were electro-
porated following standard procedures. Electroporation results
were normalized by co-transfection with the pRLTK-Renilla
luciferase plasmid. To assess direct targeting of miR-155,
pRLTK, pRLTK_WT_3'UTR_PU1, or pRLTK_MUT_3'UTR_
PU1 were transfected into HelLa cells employing Superfect
(Qiagen) following the manufacturer’s instructions.
pCDNA3.1.BIC or pCDNA3.1 empty vector was co-trans-
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fected. Normalization was achieved with co-transfection of
pGL3 (Promega). All luciferase/Renilla luciferase assays were
measured employing the Dual-Glo kit from Promega. The
experiments were performed three times in triplicates. Statisti-
cal differences were determined using Student’s ¢ test.

Flow Cytometry

For the pathogen binding experiments, mature DCs were
transfected with 100 nMm of oligonucleotides anti-miR-155 or
anti-miR-Control, and 50 nm Cy3-premiR-control-1 (Ambion)
at day 5 of culture. Cy3 fluorescence was used both to assess
transfection efficiency and to specifically select the transfected
population of DCs. DC-SIGN surface expression was checked
by flow cytometry, using 0.3 ng/ul APC-anti-human DC-SIGN
antibody or APC Rat IgG2a as Isotype Control (eBiosciences).
To perform the binding assays, C. albicans was resuspended in
phosphate-buffered saline, inactivated at 90 °C for 20 min, and
stained using propidium iodide (1 mg/ml) for 1 h at 4 °C with
shaking. Blocking of DC-SIGN was done using 20 ug/ml of
AZND1 (Beckman Coulter) or a matched isotype, incubating
cells for 20 min at room temperature. Cells were then fixed with
CellFix (BD Bioscience) for 30 min at 4 °C, and labeled Candida
conidia or gp120-fluorescein isothiocyanate (Trinity Biotech)
were added. Binding was performed in binding buffer (20 mm
Tris, pH 7.5, 150 mm NaCl, 1 mm CaCl,, 2 mm MgCl,, and 1%
bovine serum albumin), after which cells were washed and ana-
lyzed by flow cytometry (FACSAria, BD Biosciences). Data
were processed with the program Flow]o.

RT and qPCR Analysis

RNA samples were obtained using the TRIzol isolation
(Invitrogen) method. Real time PCR using Applied Biosystems
TagMan® MicroRNA Assays was used to detect both mature
miR-155 and the housekeeping RNU6B, which was used as nor-
malizing control. These assays were performed following the
manufacturer’s instructions. Briefly, a stem loop primer was
used for reverse transcription of 2 ng of total RNA in two steps
(30 min, 16 °C; 30 min, 37 °C), followed by qPCR employing the
FAM-TaqMan probe and primers provided. Perfectprobe,
from PrimerDesign (Southampton SO15 0D]J), was employed to
detect DC-SIGN (For, TGTAGGAATGGTCTGGACTAGG;
Rev, CAAGGGGAGAGAGAGGATGG) and PU.1 (For, TGC-
CCTATGACACGGATCTATA; Rev, GTAATGGTCGCTAT-
GGCTCTC) mRNA.

Western Blotting

Cells were lysed in Nonidet P-40 (1%), 2 mm Pefablock, and 2
png/ml aprotinin, leupeptin, and pepstatin, at 4 °C for 10 min. 30
pg of cell lysates were subjected to SDS-PAGE under reducing
conditions and transferred onto an Immobilon polyvinylidene
difluoride membrane (Millipore Corp., Bedford, MA). Protein
detection was performed using the SuperSignal West Pico
chemiluminescent system (Pierce). Antibodies employed were
from Santa Cruz Biotechnology, Inc.: a-PU.1 (sc-352); a-DC-
SIGN (sc-20081), and a-tubulin (sc-58667). Quantity One pro-
gram was used to quantify PU.1 in Fig. 3.
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FIGURE 1. miR-155 increases during maturation of DCs. A, RNA from LPS
matured dendritic cells (mDC) and untreated DCs (iDC) was collected at dif-
ferent time points and mature miR-155 was determined by microRNA-spe-
cific RT qPCR. Data were normalized with RNU6B. B, protein extracts of the
same samples were subjected to Western blot. PU.1 expression was deter-
mined and protein concentration controlled with a-tubulin. C, RNA extracted
for A was also subjected to standard RT gPCR and PU.1 mRNA levels were
quantified, normalizing with ACT1B. Data in A and C represent mean * S.D.
(error bars). These experiments were done on cells from three different
donors, with similar results. A representative one is shown.

RESULTS

MiR-155 Increases during Maturation of DCs—DC matura-
tion can be induced by several stimuli such as components of
bacteria, viruses, parasites, and cytokines. Lipopolysaccharides,
peptidoglycans, flagellin, CpG motifs, and viral nucleic acids
induce Toll-like receptor signaling, which triggers dendritic cell
maturation. It has been shown previously that most of these
inflammatory stimuli up-regulate miR-155 levels in macro-
phages by activating the NF-«B signaling pathway (3, 22). To
determine whether this up-regulation occurs during den-
dritic cell maturation, we exposed monocyte-derived DC to
LPS, which is widely reported to drive DC maturation (23)
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(supplemental Fig. S1). We then followed the changes in
miR-155 levels over time in these cells, by use of reverse
transcription followed by stem loop-specific quantitative
PCR. During LPS-induced maturation, we could detect
increased differential expression of miR-155 by 6 h, whereas
a maximum value of 136-fold increase was reached by 48 h;
no significant change occurred in the immature DCs over
that time (Fig. 1A4).

Ithas been described that PU.1 protein levels decrease during
DC maturation (10). From computer analyses using different
programs that predicted PU.1 as a putative target of miR-155
(24, 25), we wondered whether there was a correlation between
the increase in miR-155 levels and the pattern of expression of
PU.1 over the maturation process. PU.1 protein expression in
maturing DCs was assessed by Western blotting, and we
observed that PU.1 levels decreased over time; levels were
reduced at 12 h, whereas they remained constant in immature
DCs over this time (Fig. 1B). Also, the levels of PU.1 mRNA in
these cells were determined by qPCR. LPS stimulation also
reduced the levels of PU.1 mRNA (Fig. 1C). Thus, miR-155
levels increased during DC maturation, whereas PU.1 protein
and mRNA levels decreased. These data suggested that miR-
155 might play a role during DC maturation, and it raised the
possibility that PU.1 might be targeted by miR-155 during this
process.

miR-155 Directly Targets Human PU.1—Using bioinfor-
matic databases, miR-155 was predicted to target human PU.1
(24-26). The core binding sequence (seeding region) for this
microRNA in the 3’-UTR of PU.1 has a perfect 9-base Watson-
Crick match, above the usual target-microRNA matches, and is
also widely conserved across several species. To date, there have
been several reports unveiling direct targets of miR-155: angio-
tensin II, several NF-«B pathway gene transcripts (Ripk1, IKKe,
and FADD), MAF and, more recently, miR-155 was demon-
strated to target the 3'-UTR of murine PU.1 (4, 22, 27, 28).

To prove, for the first time, a direct link between miR-155
and human PU.1, we performed luciferase reporter assays in
HeLa cells. For this assay, we generated a reporter construct
that expressed a fusion protein between the Renilla luciferase
mRNA and the 3’-UTR of PU.1 (pRLTK-WT-PU.1). Also, we
generated an alternative construct in which the predicted seed-
ing region for miR-155 in the 3'-UTR of PU.1 was mutated
(pRLTK-MUT-PU.1) (shown in Fig. 2B). This mutation was
decided upon by the abrogation of the match between miR-155
and the 3’-UTR of PU.1, as predicted by the RNA-Hybrid pro-
gram (29). HeLa cells were co-transfected with a plasmid that
expressed miR-155 and one of the Renilla luciferase fusion plas-
mids described, or the empty vector. It was found that co-trans-
fection of the plasmid expressing miR-155 reduced the activity
of the wild type 3'-UTR of the PU.1 reporter by ~85%. The
reporters that did not contain the seeding sequence for miR-
155, both control and mutant exhibited no significant reduc-
tion in their Renilla luciferase activity, when co-transfected
with the miR-155 expressing vector (Fig. 2A).

As a conclusion, our experimental results confirm the target
prediction given by different bioinformatic databases and
establish that human PU.1 is indeed a direct functional target of
miR-155. We also localized the binding region for miR-155 on
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FIGURE 2. MiR-155 targets PU.1 3’-UTR. Dual luciferase assay was per-
formed on Hela cells transfected with pGL3 (normalizing control) and pRLTK
(Control), pRLTK_WT_3"UTR_PU1 (WT), or pRLTK_MUT_3'UTR_PU1 (Mut).
These plasmids were co-transfected with pCDNA3.1 (Control) or
pCDNA3.1-BIC (miR-155). Normalized Renilla luciferase values were repre-
sented relative to the control in each case. Data represent mean = S.D. (error
bars). *, statistically significant, =0.05.

the 3'-UTR of PU.1, because mutation of the predicted seeding
region abrogated the down-regulation exerted by miR-155.

miR-155-induced Overexpression Down-regulates PU.1 Pro-
tein Levels—During DC maturation, after LPS stimulation,
there is a correlation between the increase in miR-155 levels
and the decrease in PU.1 (Fig. 1). Because of the profound influ-
ence of pro-inflammatory stimuli on gene expression, LPS may
trigger a number of direct or indirect cellular responses that
could lead to a decrease of PU.1 during DC maturation. To
dissect whether there is a link between the presence of
increased levels of miR-155 and the down-regulation of PU.1,
we generated a cellular system in which we could rule out an
effect due to other signaling pathways activated by LPS. To
achieve this, we employed lentiviral vectors containing a
sequence that could be processed into mature miR-155, under
the transcriptional control of the Tetracycline TeT repressor
motif, based on a Tet-on system (30). We stably transduced
THP-1 monocytic cells, thus generating a cell line in which the
expression of miR-155 is induced after addition of doxycycline,
a tetracycline derivative, to the culture medium. Therefore, this
cell line, THP1-155, is able to express miR-155 in the absence
of LPS or other inflammatory stimuli. This allowed us to eluci-
date more clearly the effect of miR-155 on the regulation of
PU.1 in a myeloid cell line.

We compared THP1-155 cells treated or untreated with
doxycycline over the course of 96 h. Then, we determined the
levels of miR-155 during this period, using RT qPCR, as
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FIGURE 3. THP1-155 cells overexpressing miR-155 showed down-regula-
tion of PU.1 protein expression. A, THP1-155 cells were treated or not with
doxycycline (DOX) to de-repress or not the expression of the miR-155 trans-
gene, respectively. Cells were collected at different time points, and sub-
jected to RNA extraction. RNA from these samples was subjected to specific
microRNA RT gPCR, and miR-155 levels were quantified. RNU6B was
employed for normalization purposes. B, protein extracts from the same sam-
ples were subjected to Western blotting, and PU.1 levels were determined. As
a control, a-tubulin was also detected in the same blot. Values represent
percentage of PU.1 normalized against a-tubulin and compared with control.
C, the same RNA extracts were also used to perform standard RT qPCR, to
detect PU.1 mRNA levels. Values were normalized against ACT1B. This figure
shows one representative experiment of three. Data in A and C represent
mean = S.D. (error bars). Differences in B (+Dox versus —Dox), not significant.

described above. The results showed an increase in the levels of
miR-155 (Fig. 3A) over time, reaching a maximum of 8-fold
induction 96 h after transgene induction, when compared with
the doxycycline untreated, non-induced control.

We then interrogated the system for the expression of PU.1
to establish a link between the expression of miR-155 and the
previously observed reduction in PU.1 protein and mRNA lev-
els in DCs (Fig. 1). We performed PU.1 protein detection by
Western blot and, as expected, when miR-155 was overex-
pressed following doxycycline treatment, the levels of PU.1
were clearly reduced, reaching the minimum expression in the
doxycycline-treated THP1-155 after 96 h (Fig. 3B). PU.1 pro-
tein levels were reduced by approximately 85% at this time
point, which correlated with the maximum value of miR-155,
an 8-fold induction, both compared with time 0 h. To learn
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more about the mechanism of action of miR-155 on the regu-
lation of PU.1, we determined the mRNA levels of PU.1 over the
same time course. We quantified the expression of PU.1 mRNA
by RT qPCR, comparing doxycycline-treated with untreated
THP1-155 cells. Fig. 3C shows that the increase of miR-155 in
THP1-155 cells does not affect the expression levels of PU.1
mRNA. This result suggests that miR-155 might be blocking
the translation of PU.1 mRNA, a common mechanism of action
of microRNAs.

Thus, aspects of DC maturation that are related to miR-155
are mimicked by THP1-155 cells. In this regard, an increase of
miR-155 over time results in a decrease in PU.1 protein levels.
These data demonstrate a direct link between the expression of
miR-155 and the protein expression levels of the transcription
factor PU.1.

miR-155 Expression Down-regulates DC-SIGN Levels in
THPI1-155 Cells—DC-SIGN is a C-type lectin that mediates
binding and internalization of viral, bacterial, and fungal patho-
gens by myeloid dendritic cells. This is an important role of
immature DCs, as they act as immune sentinels sampling their
surroundings in search for pathogen antigens. Also, it has been
reported that DC-SIGN triggers intracellular signals that mod-
ulate dendritic cell maturation (31). DC-SIGN is reported to be
down-regulated during the maturation of dendritic cells (10).
After phagocytosis and activation, mature dendritic cells show
a significantly reduced capacity to detect and ingest antigens,
which is reflected by down-regulation of DC-SIGN. The tran-
scriptional down-regulation of DC-SIGN in DC maturation
seems to depend on the concurrent decrease of PU.1 (10). Tak-
ing these previous studies into consideration, we investigated
whether miR-155 could be regulating DC-SIGN levels during
the maturation process by targeting PU.1.

We used THP1-155 in which we could control miR-155
expression and down-regulate PU.1. It has already been
reported that THP-1 cells could be differentiated into dendrit-
ic-like cells, sharing some inherent functions such as pathogen
binding, T cell stimulation, and DC-SIGN down-regulation
after LPS treatment (32). Also, THP1 cells have been shown to
overexpress miR-155 in response to LPS treatment (3). To
determine whether the presence of miR-155 and the subse-
quent down-regulation of PU.1 could affect the expression of
DC-SIGN, we cultured THP1-155 cells, in the presence or
absence of doxycycline, and determined the levels of DC-SIGN
protein by Western blot after 24 and 48 h. In concordance with
the expected outcome, the induction of miR-155 by doxycy-
cline reduced the levels of DC-SIGN to ~50% when compared
with untreated cells (Fig. 4A, upper panel). This result was fur-
ther confirmed by flow cytometry, where the membrane
expression of DC-SIGN was similarly reduced when cells over-
expressed miR-155 (Fig. 4B). DC-SIGN mRNA levels were
quantified to elucidate whether the effect of miR-155 was tak-
ing place at the mRNA expression level. Cells overexpressing
miR-155 expressed lower levels of DC-SIGN mRNA than the
untreated control (Fig. 4C). A control experiment was per-
formed to show that this effect was indeed due to miR-155.
THP1-155 cells were transfected with oligonucleotide anti-
miR-155 (or an irrelevant anti-miR control). This was expected
to block the effects of miR-155 overexpression, which would
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establish that they were due solely to the presence of miR-155.
In this experiment (supplemental Fig. S1) we confirmed that we
could rescue the expression of DC-SIGN with an antagonist to
miR-155. We confirmed in THP-155 cells that when miR-155
was overexpressed PU.1 protein levels were down-regulated,
and that PU.1 expression was not affected at the mRNA level
(Fig. 4, A, lower panel, and D).

Overall, we have demonstrated that THP1-155 cells are a
good model in which to investigate the effect of miR-155 on
DC-SIGN and PU.1 regulation. We have shown that, as in mat-
uration of monocyte-derived DCs (10), so in THP-155 cells, an
increase in miR-155 correlates with down-regulation of DC-
SIGN, at both the mRNA and protein levels.

The Transcriptional Activation of DC-SIGN Promoter Is Reg-
ulated by miR-155 via PU.1—Both PU.1 and DC-SIGN appear
to be regulated by miR-155 in THP1-155 cells. However, DC-
SIGN mRNA is down-regulated by the presence of miR-155,
whereas PU.1 mRNA remains unaltered. These results suggest
a different regulatory mechanism for both proteins; whereas
DC-SIGN could be affected at the transcriptional level, PU.1
seems to be regulated by miR-155 at the translational level.
Interestingly, PU.1 has been shown to regulate DC-SIGN
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FIGURE 4. DC-SIGN levels are down-regulated by miR-155 expression in THP1-155 cells. A, THP1-155 cells
were treated or not with doxycycline (DOX), to de-repress miR-155 inducible expression, respectively. Cells
were collected at different time points and protein extracts subjected to Western blot. DC-SIGN and PU.1
protein expression was determined, as well as a-tubulin, as control. B, these cells were subjected to flow
cytometry and DC-SIGN and graphs show percentage of positive population (%) and mean fluorescence inten-
sity (MFI). C and D, RNA from the same samples was subjected to standard RT qPCR. DC-SIGN (C) and PU.1 (D)
mRNA levels were quantified and normalized against ACT1B. Shown is one representative experiment of three.
Data in Cand D represent mean = S.D. (error bars). Differences in D (+Dox versus —Dox), not significant.

doxycycline-treated and untreated
cells, overexpression of PU.1 in-
duced a similar relative luciferase
activity in the DC-SIGN reporters,
which was clearly independent of
the presence of miR-155. Thus, the
miR-155-mediated suppression of
the DC-SIGN promoter was effec-
tively rescued by the presence of
PU.1. Of note, the PU.1 cDNA sequence cloned into the expres-
sion vector does not contain the 3’-UTR of PU.1 and therefore
does not contain the target seeding region for miR-155 (Fig. 2).
This presumably renders the expressed PU.1 mRNA resistant
to the blocking activity of miR-155. Interestingly, co-transfec-
tion of a PU.1 construct containing the 3’-UTR was not able to
efficiently rescue expression of the DC-SIGN promoter. Alto-
gether, these results indicate that miR-155 regulates the expres-
sion of DC-SIGN at the transcriptional level, and that this
regulation is related to the 3'-UTR-dependent down-regula-
tion of PU.1.

Pathogen Binding Capacity Is Affected by miR-155 Over-
expression—Finally, the functional consequences of the expres-
sion of miR-155 and subsequent down-regulation of DC-SIGN
were investigated. DC-SIGN recognizes pathogens by binding
to pathogen-specific carbohydrate residues and is mainly
expressed in DCs and alternatively activated macrophages (32).
Importantly, the binding activity of DC-SIGN seems to be
involved in determining the immune response triggered by the
presence of certain pathogens (33, 34). To determine the effect
of miR-155 on the expression of DC-SIGN in the membrane of
DCs, we transfected mature DCs with anti-miR-155 to inhibit
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FIGURE 5. The transcriptional activity of DC-SIGN promoter decreases
when miR-155 is overexpressed. THP1-155 cells were treated or not with
doxycycline (DOX) for 96 h, to allow for miR-155 to be expressed or to main-
tain the repression, respectively. Cells were then transfected with pRLTK-Re-
nilla, as control for transfection, and a reporter containing the proximal pro-
moter of DC-SIGN (pCD209-468 pXP2). These cells were co-transfected with
expression vectors pCDNA3.1 (Control), pCDNA3.1_PU.1 (PU.T), or
pCDNA3.1_PU.1_3UTR. Luciferase values were determined and normalized
against Renilla luciferase. Data represent mean = S.D. (error bars). *, statisti-
cally significant =0.05 compared with —Dox control. **, statistically signifi-
cant (=0.05) when compared with —Dox/pCDNA3,1_PU.1_3UTR-transfected.

the activity of miR-155. Then, we incubated the DCs trans-
fected with anti-miR-155 or anti-miR-Control with a specific
anti-DC-SIGN antibody and analyzed the cells by flow cytom-
etry. Fig. 64 shows that the expression of DC-SIGN on DCs
increases when miR-155 is inhibited by anti-miR-155. This
result is in accordance with the decrease in total and mem-
brane-expressed protein as well as in the mRNA expression
observed previously in THP1-155 cells, when miR-155 was
overexpressed (Fig. 4). A parallel control experiment revealed
that transfection with anti-miR-155 significantly reduced the
level of miR-155 in LPS-treated DCs (supplemental Fig. S3).
We then hypothesized that the increase in DC-SIGN
observed in the membrane of DCs when miR-155 levels were
reduced, could affect their capacity to bind pathogens. To test
this hypothesis, we employed C. albicans as a model pathogen
bound by DC-SIGN (13), and performed a pathogen binding
assay. The fungi were heat inactivated, labeled with propidium
iodide as described under “Experimental Procedures,” and co-
incubated with DCs (transfected with anti-miR-155 or anti-
miR-Control). After several washes, cells binding labeled C.
albicans were analyzed using flow cytometry. DCs transfected
with anti-miR-155 showed an increased binding capacity for
C. albicans (Fig. 6B) when compared with anti-miR-Control-
transfected DCs. Furthermore, blocking DC-SIGN with a spe-
cific anti-DC-SIGN antibody reduced binding to C. albicans,
suggesting the participation of DC-SIGN in this process (sup-
plemental Fig. S4). We then performed binding experiments
with labeled HIV-1 protein gp120. gp120 protein has been
shown to bind DC-SIGN, which is crucial in the trans-infection
of HIV-1 (16). As expected, the anti-miR-155 augmented the
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binding capacity of mature DCs for gp120 (Fig. 6C). Taken
together, these data show that the increase of miR-155 during
DC maturation reduces the capacity of the cells to bind patho-
gens by DC-SIGN down-regulation.

DISCUSSION

In their normal peripheral location, the main function of DCs
is to sample their surroundings, detecting pathogens and for-
eign molecules. They express a variety of pathogen binding
molecules such as DC-SIGN and are actively endocytic. After
activation, the DC migrates to the lymph nodes to present the
foreign antigen to T cells. During this migration the DC under-
goes maturation, down-regulating endocytic activity and
pathogen binding molecules, whereas up-regulating molecules
such as major histocompatibility complex class II that will be
involved in antigen presentation. In this study we have shown
that miR-155 regulates the levels of DC-SIGN at the transcrip-
tional level, indirectly, through direct targeting of transcription
factor PU.1.

The reciprocal relationship between increased miR-155 lev-
els and reduced PU.1 expression during LPS induced DC mat-
uration (Fig. 1) suggested a link or interaction between miR-155
and PU.1. Searches of computer databases predicted that the
recognition sequence for miR-155 was present in the 3'-UTR of
PU.1. By use of a reporter assay in which expression of Renilla
luciferase was driven by the 3'-UTR of PU.1 (Fig. 2) we have
shown that human PU.1 is indeed a direct target for miR-155. A
similar observation has been made in murine systems although
the sequences differ between the species. Moreover, employing
the program RNA Hybrid (29), we show a difference in the
predicted secondary structure of the complex of miR-155:PU.1
(supplemental Fig. S5), which is known to be key in microRNA
targeting. We also mapped the binding region for miR-155,
which coincides with the one predicted using several bioinfor-
matic tools. It consists of a seeding region of 9 bases, which is
stronger than those of other targets studied so far, which are in
the range of 6 —8 bases (4, 27). This region is likely to play an
important role in PU.1 regulation in different contexts such as
hematopoietic development and myeloid disorders (9, 35-37).
Intriguingly, it has recently been demonstrated that miR-155
overexpression is linked to a myeloid disorder (38), which could
be related to the ability of miR-155 to target PU.1.

Apart from its role in hematopoietic development, PU.1
plays an important role in dendritic cells, as described in several
reports (9, 10, 39). Furthermore, it is well established that PU.1
is able to regulate the levels of DC-SIGN (10). PU.1 is down-
regulated during maturation of DCs, and this is associated with
reduced levels of DC-SIGN. To investigate a possible link
between miR-155 and the maturation-related decrease in DC-
SIGN expression, we generated a system in which THP1 cells
were able to express miR-155 in an inducible way, isolating its
effect from other pathways activated during DC maturation.
We chose THP1 cells as they can regulate DC-SIGN and miR-
155 in a similar way to DCs (3, 32), and it has been described as
a cellular model that shares characteristics with DCs (32). In the
newly established cell line, THP1-155, increased levels of miR-
155 lead to reduced expression of the PU.1 protein (Fig. 3). This
result mimics that in DCs, where PU.1 decreased during matu-
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FIGURE 6. Pathogen binding capacity of DCs is affected by miR-155. DCs were transfected with either
oligonucleotide anti-miR-155 or anti-miR-Control, and Cy3 labeled pre-miR-Control. A, DC-SIGN membrane
expression in transfected cells was assessed by flow cytometry and presented as graphs showing percentage
of positive population (%) and mean fluorescence intensity (MFI). Overlay of both graphs is also shown. Cell
number is normalized as percentage of maximum (FlowJo). B, these cells were assayed for their binding
capacity to labeled C. albicans conidia. The binding ability of the cells was determined by flow cytometry and
presented as in A. C, DCs transfected as previously described were subjected to binding assays employing
HIV-1 recombinant gp120-fluorescein isothiocyanate (FITC). Binding capacity was determined through flow
cytometry and expressed as in A. The flow cytometry data in this figure correspond to a representative exper-

iment out of three independent repeats. P/, propidium iodide.

ration, whereas miR-155 increased (Fig. 1). However, there
appears to be a difference in the regulation of PU.1 mRNA in
maturing DCs and induced THP1-155 cells. In THP1-155,
PU.1 mRNA levels are stable (Fig. 3), which suggests that miR-
155 is blocking PU.1 mRNA translation, rather than promoting
its cleavage. During DC maturation, however, PU.1 mRNA is
down-regulated (Fig. 1). A possible explanation could lie in the
different levels of miR-155 expression attained by the two cell
types (with a similar basal expression of miR-155); the expres-
sion of miR-155 in THP1-155 reaches a maximum of 8-fold
over the basal levels, whereas mature DCs have ~130 times
more miR-155 than the immature ones. Thus, it is conceivable
that when miR-155 reaches certain levels of overexpression, it
could promote cleavage of PU.1 mRNA as well as blocking its
translation. Other explanations, not exclusive of the previous
one, could involve either other microRNAs, or possibly, yet to
be described pathways triggered by LPS, which might affect
PU.1 mRNA expression at the transcriptional level.

We found that the levels of DC-SIGN mRNA and protein
were down-regulated in THP1-155 cells that overexpressed
miR-155 (Fig. 4). These results were consistent with our initial
hypothesis that DC-SIGN is regulated at the transcriptional
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ments shown in Figs. 4 and 5
demonstrate the indirect effect of
miR-155 on the transcriptional reg-
ulation of DC-SIGN, through tar-
geting PU.1.

Having shown how, as DCs
mature, miR-155 down-regulates
expression of PU.1, which in turn
results in reduced expression of DC-
SIGN, we then predicted that this
should result in impaired recogni-
tion and binding of pathogens by
DCs. Our data (Fig. 6) show that
miR-155 levels are correlated with
the ability of the cell to bind patho-
gens (C. albicans and HIV-1 gp120
protein). To test this hypothesis we
employed mature DCs and showed
that blocking the activity of
miR-155 by transfecting an anti-
miR-155 oligonucleotide, levels of
DC-SIGN were increased and there
was augmented binding of pathogens by DCs. Thus, the
increase in miR-155 levels has a functional consequence, with
an important physiological role in DCs.

The link between miR-155 and the pathogen binding ability
of DC-SIGN could have a role in determining the immune
response against certain pathogens or in the ability of certain
pathogens to infect the humans. It has been reported that
SIGNR1 (human DC-SIGN orthologue in mouse) knock-out
mice have a more Thl-dominated immune response against
Mycobacterium tuberculosis when compared with WT mice,
suggesting a role for SIGNR1 in the Th1/Th2 balance of the
immune response. In agreement with this, there is also reported
evidence for an important role of DC-SIGN during tuberculosis
in humans (40). Thus, DC-SIGN-mediated pathogen binding
may have important consequences on the immune responses
against the tubercle bacilli in the infected host.

The dramatic increase of the levels of miR-155 (up to 130-
fold, Fig. 1) during DC maturation, not previously described,
adds this process to others regulated by miR-155 (4, 5). Impor-
tantly, DCs are implicated in the delicate balance of T cell polar-
ization and the maturing DC in response to different microbial
products could have a decisive influence (41). It is tantalizing to
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hypothesize that the effect of miR-155 on DC-SIGN and the
PU.1 expression described here could affect the balance of the
immune response against pathogens. Thus, miR-155 in DCs
could contribute to driving Th1 polarization, hence playing an
important role in the initial steps of infection. In addition to
effects on the immune response, miR-155 could have a more
obvious impact on the infection process of certain pathogens.
Our results could have important consequences in infection by
HIV-1, and might suggest a role for miR-155 in making subjects
more or less susceptible to infection. Interestingly, there are
several studies reporting the possible use of DC-SIGN blocking
agents that aim to stop HIV-1 infection (42—45). Thus, miR-
155 could be a new therapeutic target that could help prevent
entrance of HIV-1 through binding of DC-SIGN.

In conclusion, our study reveals that miR-155 has an important
role during DC maturation, inhibiting the expression of the tran-
scription factor PU.1 and thus decreasing the levels of DC-SIGN
and the pathogen binding ability of the cells. miR-155 could be of
importance in several infectious diseases, and may contribute to
susceptibility to infection and invasion by a range of pathogens.
Furthermore, our findings suggest an additional explanation for
how miR-155 is involved in modulating the Th1/Th2 balance,
namely through controlling the maturation of DCs.
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Macrophages play a central role in the
balance and efficiency of the immune response
and are at the interface between innate and
adaptive immunity. Their phenotype is a
delicate equilibrium between the M1 (classical,
pro-Th;) and M2 (alternative, pro-Th,) profiles.
This balance is regulated by cytokines such as
interleukin 13 (IL-13), a typical pro-M2-Th,
cytokine that has been related to allergic
disease and asthma. IL-13 binds to IL-13
Receptor al (IL13Ral), a component of the
Type II IL- 4Receptor, and exerts its effects by
activating the transcription factor Signal
Transducer and Activator of Transcription 6
(STAT6) through phosphorylation. MicroRNAs
are short (~22nt) inhibitory non-coding RNAs
that block the translation or promote the
degradation of their specific mRNA targets. By
bioinformatics’ analysis we found that
microRNA 155 (miR-155) is predicted to target
IL13Ral. This suggested that miR-155 might
be involved in the regulation of the M1/M2
balance in macrophages by modulating IL-13
effects. Mir-155 has been implicated in the
development of a healthy immune system and
function as well as in the inflammatory pro-
Thy/M1 immune profile. Here we have shown
that in human macrophages miR-155 directly
targets IL13Ral and reduces the levels of
IL13Ra1 protein leading to diminished
activation of STAT6. Finally we also
demonstrate that miR-155 affects the IL13-
dependent regulation of several genes (SOCSI1,
DC-SIGN, CCL18, CD23 and SERPINE)
involved in the establishment of a M2/pro-Th,
phenotype in macrophages. Our work shows a
central role for miR-155 in determining the M2
phenotype in human macrophages.

1

Macrophages are key players at the interface
between innate and adaptive immunity. They arise
from circulating monocytes that are recruited to
tissues by different stimuli. They work as
phagocytes and antigen presenting cells,
promoting inflammation and its resolution.
Macrophages present a wide range of phenotypic
profiles and defence mechanisms depending on the
tissue context and the stimuli present (pathogens,
cytokines, apoptotic cells...). They are generally
classified into two main types: M1 (classically
activated) and M2 (alternatively activated)
macrophages.  Classically  activated  (M1)
macrophages are a result of an exposure to pro-Th;
cytokines, while alternatively activated (M2)
macrophages are generated in a pro-Th,
environment (D). Classically activated
macrophages are specialised in defence against
intracellular pathogens and upon stimulation with
pro-inflammatory stimuli (interferon-y or LPS),
they promote inflammation, causing tissue
damage. By contrast, alternative activation of
macrophages is induced by a broader range of
stimuli including interleukin 4 (IL-4), interleukin
13 (IL-13), interleukin 10 (IL-10) or
glucocorticoids and are specialised in defence
against extracellular pathogens, promoting tissue
repair and the resolution of the inflammatory
process (2). Regardless of this classification, one
of the most remarkable characteristics of
macrophages is their plasticity and heterogeneity,
depending on the specific task carried out. This is
reflected by their ability to reverse their phenotype
and reprogram their M1/pro-Th; and M2/pro-Th,
gene expression profiles, presenting in-between
phenotypic profiles and a constituting a
heterogeneous population (1). The present study
has focused on  alternatively  activated
macrophages generated by IL-4 and IL-13 (2).

Interleukin 13 (IL-13) is a typical Th, type
cytokine which, together with IL-4, drives and
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modulates the immune response. First described as
a Th; down-regulator (3), its role as an active
immune mediator has been described and
distinguished from those of IL-4 by several studies
(4-7). Interleukin 13 is a key cytokine in the
defence against gastrointestinal nematodes (8) and
plays a central role in some chronic inflammatory
diseases such as asthma and ulcerative colitis
(9,10). Interestingly, and underscoring the role of
IL-13 in asthma, mice lacking the IL-13 receptor
alpha 1 chain (IL13Ral), showed a complete
absence of allergen-induced airway hyper-
reactivity and mucus hypersecretion (6). IL13Ral
is an essential component of the Type II IL-4
receptor, which consists of heterodimers of IL4Ra
and IL13Ral chains. Both IL-4 and IL.-13 bind to
the Type II receptor, but only IL-4 can bind to the
Type I receptor. Therefore, the binding of IL-13
depends solely on the presence of ILI13Ral
(11,12). Engagement of these receptors leads to
phosphorylation and activation of Janus Tyrosine
Kinases (JAK) proteins, believed to be bound to
these cytokines receptors in unstimulated cells.
The active phospho-JAK proteins phosphorylate
the IL4Ra chain, providing docking sites for
STAT6. Once bound to the receptor, STAT6 is
also phosphorylated by JAKs, which causes its
activation, dimerization and translocation to the
nucleus, where it exerts its transcriptional roles
(13).

Since their relatively recent discovery (14),
miRNAs have been shown to play important
biological roles in different contexts: during
development, cell differentiation and immune
regulation, and also in pathologies such as cancer
(15-17). They are small non-coding RNAs of ~22
nt (nucleotides) that regulate gene expression upon
binding to the 3’UTRs (UnTranslated Regions) of
their target mRNAs (18). MicroRNAs are firstly
transcribed as immature pri-miRNAs which are
processed in the nucleus into ~70nt hairpin pre-
miRNAs by Drosha proteins. Pre-miRNAs are
then exported to the cytoplasm where Dicer
proteins process them into mature
miRNA*::miRNA complexes. The leading strand
,miRNA, is loaded into the RISC complex where it
guides Argonaute proteins towards their target
mRNAs (19). The selectivity of miRNA action is
given by the nucleotides 2 to 7 at their 5’ end (the
“seed region”) that pairs to its complementary site

in the targeted 3’UTR by Watson-Crick
interactions directing the RISC action (18). The
inhibitory activity of microRNAs ensues by
blocking the target mRNA translation into protein
and/or the degradation of the mRNA (20).

MicroRNAs have proven to be key in
modulating the immune system (21).The
microRNA focus of this study, microRNA-155
(miR-155), has been extensively studied in
immunology and inflammation (21-23). Two
different knock out models have been generated
showing that mice lacking miR-155 present an
abnormal immune function with aberrant B and T
cell repertoires and defective antigen presenting
cells (16,24). Several reports present miR-155 as a
key player in B cell responses (17) and in dendritic
cell function (25,26). Moreover, miR-155
expression levels increase during inflammation in
classically (pro-Th;) activated macrophages
(21,27) and has been clearly linked to a pro-Th,
bias, since knockout mice for miR-155 have a pro-
Th, unbalanced T cell repertoire (16). Therefore, it
is well established that miR-155 plays a central
role not only in the development of a healthy
immune system but also as a pro-Th; microRNA.

Using in silico analysis (miRanda (28),
RNAHybrid (29), PITA algorithm (30)) we
identified IL13Ral as a putative target of miR-
155. We have shown for the first time that indeed,
miR-155 down regulates the effects of the Th,
cytokines IL4 and IL13, providing a
straightforward link between miR-155 and the
Th,/Th, balance. Our work shows that miR-155
directly targets IL13Ral 3’UTR reducing the
levels of IL13Ral protein. By doing so, miR-155
affects the IL-4 and IL-13 dependent
phosphorylation of STAT6. We finally show that
miR-155 levels modulate the response of human
macrophages to IL-13 leading to a change in their
genetic profile. Therefore, miR-155 contributes to
the Th,/Th, equilibrium, favouring a pro-
Thy/classical activation of macrophages by
reducing the expression of several pro-Th,/IL-13-
dependent genes.

Experimental Procedures

Cell culture. THP1-155 cells. This cell line was
generated as described before (26). Briefly, THP-1
cells were doubly transduced with a doxycycline-
inducible (Tet-on) lentiviral system described
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elsewhere (31), in which miR-155 transgene is
under the control of a tetracycline response
element. Lentiviral vectors were kindly provided
by Prof. Didier Trono and cells were maintained in
RPMI 10%FBS (GIBCO). To induce miR-155
expression 2.5 pug/ml doxycycline (SIGMA) was
added or not to the medium and renewed daily
over 96h of culture. Cytokine treatments were
performed as following: firstly, cells were
incubated or not with doxycycline for 96h and
then they were starved for an extra 12h period and
then stimulated or not with IL-4 (Immunotools) or
IL-13 (R&D). Cell extracts were collected when
indicated, after the treatment.

HeLa. Cells were maintained in DMEM 10%
FBS.

Macrophages: Monocytes were obtained from

buffy coats from healthy donors over a density
gradient (Ficoll-Paque™ PLUS, GE Healthcare)
following manufacturer’s instructions. Briefly,
PBMCs (Peripheral Blood Mononuclear Cells)
were isolated by centrifugation over Ficoll-Paque
and monocytes were isolated from the PBMC
fraction using CDI14 magnetic microbeads
(Miltenyi). Cells were maintained in RPMI 10%
FBS supplemented with 500U/ml GM-CSF
(Immunotools) to allow differentiation.
Vector constructs. pCDNA BIC: the genomic
region encompassing miR-155 was cloned into
pCDNA 3.1 expression vector as previously
described (26).

IL13Ral 3’UTR was amplified using plasmid
DNA (HmiT009700-MTO1, gene Copoeia) as
template and the  following  primers:
IL13RA1_3’UTR_FOR GGC TGT TAG GGG
CAG TGG AG and IL13RA1_3’UTR_REV CAG
AGC CTT GGC TGG CTG G. The product was
cloned in pCR2.1 TOPO TA (Invitrogen), from
where it was removed using BamHI/Notl. After
blunt ending with Klenow DNA polymerase, the
product was cloned into Notl site in pRLTK
(Promega), this construct named hence forth
pRLTK__WT_3"UTR_IL13RAL.

Mutagenesis was performed on
pRLTK__WT_3"UTR_IL13RA1 using
QuickChange  Site  Directed = Mutagenesis
(Stratagene) following manufacturer’s
instructions. For
pRLTK_MUTI1_3"UTR_IL13RA1 we used the
primers ILI3RA1 3°’UTR MUT1FOR: CTG CTA

CTC AAG TCG GTA CCA CTG TGT CTT TGG
TTT GTG CTA GGC CCC and IL13RA1 3°’UTR
MUTIREV: GGG GCC TAG CAC AAA CCA
AAG ACA CAG TGG TAC CGA CIT GAG
TAG CAG. In the case of
pRLTK__MUT2_3"UTR_IL13RA1 the primers
used were IL13RA1 3’UTR MUT2FOR CCA
TGT GAG GGT TTT CAG GGC CGA TAT TTG
TGC ATT TTC TAA ACA G and IL13RAIl
3’UTR MUT2 REV CTG TTT AGA AAA TGC
ACA AAT ATC GGC CCT GAA AAC CCT
CAC ATG G. Normalization was performed using
pGL3 (Promega).

RT-gPCR. Total RNA was extracted using TRI
Reagent (Ambion). Reverse transcription was
performed using High Capacity cDNA Reverse
Transcription ~ Kit  (Applied  Biosystems).
MicroRNA detection was performed using
TagMan MicroRNA Assays (Applied
Biosystems). For Real Time PCR (qPCR) we
employed TagMan® Universal PCR Master Mix,
No AmpErase® UNG in a 7900HT Fast Real-
Time PCR System machine (both from Applied
Biosystems). IL13RA1 gqPCR detection was
performed using Perfect Probe from PrimerDesign
(Southampton SO15 0DJ) and normalized against
GAPDH from the same manufacturer. Genes
assayed in the IL-13/STAT6 pathway were
TagMan® Gene Expression Assays (Applied
Biosystems).

Western Blotting. Total protein lysates were
subjected to SDS-PAGE under reducing
conditions and transferred onto an Immobilon
polyvinylidene difluoride membrane (Millipore
Corp., Bedford, MA). Antibodies used were: anti
IL13Ral (sc-27861, Santa Cruz Biotechnology);
anti STAT6 (#9362, Cell Signalling Technology);
anti Phospho-STAT6 (#9361, Cell Signalling
Technology) and anti beta Actin antibody -
Loading Control (ab8227, abcam).

Transfections. To determine direct targeting of

IL13Ral by miR-155, constructs
pRLTK_WT_3"UTR_IL13RAI,

pRLTK _MUT1_3"UTR_IL13RAl or
pRLTK_MUT?2_3"UTR_IL13RA1 were

transfected into HeLa cells employing LTI
Reagent (Mirus) following manufacturer’s
instructions. pPCDNA BIC or control pCDNA 3.1
empty vector were co-transfected to check miR-
155 activity on the 3’UTR of IL13Ral. pGL3
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(Promega) was used as normalizing vector.
Luminometry was performed using Dual-Glo kit
(Promega). Experiments were performed three
times in triplicates. Statistical differences were
determined using Student’s t test and GraphPad
Prism software.

In order to reduce the levels of miR-155 in
primary macrophages, 100nM Anti-miR-155
Inhibitor or Anti-miR Inhibitors—Negative
Control # (Applied Biosystems) were transfected
in human monocytes at day O as described
previously (26). Briefly, cells were plated onto 96
well flat bottom plates at a cell density of 5 10’
cells/ml with GM-CSF and oligos were added at a
final concentration of 100nM and then kept in
culture. On day 3, IL-13 was added or not with a
renewal dose of GM-CSF, and 24h later RNA was
collected and subjected to analysis.

RESULTS

MiR-155 directly targets IL13Ral.

By performing bioinformatic  analysis
(miRanda, = RNAHybrid, PITA  algorithm)
IL13Ral was found to have two putative binding
sites for miR-155 in the 3’UTR and hence, was
predicted to be a direct target for miR-155 (Fig.1).
Both miR-155-IL13RA1-3’UTR pairs are shown
in supplement Fig. S1 and their free energy is
within the range of validated miRNA-target pairs
(32). Site 1 is located between nucleotides 1049
and 1071 of the 3’UTR (seeding region is a 7mer)
and site 2 between nucleotides 1399 and 1424
(seeding region is an 8mer that includes a G:U
wobble pair). The direct targeting by miR-155 of
IL13Ral, a component of the Type II IL-4
receptor, could provide a crucial link between
miR-155 and its role as “pro-Th; microRNA”: by
reducing signaling via the Type II IL-4 receptor
miR-155 would reduce the ability of a cell to
respond to the classical pro-Th, cytokines IL-4
and IL-13. In order to test ILI3Ral as a direct
target for miR-155 we employed a dual luciferase
assay in HeLa cells. For this purpose the 3’'UTR
sequence of IL13Ral harbouring the predicted
binding sites for miR-155 was cloned into the
renilla-luciferase reporter vector pRLTK (named
pRLTK_WT_3’UTR_IL13RA1). To test the
contribution of the predicted binding sites for
miR-155 action, each site was mutated by site

directed mutagenesis. Mutations (shown in Fig.1)
were designed according to the predicted
abrogation of miR-155  binding  using
bioinformatics (RNAHybrid). The constructs were
named pRLTK_MUT1_3’UTR_IL13RA1 (mutant
in site 1) and pRLTK_MUT2_3’UTR_IL13RA1
(mutant in site 2). Co-transfection of each renilla-
luciferase construct with an expression vector for
miR-155 (pCDNA BIC) allowed determination of
the effects of this microRNA on the 3’UTR of
IL13Ral as well as mapping its binding. When
miR-155 was co transfected with the reporter
construct that harboured the wild type 3’UTR of
IL13Ral (WT in Fig.1), the expression of the
renilla-luciferase construct was reduced to less
than 50% of its activity. When the putative sites
for miR-155 binding were mutated individually,
both mutants failed to be regulated by miR-155
(MUT1 and MUT2 in Fig.1). Thus, it was
concluded that miR-155 directly targets IL13Ral
and that it binds to the 3’UTR of IL13Ral in
positions 1049-1071 and 1399-1424, and that both
sites are necessary for miRNA action.

MiR-155 regulates the expression of
IL13Ro 1 in human monocytes.

Having established that miR-155 directly
targets the ILI3Ral 3°UTR, we aimed to
determine the effects of miR-155 on the
expression of this receptor chain in human
monocytes. It is known that miR-155 is up
regulated by several pro-Th; factors during the
inflammatory response and that it plays a role in
the Th, response in different cell types such as
dendritic cells (25,26) and macrophages (21,27).
We wondered whether miR-155 could modulate
the M2/alternative activation of macrophages by
decreasing IL13Ral expression. This would also
suggest a role for miR-155 in the differentiation of
a classically activated pro-Th; macrophage. For
this purpose, we chose a previously established
and validated monocytic cell line, THP1-155 (26).
The THP1-155 cell line is a doubly transduced cell
line in which a miR-155 transgene is under the
control of a Tet-On response element, a regulatory
system described elsewhere (31). Thus, miR-155
expression can be induced upon addition of
tetracycline or a derivative, doxycycline. This
system allows miR-155 up-regulation to be
isolated from other events that are also triggered
by inflammatory stimuli (e.g. LPS) that lead to
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miR-155 over expression (21). In this cellular
system we could determine whether increased
levels of miR-155 have an effect on the expression
of IL13Ral both at the protein and mRNA levels.
Cells were treated with doxycycline for 96 h
allowing miR-155 over expression to occur. Cells
were collected at 24h intervals during the course
of the treatment, for RNA and protein analysis.
Mir-155 expression was checked by qPCR and
showed a 3.5 fold increase (Fig.S4). MiR-155
effects on IL13Ral expression were examined at
the protein level by Western blotting protein
extracts (Fig 2A). The protein levels of IL13Ral
(lower band) were down-regulated in parallel with
the up-regulation observed for miR-155.
Densitometric analysis determined that IL13Ral
protein levels were reduced to 4% when cell
extracts were compared at time 96 hrs and O hrs of
treatment (Fig.2A). We also determined mRNA
levels for IL13Ral by RT-qPCR and found that
the levels did not vary significantly during the
course of the treatment (Fig.2B).

Altogether, these findings show that miR-155
regulates the expression of ILI13Ral in human
monocytes. Up-regulation of MiR-155 led to a
down-regulation of IL13Ral at the protein level
whilst its mRNA levels remained stable. These
findings suggest that miR-155 is acting by
blocking the translation of IL13Ral mRNA rather
than promoting its degradation in THP1-155 cells.
These results, together with the molecular link
previously shown between the 3°’UTR of IL13Ral
and miR-155, prove that IL13Ral is a direct target
for miR-155 in human monocytes.

MiR-155 reduces the IL13 and IL-4-
dependent phosphorylation of STAT-6.

Having shown that miR-155 directly targets
IL13Ral in monocytes (Figs. 1 and 2) we
expected that the miR-155 dependent reduction of
IL13Ral would impair the ability of macrophages
to respond to IL-13 and IL-4. Both cytokines bind
to the Type II IL-4 receptor, composed of
heterodimers of IL13Ral and IL4R, but only IL-
4 can bind to Type I receptors (12). Upon binding
to the Type II receptor, IL-4 and IL-13 initiate a
signaling cascade that causes phosphorylation and
activation of STAT6 which is then able to perform
its transcriptional roles (13) . An impaired
response to IL-13 and IL-4, cytokines that promote
M?2/alternative activation in macrophages, would

bias the macrophages towards a more M1/classical
activation. Hence, we predicted that by down-
regulating the levels of IL13Rall miR-155 would
modulate the downstream signaling cascade and
reduce STAT6 phosphorylation.

In order to test the effects of miR-155 levels
on STAT6 phosphorylation we used THP1-155
cells, in which miR-155 over-expression can be
induced upon the addition of doxycycline.
Moreover, STAT6 phosphorylation can be seen as
an indicator of the status of the Th, pathway (13).
THP-1-155 cells were treated (+Doxy) or not (-
Doxy) with doxycycline for 5 days to allow miR-
155 over-expression. Cells were then starved over
night before stimulation with IL-13 (10ng/ml) or
IL-4 (250U/ml). When miR-155 was up-regulated
(+Doxy), IL-4 and IL-13-induced STAT6
phosphorylation was reduced below basal levels (-
Doxy). In the case of IL-13 stimulation, the
reduction in phospho-STAT6 levels was more
pronounced (41% remaining) than in the case of
IL-4 (67% phospho-STAT6 remaining). These
data point to a more pronounced inhibitory effect
by miR-155 on the IL-13 pathway than on the IL-4
one. This could be due to signaling from the Type
I IL4 receptor in the case of IL-4, as IL-13-
dependent STAT6 phosphorylation depends solely
on its binding to IL13Rol (12). We therefore
aimed to dissect the role of miR-155 on IL-13
signaling through STAT6 phosphorylation, as it
relies on the presence of the direct target of miR-
155 IL13Ral.

We then assayed the duration and timing of
the effects of miR-155 on IL-13 dependent STAT6
signaling. For this purpose, THP1-155 cells were
treated or not with doxycycline over 96h,
respectively allowing (or not) miR-155 over-
expression to occur. After this, cells were starved
over night before stimulation with IL-13. Cells
were collected and lysed 30min, 1h and 2h post
IL-13 stimulation, and protein extracts subjected
to Western blotting in order to detect the course of
STAT6 phosphorylation.

In cells with basal levels of miR-155 (- Doxy),
IL-13-induced STAT6 phosphorylation reached a
peak after 30 min and decreased over the course of
2h, (Fig 3B, upper panel). In cells over-expressing
miR-155 (+ Doxy) STAT6 phosphorylation was
reduced when compared to non-over-expressing
cells (- Doxy), confirming the results shown in
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Fig.3A. . Quantification of P-STAT6/B-Tubulin
(Fig 3B, lower panel) showed that the peak of
STAT6 phosphorylation was abrogated when
miR-155 was over-expressed (+ Doxy) To
determine whether this effect could reflect a direct
targeting of STAT6 by miR-155, we analysed the
levels of total STAT6 protein in Western blots of
the same cell extracts. STAT6 protein levels were
not affected by over-expression of miR-155 (Fig
3C); therefore, miR-155 is acting at an upstream
step of the IL-13 signaling pathway, most likely
by targeting IL13Ral as shown in Figs. 1 and 2.
Our results suggest that miR-155 is reducing the
STAT6 dependent alternative activation of
macrophages.

MiR-155 regulates IL13Ral and STAT6
phosphorylation in human macrophages.

Having shown that miR-155 directly targets
IL13Ral and that up-regulation of miR-155 in
THPI1-155 cells reduces the expression of
IL13Ral with diminished downstream
phosphorylation of STAT6, we next investigated
in a “reverse” model whether down-regulation of
miR-155 would increase ILI13Ral levels and
STATG activation in human primary macrophages.
Human macrophages were transfected with either
specific anti-miR-155 oligonucleotides or a
negative control. Three days after transfection,
cells were treated (or not) with IL-13 and collected
after 2 hrs. Prior to this treatment, a group of cells
was collected in order to determine expression of
miR-155. Figure S9 shows that miR-155 was
effectively knocked down. Cell lysates collected
after 2hrs of treatment were subjected to Western
blot detection in order to determine the levels of
IL13Ral protein. Down-regulation of miR-155
resulted in increased expression of IL13Ral
protein, both in IL-13 treated or unstimulated cells
(Fig 4A), thus confirming that miR-155 regulates
IL13Ral in primary macrophages. The presence
of phospho-STAT6 was also assessed in Western
blots of cell lysates. As expected, the IL-13
dependent phosphorylation of STAT6 was
affected by miR-155 levels (Fig.4B); when miR-
155 was blocked (anti-miR-155) the
phosphorylated and active form of STAT6 showed
a 2.7 fold increase compared to cells transfected
with anti-miR-control. Interestingly, the levels of
mRNA of IL13Ral remained constant (Fig.4C)
suggesting that miR-155 targeting effects are due

to the blocking of translation of IL13Ral mRNA
into protein. These data show that miR-155 down-
regulates the levels of IL13Ral in human
macrophages, thereby reducing the
phosphorylation of STAT6.

MiR-155 regulates the IL-13 cascade in
human macrophages.

Importantly, IL13Ral is not only a key
component in the IL-13 cascade but is also a
marker for alternative activation of macrophages
(2), suggesting a possible role for miR-155 in the
“M type” or “Th” profile of these cells. MiR-155
has been shown to play an important role in the
inflammatory profile of macrophages (21) and it is
known that STAT6 is the main mediator in the Th,
signaling cascade triggered by IL-13 (13). Our
results show that miR-155 directly targets
IL13Ral (Fig.1); that the levels of miR-155
regulate the expression of IL13Ral in
macrophages (Figs. 2 and 4) with consequent
effects on the phosphorylation of STAT6 (Figs. 3
& 4). We next aimed to test the influence of miR-
155 levels on the transcriptional profile of
macrophages stimulated with IL-13, i.e. M2 or
alternatively activated macrophages (2).

Human primary monocytes were transfected
with specific anti-miR-155 inhibitors or control
anti-miR  oligonucleotides. Three days post
transfection cells were stimulated or not with IL-
13 for 24h, lysed and RNA extracted and analyzed
by RT-qPCR. Based on our previous results, we
hypothesized that reducing the levels of miR-155
would lead to an increase in the IL-13 dependent
expression of several target genes in the IL-13
cascade. To test this, we determined the
expression of genes known to be involved in the
STAT6 cascade and/or alternative activation of
macrophages (2,13). Stimulation with IL-13
increased the levels of expression of SOCS1, DC-
SIGN, CCL18, CD23 and SERPINE (Fig. 5A).
This occurred both in cells transfected with control
anti-miR and active anti-miR-155 although, as
expected, the up-regulation was significantly
greater in the cells in which miR-155 was knocked
down (Fig.5). MiR-155 levels did not seem to
affect significantly the basal expression of these
genes with the exception of DC-SIGN and
SERPINE. We also assayed other genes that
showed no statistical difference, including
TGFBland IL-10. (Fig.5B). Thus, we can

0T0Z ‘2T 19qwia2a uo ‘salelqi] uoldweyinos Jo Ausiaaiun 1e Bio oglmmm woly papeojumod


http://www.jbc.org/

conclude that microRNA 155 directly targets
IL13Ral in human macrophages, that it has an
effect on the activation of STAT6 and that miR-
155 levels play a key role in the IL-13 pathway,
contributing to the expression profile and
activation of macrophages.

DISCUSSION

In this work we have shown that microRNA-
155 modulates the response of human
macrophages to IL-13, a crucial cytokine in the
programming of Th, responses (8), and we have
shown that miR-155 regulates the IL-13 dependent
expression profile of these cells. We also provide
evidence regarding the mechanism underlying this
role, showing that miR-155 directly targets
IL13Ral, a key component of the Type II IL-4
receptor (11). In order to study the role of miR-
155 in the immune profile of
monocytes/macrophages we used a previously
generated cell line, THP1-155 cells (26) and
primary human macrophages in which we blocked
miR-155 expression. Thus, our study provides a
molecular mechanism by which miR-155 regulates
the response of human macrophages to IL-13.

From our bioinformatic analysis (miRanda,
RNAHybrid, PITA algorithm) IL13Ral was
predicted as a putative target of miR-155, with two
binding sites mapped at positions 1049 —site 1-
and 1399 —site2- in the 3’UTR of IL13Ral
mRNA. To determine the role of these potential
binding sites, we used a renilla luciferase reporter
assay to show that miR-155 directly targets the
3’UTR of IL13Ral (Fig.1). Interestingly, both
binding sites contributed to the inhibitory role of
miR-155, since when either site was mutated the
effect of mir-155 was almost completely
abrogated. Both miRNA-target pairs present free
energy values (S1) just below the -20 Kcal/mol
cut-off suggested by Watanabe et al (32), and
above other strong target sites for miR-155 studied
by us (PU.1 and SMAD2, approx -26 Kcal/mol,
(26) and manuscript under revision). Additionally,
both sites are conserved across several species
(Supplement Figs. S2 and S3) although the
conservation is not as wide as in the previously
mentioned examples PU.1 and SMAD?2. Thus, this
relatively weaker binding regions could explain
why miR-155 needs both site 1 and site 2 intact in

order to block expression of IL13Ral and points
towards a possible co-operation between both
sites, which has also been suggested to lead to
translational repression of the target gene rather
than mRNA degradation (33,34).

We next performed a series of experiments in
a cell model, THP1-155 that allows experimental
augmentation of miR-155 levels without use of
inflammatory stimuli (such as LPS) that could
affect other pathways (21). It was shown that miR-
155 up-regulation led to a decrease of IL13Ral at
the protein level, while its mRNA levels remained
stable (Figs.2A and B). This suggested that miR-
155 could be blocking the translation of IL13Rol
mRNA in these cells.

We next aimed to establish the role of miR-
155 in the IL-13 signaling pathway by determining
the activation of STAT6. STAT6 is the main
mediator in the IL-13/IL-4 signaling pathway,
becoming phosphorylated and active upon
stimulation with these cytokines (12). The over-
expression of Mir-155 in THPI-155 led to
diminished STAT6 phosphorylation without
affecting total STAT6 protein levels (Figs.3A, B
and C). Both IL-4 and IL-13 signaling cascades
seemed to be affected, which can be explained by
the fact that both cytokines share and can signal
through the Type II IL-4 receptor, which consists
of dimers of IL4Ro and IL13Ral. Importantly,
only IL-4 can also signal through the Type I IL-4
receptor, while IL-13 requires the presence of
IL13Ral in order to exert its effects. The specific
dependence on IL13Ral of the IL-13 pathway
could explain the observation that IL-13 signaling
appeared to be more affected than that induced by
IL-4 (Fig.3A). After this experimental observation,
we decided to focus on the effect of miR-155 on
IL-13 signaling.

Having investigated the effects of mir-155 in
the first series of experiments by augmenting its
expression, we went on to confirm our results with
a “reverse” experimental approach in which miR-
155 was knocked down by transfection of anti-
miR-155 oligonucleotides in human primary
macrophages. As expected, the reduction of miR-
155 led to an increase in IL13Ral protein
(Fig4A) and in the IL-13 dependent
phosphorylation of STAT6 (Fig.4B). Since 1L-13
triggers a M2 or pro-Th, phenotype (8), we next
determined the impact of miR-155 on several
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genes that are markers of alternative
activation/pro-Th, profiling and/or phospho-
STATG dependent genes (2,13). After reducing the
levels of miR-155, IL-13 signaling was increased
(Fig.4), so we hypothesized an increase in the IL-
13 dependent expression of several target genes in
the IL-13 cascade. Amongst the genes assayed
when miR-155 was knocked down, SOCS1, DC-
SIGN, CCL18, CD23 and SERPINE showed a
significant increase in their IL-13 dependent gene
expression (Fig. 5). DC-SIGN and SERPINE also
showed a decrease in their basal expression levels
probably due to a parallel effect of miR-155 on
factors that control their expression, such as PU.1
and SMAD2, known to regulate DC-SIGN (35)
and SERPINE (36) respectively, and directly
targeted by miR-155 (26), Louafi et al. manuscript
in revision]. DC-SIGN is a typical marker for
alternatively activated macrophages (2) and it is
involved in the binding and recognition of
pathogens by the immune system. We have
previously described the inhibitory effects of miR-
155 on DC-SIGN expression in dendritic cells
(26). Thus, the increased expression of DC-SIGN
when miR-155 is down-regulated (Fig. 5) suggests
that miR-155 is probably affecting pathogen
binding ability also in macrophages.

Our results showed that miR-155 blockade
leads to increased STAT6 signaling. Since STAT6
is a key transcription factor involved in the
generation of Th, cells it could be supposed that
the pro-Th2 biased phenotype of miR-155
deficient mice might involve STAT6 regulation.
Moreover, signaling through STAT6 also involves
SHIP-1 (12), a repressor of M2 macrophage
differentiation, and SHIP-1 has been demonstrated
to be a direct target of miR-155 (37). In addition to
this, miR-155 was recently reported to be inhibited
by IL-10 (22), an anti-inflammatory cytokine that
also  promotes alternative  activation  of
macrophages (2). Together, all these data suggest
a central role for miR-155 in the acquisition and
modulation of the M1/M2 and Th,/Th, profiles.
By targeting IL13Ral and modulating the STAT6
cascade, miR-155 would shift the immune profile
towards a more pro-Th, phenotype; thus, the
regulation of miR-155 levels is key in order to
exert and develop an appropriate and balanced
immune response.

This central role seems to be confirmed by the
fact that miR-155 affects several genes that are
important to the human immune balance. CCL18
is a cytokine associated with Th, profiling and that
has also been shown to be secreted by Tumor
Associated Macrophages (TAMs) (38),
macrophages that display an M2-like profile (39);
CD23, which binds to IgE complexes promoting
an inflammatory response and has been shown to
play an important role in allergy and antigen
presentation, also being a typical marker of M2
macrophages; SOCS1 a pro-Th, protein, that
inhibits the Janus kinase/signal transducer,
blocking the signaling of proTh; stimuli such as
LPS (40,41). SOCS1 is reportedly affected by
miR-155 by direct targeting (15,23) and our data
suggest that miR-155 is also affecting SOCSI1
indirectly, by reducing the ability of IL-13 to
stimulate SOCS1 gene expression.

Importantly, several of the genes affected by
miR-155, CCL18, CD23 and SOCSI, together
with IL13, have been shown to play a key role in
the pathogenesis of allergy and asthma (9,42,43),
characterised by an exacerbated Th, profile and
lung remodeling, features also shown by miR-155
deficient mice (16). Additionally, miR-155
mediated down-regulation of the IL-13 and TGF-
(Louafi et al. manuscript in revision) dependent
regulation of SERPINE underscores the role of
miR-155 in pro-fibrotic processes that could also
explain the previously mentioned lung remodeling,
an important feature in asthma and other lung
diseases.

Together, all these data position miR-155 at
the heart of immune regulation and with an
important role in the pathogenesis of diseases such
as asthma, with a pro-fibrotic remodeling
component. This is in line with our previous
observation that miR-155 can decrease the
response of macrophages to TGF-f (Louafi et al.
manuscript in revision), which indicated that this
microRNA affects not only the immune functions
of these cells, but also their role in repair and
remodeling. The broad implications of these
biological functions position miR-155 as a crucial
molecule for the fine tuning of a healthy balance
in the immune system and justify future research
on the clinical implications that might link miR-
155 with several pathologies.
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FIGURE LEGENDS

Figure 1. MiR-155 directly targets the 3’UTR of IL13Ral. HeLa cells were co-transfected with a
Renilla luciferase construct harbouring an IL13Ral 3’UTR fragment containing the predicted binding
sites for miR-155 (Wild Type, WT) and either an empty expression vector (“-*) or a miR-155 over-
expressing vector (miR-155). MUT1 and MUT?2 correspond to mutants in each one of the predicted sites,
Site 1 and Site 2, respectively. One of three independent experiments is shown. . ns= not significant, * p<

0.05.

Figure 2. Over-expression of miR-155 reduces the levels of IL13Ral protein. THP1-155 cells
were treated with doxycycline (“miR-155") or not (“Control”) during the course of 96h to allow miR-
155 over expression. Cells were collected in intervals of 24h and subjected to protein and RNA
extraction. A. Cell lysates were subjected to Western blotting for IL13Ra1 protein detection (upper panel,
lower band pointed by arrow) and normalised against B-tubulin (lower panel). B. Total RNA was
extracted and mRNA levels of IL13Ral were determined by RT-qPCR. Shown is one experiment out of
three independent ones. Statistical analysis of Western blots in S5.

Figure 3. Over-expression of miR-155 reduces STAT6 phosphorylation. THP1-155 cells were
treated with doxycycline (+) or not (-) during 96h to over-express miR-155. Cells were then starved over
night and stimulated with either IL-4 or IL-13 or not stimulated (“Control”) and lysed at the indicated
times. A. Analysis of STAT6 phosphorylation (P-STAT6) after 30 min of treatment was performed by
Western blotting and normalised against B-tubulin. B. THP1-155 cells were stimulated with IL-13 or not,
and collected after 30 min, 1 hr and 2 hr and subjected to Western Blotting. Lower panel shows % of P-
STAT6 in B plotted against time of treatment as analyzed by densitometry (three independent
experiments shown, * p < 0.05). C. THP1-155 cells treated or not with Doxycycline for 96 hrs (over-
expressing or not miR-155, respectively) were subjected to analysis of total STAT6 content by Western
blotting and normalised against B-tubulin expression. Shown is one experiment out of three independent
ones. Statistical analysis of Western Blots in S6.

Figure 4. MiR-155 down-regulation increases IL13Ral protein expression and STAT6
phosphorylation. In a “reverse” model in human macrophages, cells were transfected with blocking
oligonucleotides against miR-155 (Anti-155) or a negative control (Control). On day 3 of culture
macrophages were stimulated with IL-13 or not and collected after 30 min. A Cell lysates were subjected
to Western blotting in order to detect IL13Ral normalised against B-tubulin. B Cells lysates were used to
determine P-STAT6 levels normalising against B-tubulin. C RNA was extracted from the same collected
cells and mRNA of IL13Ral was determined by RT-qPCR. One of three independent experiments is
shown. ns= not significant. Shown is one experiment out of three independent ones. Statistical analysis of
Western blots in S7 and S8.

Figure 5. Down-regulation of miR-155 increases the transcription of several STAT6/IL-13-
dependent genes. Human macrophages were transfected with Anti-miR-155 oligonucleotides (Anti-155)
or a negative control (Control). On day 3 of culture cells were stimulated with or without IL-13 and
collected 24h post stimulation to analyze mRNA expression by RT-qPCR analysis. The genes assayed
were grouped in A Genes dependent on the IL-13/STAT6 signaling: CCL18, SOCS1, CD23, SERPINE
and DC-SIGN and B, genes not affected by IL-13 treatment: TGFB1 IL-10. One of three independent
experiments is shown. ns= not significant, * p < 0.05, ** p< 0.01.
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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