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MicroRNAs affect dendritic cell function and phenotype
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Summary

MicroRNA (miRNA) are small, non-coding RNA molecules that have
been linked with immunity through regulating/modulating gene expres-
sion. A role for these molecules in T-cell and B-cell development and
function has been well established. An increasing body of literature now
highlights the importance of specific miRNA in dendritic cell (DC) devel-
opment as well as their maturation process, antigen presentation capacity
and cytokine release. Given the unique role of DC within the immune
system, linking the innate and adaptive immune responses, understanding
how specific miRNA affect DC function is of importance for understand-
ing disease. In this review we summarize recent developments in miRNA
and DC research, highlighting the requirement of miRNA in DC lineage
commitment from bone marrow progenitors and for the development of
subsets such as plasmacytoid DC and conventional DC. In addition, we
discuss how infections and tumours modulate miRNA expression and
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Dendritic cell subsets (human versus mouse)

Dendritic cells (DC) are important antigen-presenting
cells for promoting immune responses to pathogens such
as bacteria and viruses, as well as for maintaining self-tol-
erance.' These cells link the innate and adaptive immune
systems by presenting antigen to T cells, providing co-
stimulation and cytokines required for antigen-specific T-
cell activation. Many varieties of DC have been described
in both human and mouse, each with a particular loca-
tion, phenotypic morphologies and function.'” To sum-
marize, the major DC categories in the mouse include,
conventional/classic DC (c¢DC), Langerhans DC (LC),
plasmacytoid DC (pDC) and the monocyte-derived DC
(moDC). The ¢DC can be subdivided into migratory DC,
found in the skin and lymph nodes or tissue-resident
DC, found in spleen and lymph nodes. Tissue-resident
DC consist of several prominent subsets including (i) the
CD8o" DC, which are important for cross-presenting
antigen to CD8" T cells as well as being the major inter-
leukin-12 p70 (IL-12p70) producer, (ii) the CD11b* cDC,
a heterogeneous population of DC including; CD4" DC,
which are capable of presenting Class II restricted anti-
gens to CD4" T cells and (iii) pDC, which are the major
producer of type 1 interferons during viral infections.'”
In man, the equivalent of the mouse CD8x" DC has
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been defined, as CD141* (BDCA3") DC,* as has the pDC
subset.”

Monocyte-derived DC are derived from monocytes
under inflammatory conditions and are closely related to
the CD11b" DC. Murine bone marrow (BM) cells cul-
tured in vitro in the presence of granulocyte-macrophage
colony-stimulating factor (GM-CSF) and IL-4 develop
into what many consider moDC, as do DC derived from
human blood monocytes cultured in the presence of these
cytokines.® Their in vivo equivalent has yet to be identi-
fied; however, several murine moDC candidates have
been described including DC-specific intercellular adhe-
sion molecules-3 grabbing non-integrin (DC-SIGN/
CD209a) -positive DC that appear in lymph nodes after
Toll-like receptor (TLR) ligand challenge’ and tumour
necrosis factor-o. (TNF-o) and inducible nitric oxide syn-
thase-producing DC that appear during pathogen-associ-
ated inflammation.®

Given the heterogeneity of DC subsets as well as the
wide-ranging function of DC, the following question
arises, how is DC differentiation and function regulated?
Different growth factors, such as cytokines (FLT3 and
GM-CSF) and transcription factors (Irf8, E2-2, Id2,
E4Bp4, Batf3, Irf4 and Notch-2) control ¢DC develop-
ment.” ' There is now increasing evidence that microR-
NA (miRNA) play an important part in ‘fine tuning’ the
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development and function of all DC subsets and this
review will focus on recent findings in this exciting field
of research.

MicroRNA

MicroRNA are vital for controlling many processes within
the immune system including cell differentiation and
homeostasis, cytokine responses, interactions with patho-
gens and tolerance induction.'” Defects in the action of
miRNA are associated with oncogenesis and other dis-
eases.'” °

MicroRNA are small, non-coding RNA of around 19—
24 nucleotides in length,'® which function to suppress
protein  synthesis by binding to complementary
3/-untranslated regions of mRNA'""'® and either inhibit
translation or accelerate mRNA degradation.'” The pro-
cess of miRNA synthesis is shown in Fig. 1. Briefly, miR-
NA are first transcribed into a primary transcript (pri-
miRNA) by RNA polymerase II. Pri-miRNA then bind
DiGeorge syndrome critical region gene 8 (DGCR8) and
undergo processing by the RNAase III enzyme activity of
Drosha resulting in hairpin pre-miRNA transcripts.*® **
The RNase III enzyme, Dicer, further processes these
structures in the cytoplasm, following export from the
nucleus via Exportin-5. This results in mature, 19- to
24-bp miRNA species, which are incorporated into the
RNA-induced silencing complex (RISC) containing the
Argonaute (Ago) protein.”” *> Each miRNA has the abil-
ity to inhibit many mRNA, in fact a single miRNA has
the ability to affect over 100 genes and one mRNA can be
targeted by more than one miRNA.*>** MicroRNA can
also regulate the expression of other miRNA.?” For many
miRNA the target 3’ untranslated region of specific
mRNA have been identified. A summary of some key
miRNA involved in DC development and function and
their targets are highlighted in Table 1.

A key role for miRNA in regulating T- and B-cell
immune cell development, immune homeostasis and con-
trolling adaptive immune responses has  been
described.?®! As for DC, Kuiper et al. observed that the
conditional depletion of Dicer in mouse CD11c" DC did
not affect the short-lived resident DC present in lymph
nodes or the spleen. However, they observed that both
differentiation and function of LC was greatly affected, in
as much as the lack of miRNA in these cells resulted in a
selective loss of these cells in the epidermis and those that
remained lacked the ability to mature and present anti-
gen.”” Despite this finding, many publications now high-
light the importance of miRNA in all murine DC subsets
with a role for different miRNA in DC development and
function now being well established. In fact, miRNA can
‘fine tune’ the immune response by inducing apoptosis,
affecting homeostasis and changing cytokine profiles of
DC.3334
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Figure 1. Biogenesis of microRNA (miRNA). In the nucleus, miR-
NAs are transcribed into primary transcript (pri-miRNAs) by RNA
polymerase II. Pri-miRNAs then bind DiGeorge syndrome critical
region gene 8 (DGCR8) and undergo processing by the RNAse III
activity of Drosha resulting in hairpin pre-miRNA transcripts, which
are transported to the cytoplasm via Exportin-5. The RNase III
enzyme, Dicer, further processes these structures in the cytoplasm
resulting in mature, 19- to 24-base-pair miRNA species, which are
incorporated into the RNA-induced silencing complex (RISC) con-
taining the Argonaute (Ago) protein. miRNA recognize the 3’
untranslated region of mRNA as part of the RNA-induced silencing
complex (RISC).
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Table 1. MicroRNA (miRNA) regulate production of cytokines, dif-
ferentiation and homeostasis of many dendritic cell subsets via

affecting specific targets

miRNA Predicted/identified targets References
miR-155 TAB 2, PU.1, SOCSI1, SHIPI, 33,37,44,45,
KPCl, csfl gene, c-FOS, 47-49,71,82
DC-SIGN, C/EBPf
let-7 BLIMP 50,70
SOCS1
miR-29a P42.3 83,84
Lipoprotein lipase
miR-142-3p IL-6 51
miR-125a KLF13 36,85
and miR- 99a
miR-148a Calcium/calmodulin-dependent 54
and 148b protein kinase Ila
miR152
miR-29b and Bcl-2 and Mcl-1 58
miR-29¢
miR-146a IRAK1, IRAK2, TRAF6, TLR-4 41,86
miR-126 Tscl (which encodes a negative 52
regulator of the kinase mTOR)
miR-34a JAG1, WNT 38
miR-142 1,10
miR-21 Jagl, PDCD4, IL-12p35 33
miR-221 p27kP! 33,39
miR-22 Irf8 40
miR-23b Notch 1 and NFKB 62
miR-107 1L-23p19 66
miR-301a PTEN 69,86
miR-451 YWHAZ/14-3-3z 64
protein levels
miR-30b Notchl 36

MicroRNA and DC differentiation

Dendritic cells are derived from haematopoietic stem cells
(HSC) present in BM. HSC differentiate into myeloid
progenitor cells and myeloid DC progenitor cells. The
latter are the precursors of ¢cDC progenitors, which upon
leaving the BM seed peripheral secondary lymphoid tis-
sues and non-haematopoietic tissues, where they give rise
to the aforementioned immature DC subsets, which upon
TLR stimulus, mature. Differential expression of miRNA
has been observed throughout the developmental process
of murine DC from HSC to immature and mature DC.*
Su et al.”® compared the miRNA profile of BM-derived
DC (BMDC) HSC, immature and mature DC using next-
generation deep sequencing. These authors demonstrated
that 391 miRNA were differentially expressed during DC
differentiation.”® However an overlap in miRNA expres-
sion between each developmental stage was also observed,
for example miR-132 and miR-147 were highly expressed
in immature and mature DC but not found in HSC.*®
miRNA profiles changed significantly, between HSC and
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immature DC. GM-CSF expanded, immature and lipo-
polysaccharide-activated murine moDC also display dis-
tinct miRNA expression profiles.”” The requirement for
miRNA for human moDC development from progenitors
has also been shown with miR-21 and miR-34a both
being implicated in this process.”®

The observation that miRNA profiles vary greatly
between progenitor and DC also extends to the different
DC subsets.”® Mildner et al.'® observed that whereas some
miRNA were highly expressed in all subsets of DC, for
example miR-125, let-7 and miR-21, murine pDC and
splenic ¢cDC (both CD8o." and CD4") have defined clusters
of miRNA signatures. Moreover, miR-22 was found to be
highly expressed in cDC (CD4", CD8«" and CD4~ CD8")
compared with pDC. Over-expression of this miRNA in
DC progenitors both in vitro and in vivo preferentially
expanded the CD11c" CD11b* B220~ cDC subset.*

Development and maintenance of CD4" DC has been
linked to expression of miR-142."° The miR-142 is highly
expressed in FLT3-dependent CD4" DC, but not CD8o"
or CD4™ CD8x~ DC. Mice deficient in miR-142 have a
60% reduction in Class I CD11c"™ DC owing to an
increase in CD4" DC apoptosis. In addition, miR-142-
deficient BM cells failed to develop into CD4" DC in vi-
tro, in the presence of FLT3L; however, there was no
inhibition of CD8x" DC development. Interestingly, the
loss of miR-142 in these mice only affected splenic CD4"
DC development, the gut CD4" DC equivalents, the
CD103* CD11b" DC, were found at normal numbers."”

The development of pDC is also regulated by miRNA.
Inhibiting miR-221 in BMDC progenitors led to the dif-
ferentiation of pDC rather than cDC.**?® Development of
pDC has also been shown to require miR-126, which is
highly expressed in both mouse and human pDC.
Increased apoptosis of these cells was observed in the
absence of this miRNA, suggesting that it is important
for pDC survival.”»** Another miRNA, miR-146a, has
also been shown to affect pDC survival; over-expression
of this miRNA in a pDC cell line induced apoptosis in
these cells. This may reflect the fact that miR-146a blocks
TLR-induced nuclear factor-xB (NFKB) activity by target-
ing IL-1 receptor-associated kinase 1 (IRAK1), leading to
down-regulation of anti-apoptotic genes.*'

MicroRNA and DC function

Cell intrinsic factors that form part of the anti-viral
defence system, such as pattern recognition receptors (e.g.
TLR, nucleotide-binding oligomerisation domain (NOD)-
like receptor (NLR)), as well as cytokines, lipids, viruses,
bacteria, parasites and tumours can modify the miRNA
expression within DC.*****> Each of these different
stimuli was shown to induce or decrease expression of
miRNA that influence, either positively or negatively, the
ability of DC to process antigen, mature (expression of
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Figure 2. MicroRNA (miRNA) expression during dendritic cell (DC) maturation. Activation of DC results in either an up-regulation or down-

regulation of specific miRNAs that can modulate pro- or anti-inflammatory responses as well as T-cell activation and DC survival.

MHC, CD40, CD80, CD86 and DC-SIGN expression)
and function (cytokine production and T-cell activation).
Some of these miRNA are highlighted next and their
effects on DC are summarized in Fig. 2.

MicroRNA associated with DC maturation and
function (miR-155, Let-7i and miR-126)

miR-155

Expression of miR-155 is induced rapidly in both
human and mouse DC following maturation induced
by either TLR activation (for example by dsRNA), cyto-
kines [for example IL-1f, TNF-¢ and interferon-y
(IFN-y)] as well as lipids (such as oxidized low-density
lipoproteins and low-density lipoproteins).*> Expression
of miR-155 by murine DC has been shown to be
important for both their maturation and function, as
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highlighted by the observation that miR-155-deficient
mice display impaired immune responses to patho-
gens.***> This observation being due in part to reduced
expression of CD40 and CD86 following TLR activa-
tion.” The DCs isolated from miR-155-deficient mice
also have an impaired ability to activate antigen-specific
T cells.** Recently, the mechanism by which miR-155
modulates the ability of DC to activate T cells has been
described.* Dunand-Sauthier et al. found that the argi-
nase, Arg-2, is a direct target of miR-155. Whereas
miR-155-deficient BMDC have abnormally high levels
of Arg-2 an increased expression of miR-155 in murine
BMDC was associated with down-regulation of its
expression. As arginine depletion by Arg-2 facilitates
impaired T-cell proliferation, miR-155-induced repres-
sion of Arg2 expression appears critical for DC to acti-
vate T cells by controlling arginine availability in the
extracellular environment.*

© 2014 John Wiley & Sons Ltd, Immunology, 144, 197-205



Increased levels of miR-155 in human moDC has been
linked to DC co-receptor expression levels. The transcrip-
tion factor PU.1, which regulates the expression of mole-
cules such as DC-SIGN, is a direct target of miR-155."
During DC maturation the increased expression of miR-
155 results in decreased PU.1 levels and a subsequent
reduction in DC-SIGN mRNA.*” The miR-155 has also
been shown to modulate cytokine release.***’ In human
moDC, Ceppi et al.*® observed that inhibiting miR-155
expression in lipopolysaccharide-activated DC resulted in
an increase in pro-inflammatory cytokine gene expression
with IL-1e, IL-1f, IL-6, TNF-o and IL-23 being among
the up-regulated genes found. These authors suggested
that this miRNA could be an inhibitor of the inflamma-
tory response given that down-regulation of these pro-
inflammatory molecules occurred when miR-155 expres-
sion levels increased.*®

Let-71

miR-155 is not the only miRNA associated with DC
maturation. For example, up-regulation of the miRNA
let-7i in DC following TLR4 activation is important for
normal DC maturation.”® When inhibited, expression of
the co-stimulatory molecules CD80 and CD86, as well
as  pro-inflammatory  cytokine  production, were
decreased. In addition, T-cell responses to antigen pre-
sented by DC were also reduced.”® The increased levels
of miRNA let-7c and miR-155 in DC following matura-
tion resulted in a pro-inflammatory phenotype, through
the inhibition of the suppressor of cytokine signalling 1
(SOCS1), an inhibitor of Janus kinase/signal transducer
and activator of transcription signalling after TLR
activation.”'

miR-126

Plasmocytoid DC maturation and function is also regu-
lated by miRNA.>*> Agudo et al.>® observed that miR-126
was highly expressed in both murine and human pDC
compared with the ¢cDC subsets. Mice lacking miR-126
were found to have reduced pDC-mediated activation,
migration and IFN-y release following TLR activation
with CPG-A, suggesting that this miRNA was important
for pDC function.” These authors suggest that miR-126
regulated pDC function by directly targeting the mTOR
pathway, which is required for TLR signalling by pDC,>
by controlling mRNA expression of tsc-1 a negative regu-
lator of this pathway.”

MicroRNA that prevent DC maturation (miR-148,
miR-142, miR-146a and miR-29a)

Although some miRNA are increased in DC following
activation, their expression has a negative effect on DC
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maturation. For example, miR-148 is up-regulated in
murine BMDC following TLR4 activation. Increased levels
of this miRNA led to reduced MHC Class II expression,
inhibition of pro-inflammatory cytokine secretion and
decreased DC-mediated CD4" T-cell expansion.”® In
addition, in human DC, miR-29 was found to be up-reg-
ulated in response to NOD2, a cytoplasmic pattern recog-
nition receptor signal, which led to the down-regulation
of the pro-inflammatory cytokine IL-23 by targeting IL-
12p40 and IL-23p19.”

As mentioned earlier, pDC effector function (e.g. cyto-
kine production) and the expression levels of co-stimula-
tion molecules are also controlled by miRNA. Expression
of miR-146a is induced by TLR ligation (TLR7/9) in
human pDC.*' Increased expression of this miRNA (via
lentiviral transduction) in a human pDC line impaired
TLR-mediated maturation by inhibiting key components
of the nuclear factor-xB pathway. In addition, increased
miR-146a expression inhibited the up-regulation of
CD40, CD80, CD86, HLA-DR and CCR7 molecules and
the production of pro-inflammatory cytokines (IL-6 and
IFN-y) such that pDC-induced
responses were inhibited.*!

allogeneic  T-cell

miR-142

Maturation of DC also results in down-regulation of
miRNA. miR-142 is constitutively expressed in imma-
ture BMDC and following lipopolysaccharide activation
its expression is decreased.'®' Down-regulation of
miR-142 was found not to affect activation markers
such as CD40, CD80 and CD86, all of which increase
following TLR activation in its absence. However,
despite these maturation changes, DC isolated from
miR-142-deficient mice failed to induce a CD4" T-cell
response compared with normal DC. This observation
was attributed to miR-142 directly controlling IL-6
mRNA and IL-6 production following lipopolysaccha-
ride activation.”!

MicroRNA that affect antigen presentation (miR-150
and miR-223)

In addition to regulating cytokine production and co-
receptor levels, miRNA can affect the ability of DC to
present antigen. Epidermal LC from miR-150-deficient
mice have reduced soluble antigen cross-presentation
abilities®® while deletion of miR-223 increases the capacity
of LC to cross-present.”” How both of these miRNA
affect the antigen presentation pathway has yet to be elu-
cidated; however, miR-150-deficient LC do not have
impaired phagocytic capacities, suggesting that this miR-
NA may affect antigen processing. Whether miRNA affect
antigen presentation in different DC types has yet to be
studied.
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MicroRNA that affect DC survival (miR-155, miR-
146, miR-126, miR-29b and miR-29¢)

MicroRNA expression has also been linked with DC sur-
vival. BMDC derived from miR-155-deficient mice sur-
vived longer than DC isolated from normal BM after
lipopolysaccharide activation, whereas over-expression of
miR-155 in DC led to increased apoptosis of these cells.”
KPC1, which ubiquitinates p27°"' for degradation, is a
target of miR-155. The miR-155 inhibits KPC1 expression
leading to enhanced p27°"' levels and ultimately in DC
death.”® Thereby expression of this miRNA following
stimulation may help to resolve an immune response by
inducing the death of antigen-presenting cells. Plasmacy-
toid DC apoptosis and cell survival is also regulated by
miRNA, including miR-146,*" miR-29b and miR-29¢,”® as
well as miR-126.>

MicroRNA and DC in tolerance induction

Immature DC, cytokine (transforming growth factor-f;
TGF-f5) and/or drug-treated ‘tolerogenic’ DC can induce
T-cell tolerance. ‘Tolerogenic DC produce less pro-
inflammatory cytokines in favour of cytokines such as IL-
10 and TGE-$.° Several miRNA have been shown to
inhibit pro-inflammatory cytokine production, including
miR-21 (inhibits IL-12p35 production),60 miR-10 (inhib-
its IL-12/IL-23p40 chain)®' and miR-148a/152 which sup-
press both IL-6 and IL-12 production via calcium/
calmodulin-dependent protein kinase Il (CaMKIlx), an
effector of calcium signalling pathways.”*

Several miRNA have been linked with a ‘tolerogenic’
DC phenotype (Fig. 3). Su et al.’® observed that miR-30b
is significantly up-regulated in ‘tolerogenic’ DC (mature
DC plus TGF-f) both in vitro and in vivo. Over-express-
ing miR-30b in DC led to increased IL-10 and NO pro-

miR-30b T miRr-17
miR-125a
miR-99a

miR-23b

T miR-133b
T miR-203

e T

miR-99b
miR-135a
miR-147
miR-214
Let-7

+ tolerogenic

stimulus

— — — — ~

duction while inhibiting it reduced both. In addition,
miR-125a and miR-99a expression increased in ‘tolero-
genic’ DC in this study.”® miR-23b has also been associ-
ated with a ‘tolerogenic’ DC phenotype. Expressing miR-
23b in mouse BMDC and human moDC, via transfection,
resulted in DC with reduced IL-12 but increased IL-10
production capacity, as well as reduced Class II, CD80
and CD86 expression. Increased expression of Foxp3 was
seen when CD4" T cells were co-cultured in the presence
of miR-23b expressing DC.> Both Notchl and nuclear
factor-xB are inhibited by miR-23b.%*

Stumpfova et al.®> analysed the expression of miRNA
in ‘tolerogenic’ human moDC (IL-10- and TGF-f-trea-
ted) versus lipopolysaccharide-treated, IFN-y-treated DC
and immature DC. These authors showed that 27 miR-
NA, including miR-17, miR-133b and miR-203, were spe-
cifically increased in ‘tolerogenic’ DC when compared
with mature DC. They also found four miRNA that were
down-regulated in ‘tolerogenic’ DC, miR-99b, miR-135a,
miR-147 and miR-214.° Low levels of the miRNA let-7
in human moDC have been shown to favour the expan-
sion of regulatory T cells, following interaction with these
DC, again linking miRNA and tolerance induction.”®

MicroRNA and DC during infections/tumours

Profiling murine splenic DC infected with influenza A
virus in vitro revealed that miR-451 was induced by this
ssRNA virus and not by dsRNA or lipopolysaccharide.
Interestingly, following infection with this virus, myeloid
cells present in the lung had increased expression of this
miRNA. Expression of miR-451 in splenic DC reduced
the production of a specific set of cytokines and chemo-
kines including IL-6, TNF-o, IFN-y, macrophage inflam-
matory protein-lo, CCL5 (involved in recruitment of T
cells, eosinophils and basophils), CCL3 (involved in

T IL-10 production
T Nitric oxide (NO) production
T FoxP3* T cells

MHC expression
Co-receptor expression

Pro-inflammatory cytokine production

— - —

T-cell activation

Figure 3. MicroRNA (miRNA) species linked with ‘tolerogenic’ dendritic cells (DC). Immature DC, cytokine (transforming growth factor-f})

and/or drug-treated ‘tolerogenic’ DC can induce T-cell tolerance. ‘Tolerogenic’ DC produce less pro-inflammatory cytokines, in favour of cyto-

kines such as interleukin-10, they also produce NO and can induce FoxP3" T cells. Modification of specific miRNA has been linked to this ‘toler-

ogenic’ DC phenotype and function.
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monocyte and neutrophil recruitment). This miRNA did
not affect IL-10 or IL-1f production. Interestingly, inhib-
iting this miRNA had no effect on the expression levels
of Class II and CD80 levels following activation. Taken
together, it appears that viral infections may modulate
miRNA expression to create an anti-inflammatory
environment.®*

Likewise, helminth worm antigens have also been
shown to create an anti-inflammatory environment by
modulating miRNA in human DC. Exposure of human
moDC to secreted antigen from Taenia crassiceps reduced
pro-inflammatory cytokine and chemokine production by
inhibiting  lipopolysaccharide-induced miRNA  let-7
expression.®

Bacteria, including those of the intestinal microbiota,
have been shown to have both a positive and a negative
effect on host miRNA expression.”"**®® Exposing germ-
free mice to gut microbiota led to down-regulation of
miR-10a in DC, and an increase in the pro-inflammatory
IL-23p40 subunit.®’ In addition, BMDC exposed to gut
microbacteria such as Escherichia coli and flagellated A4
commensal bacteria have significantly lower miR-107a
levels compared with untreated DC.°® Microbiota were
also found to modulate miR-107a expression in gut
CD11c" myeloid cells leading to greater IL-23p19 produc-
tion by these cells.®®

Recently, it was reported that tumours modify miRNA
expression in DC, creating an immune-suppressing and
tumour-promoting environment.””  MicroRNA linked
with tumour immune modulation such as miR-21, miR-
222, miR-28 and miR-30la were up-regulated in DC
exposed to tumour antigens. Over-expression of miR-
301a in FLT3L-expanded BMDC did not affect Class II or
CD80, CD86 or CD40 expression but inhibited IL-12,
IL-6 and TNF-o production by DC and modulated T-cell
responses. Although the interaction with miR-301a
expressing DC did not affect antigen-specific CD4" and
CD8" T-cell proliferation, cytokine release was modified;
decreased IFN-y from CD8" CTL and CD4" T cells while
increased IL-3 and IL-17 were observed.”

What controls microRNA expression?

Several factors can regulate the expression of miRNA in
DC, including transcription factors. For example, BLIMP
affects the level of let-7c miRNA expression and miR-142,
which has its own promoter, is targeted by the transcrip-
tion factor PU.1.°»7°

MicroRNA can also control the expression of other
miRNA. For example, miR-155 has been shown to regu-
late the expression of miR-142. Increasing miR-155
expression following TLR ligation leds to reduced
miR-142 expression, due to miR-155 targeting the PU.1
promotor. PU.1 is required for miR-142 expression.’!
Conversely, knocking down miR-155 resulted in an

© 2014 John Wiley & Sons Ltd, Immunology, 144, 197-205

miRNA and dendritic cells

increased miR-142 expression.”®* Recently, it has been
suggested that miR-155 is a ‘master’ miRNA regulator in
DC.”' Comparing the miRNA profile in miR-155-deficient
with miR-155 expressing DC, following a maturation stim-
ulus, revealed miR155 ‘dependent’ and ‘independent’ miR-
NA. For example, miR-445-3p is induced following DC
maturation only in the absence of miR-155 whereas miR-
210-3p is not induced unless miR-155 is present. In addi-
tion, immature DC from miR-155-deficient mice lack miR-
210-3p. It has been hypothesized that miR-155 regulates
transcription factors, such as CCAAT/enhancer binding
protein-f} for example, that then bind to other miRNA pro-
moters, such as miR-455, leading to up/down-regulation of
these molecules.”"

Intercellular transfer of microRNA

MicroRNA changes in DC may not always be due to intrin-
sic factors.”*7® In fact the intercellular transfer of miRNA
between cells has been described through two pathways,
gap junctions (GJ) and exosomes. At present the transfer
of miRNA to DC via GJ has not been elucidated; however,
this phenomenon has been described for several other cell
types. Lim et al”> demonstrated that miRNA could be
transferred via GJ from BM-derived stromal cells into
breast cancer cells where they caused a reduction in
CXCLI2 expression. In addition, Katakowski et al.”* ele-
gantly showed miRNA transfer via GJ between miR-67-
expressing gliosarcoma cells and target cells expressing a
luciferase reporter containing an miR-67 binding site. They
observed that following co-culture, luciferase expression
was reduced, an effect that was reversed by the presence of
carbenoxolone, a GJ uncoupler.72’76 Recently Aucher
et al.”” found that miRNA were transferred from human
macrophages to a hepatocarcinoma cell line. These studies
suggest first that, miRNA transfer between cells can occur
via GJ and second, that transferred miRNA are functional.
Given that GJ formation occurs between T cells and DC
during interaction at the immune synapse’® the possibility
that the intercellular transfer of miRNA occurs between
these cells warrants further research.

MicroRNA are also found in exosomes released by cells
such as DC and T cells.”*”” The miRNA profiling of DC
exosomes found that miRNA expression differs with the
maturation status of the DC.”” Interestingly, miRNA pres-
ent in DC-derived exosomes can be transferred to other
DC in vitro and in vivo where they are functional.””
Recently, Mittelbrunn et al. observed that T-cell-derived
exosomes also contain specific miRNA, which can be
transferred to antigen-presenting cells, leading to modifi-
cation of cell function.”**>®" T-cell-derived exosomes are
released during immune synapse formation, suggesting
that during immune interactions directed release of miR-
NA-laden vesicles to DC during immune recognition may
lead to immune modulation.®
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Concluding remarks

It is clear that miRNA expression in BM progenitors
drives DC differentiation, and in immature/mature DC
miRNA expression helps to shape the adaptive immune
response as well as resolve it through inducing death of
the DC. Although miRNA plays an important role in DC
function following interaction with infectious agents such
as viruses, bacteria and parasites, little is known about
whether cells of the immune system modulate DC miR-
NA during infection and tolerance induction either
directly or via exosome release. Given the unique role of
DC within the immune system, presenting antigen and
shaping immune responses, understanding how cells of
the adaptive immune system regulate DC miRNA is of
vital importance.

The observation that both pathogens and tumours have
evolved strategies that can modulate DC miRNA, creating
either a non-inflammatory or inflammatory environment,
is of clinical relevance and warrants further investigation
in defined disease states.
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