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miR-126, a new modulator of innate immunity
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P lasmacytoid dendritic cells (pDCs)

express intracellular Toll-like recep-

tors (TLRs) 7 and 9 and, once activated,

produce large amounts of (anti-viral)

type I interferons. As such, pDCs play a

key role in the physiopathology of the

immune response and in infection, auto-

immunity and tumors. In the current

issue of Nature Immunology, Agudo

and colleagues report that the survival

and function of pDCs are modulated

by the microRNA miR-126 via the

VEGFR2 pathway. These findings unveil

the unknown capacity of miR-126—a

microRNA that had previously been

associated only with angiogenesis—to

control pDCs homeostasis, and impose

new considerations on the effects on

innate immune responses when targeting

the vascular endothelial growth factor.

(VEGF) signaling pathway for thera-

peutic purposes.

PDCS, TLRS AND INNATE

IMMUNITY

The immune system has the ability to dis-

criminate between intact and damaged

self-components, depending on the cel-

lular localization of the target molecule.

In innate immune cells, multiple

cellular and biochemical mechanisms

become activated upon engagement with

pathogen-associated molecular patterns

that derive from viruses, bacteria, fungi or

protozoa. Pathogen-associated molecular

patterns are recognized by TLRs—evolu-

tionarily conserved receptors that are

expressed in immune cells including anti-

gen presenting cells—to provide a rapid

line of host defense against microorgan-

isms. At the molecular level, the recog-

nition of a ligand by TLRs leads to

recruitment of MyD88 (except for TLR3),

whose primary effect is to activate NFkB

and mitogen-activated protein kinases.

Schematically, the formation of complexes

of MyD88 with IRAK kinases allows

NFkB to activate transcription and the

release of inflammatory cytokines.1

Among TLRs, TLR7 and TLR9 can be

found on endosomal membranes, where

they bind nucleic acids that derive from

microbes (single-stranded RNA and

unmethylated CpG DNA, respectively).

The subsequent secretion of pro-inflam-

matory cytokines—including type I

interferons (IFNs)—further contributes

to the fight of pathogens and the eradica-

tion of infection, as well as in the shaping

of adaptive immune responses.1

Although the activation of TLRs is cri-

tical for host defense, it can also associate

with the pathogenesis of inflammatory

and autoimmune diseases.2 For example,

the MyD88 pathway is activated in pDCs,

which are immune cells that secrete large

amounts of type I IFNs and thus, repre-

sent key modulators not only of infection,

but also of autoimmunity and cancer.3

In recent times, a link has been reported

between TLRs signaling and microRNAs

(miRNAs) activity.4,5 miRNAs are small

RNAs that regulate gene expression by

preventing protein translation via the

inhibition of the expression of mRNA

transcripts. As such, miRNAs have

emerged as key regulators of the immune

response, leading to considerations on

possibly targeting these molecules for dia-

gnostic and/or therapeutic purposees.

Moreover, miRNA dysregulation is thought

to significantly impact immune responses

and the development of certain diseases.6

Yet, at present, only limited data are avai-

lable about the miRNA control of TLRs

signaling and/or pDCs function.

In the current issue of Nature

Immunology, Agudo et al.7 demonstrate

the new role of miR-126 as modulator,

via the VEGFR2 pathway, of pDCs

homeostasis and function.7

MIR-126: A ROLE BEYOND

ANGIOGENESIS

The authors were initially interested in

studying the contribution of miR-155 to

TLR stimulation and early IFN response

in viral infection. To that aim, they

treated miR-155-deficient (Mir1552/2)

mice with TLR9 and TLR7 agonists, using

as controls both wild-type mice and mice

deficient in miR-126 (Mir1262/2 mice)

(the testing of miR-126 was chosen as

control because this microRNA regulates

processes that are unrelated to TLR sig-

naling, such as angiogenesis and vasculo-

genesis).8 Serendipitously, the authors

observed that circulating levels of IFN-a
were lower in Mir1262/2 mice as com-

pared to both wild-type and Mir1552/2

mice. Since TLR7 and TLR9 sense HIV

infection and induce production of type

I IFNs,9 the authors wanted at this point

determine whether miR-126 was essential

in virus sensing (and TRL activation).

Therefore, they infected mice with

vesicular stomatitis virus-pseudotyped,

1Università Politecnica delle Marche, Ancona,
Italy and 2University of California Los Angeles,
Los Angeles, CA, USA
Correspondence: Dr A La Cava, Department of
Medicine at the University of California Los
Angeles, 1000 Veteran Avenue 32-59, Los
Angeles, CA 90095, USA.
E-mail: alacava@mednet.ucla.edu
Received: 10 January 2014; Revised: 14 January
2014; Accepted: 14 January 2014

Cellular & Molecular Immunology (2014) 11, 215–217
� 2014 CSI and USTC. All rights reserved 1672-7681/14 $32.00

www.nature.com/cmi

www.nature.com&sol;cmi


non-replicating HIV. While wild-type mice

and Mir1552/2 mice displayed strong

immune responses to vesicular stomatitis

virus-HIV, including IFN-a production,

Mir1262/2 inefficiently responded to infec-

tion, with very low IFN-a levels and limited

immune cellularity, suggesting that in res-

ponse to viral infection, miR-126 was

required for type I IFN secretion via the

TLR7/9 pathway.

To identify the immune cell subset that

expressed miR-126 along with TLR7/9, the

authors then performed miRNA profiling

in subsets of T cells, dendritic cells (DCs),

macrophages and B cells. They found that

miR-126 was expressed only in the DC

subset of pDCs, and confirmed those

results in human pDCs. Importantly, they

also showed that the frequency and abso-

lute number of pDCs in Mir1262/2 mice

were lower than in control mice, and this

aspect was specific for pDCs and not for

other immune cell types, reiterating the

influence of miR-126 on pDCs in relation

to TLR7/9 and IFN-a production. As this

finding also indicated a possible effect of

miR-126 on pDCs homeostasis, experi-

ments were done to assess whether the

observed decrease in the number of

pDCs in Mir1262/2 mice should be

ascribed to abnormalities in cell develop-

ment/differentiation or to effects on cell

survival. Phenotypic analyses in vitro and

in vivo for markers of DCs differentiation,

proliferation and death indicated that an

increase in apoptosis was responsible for

the observed reduction in the number of

pDCs in Mir1262/2 mice. These data

clearly indicated that miR-126 could con-

trol pDCs survival.

However, a consideration had to be

made. Although numerically reduced,

pDCs were still present in Mir1262/2

mice. To address whether the function

of the residual pDCs was conserved or

not, isolated pDCs from MiR-1262/2

mice were tested in comparison with

wild-type pDCs for their capacity to pro-

duce IFN-a, to become activated and for

the ability to migrate to lymphoid tissues

after TLR stimulation. The results

showed an impaired pDCs function in

Mir1262/2 mice, suggesting an involve-

ment of miR-126 in the control of a nor-

mal pDCs function.

To also explore the molecular basis

of the impaired function of pDCs in

Mir1262/2 mice, transcriptional profiling

was done. This set of investigations led to

the identification of an altered expression

of 253 genes in Mir1262/2 pDCs as com-

pared to wild-type pDCs. As expected,

Mir1262/2 mice had a lower expression

of genes involved in TLR signaling, cyto-

kine production and chemotactic res-

ponses, as well as in genes encoding viral

sensors, when compared to controls.

Subsequent analyses found that miR-126

decreased the expression of the protein

Tsc1 (more represented in Mir1262/2

pDCs than in wild-type pDCs), which

was an interesting finding because Tsc1

encodes a negative regulator of the mam-

malian target of rapamycin (mTOR).10

Although the positive role of mTOR

on pDCs survival had already been

reported,11 those findings indicated for

the first time that miR-126 could control

the expression of a negative regulator of

the mTOR pathway. The fact that an

increased expression of Tsc1 could be

detected in the absence of miR-126 further

suggested a link between the impaired cell

survival in Mir1262/2 pDCs and the nega-

tive regulation of the mTOR pathway.

Additionally, in the absence of miR-126,

a downregulation of the Kdr gene in pDCs

was observed. Kdr encodes VEGFR2, the

main receptor for the growth factor

VEGF-A, and VEGF is involved in angio-

genesis and vasculogenesis, having a pivo-

tal role in the promotion of endothelial

cells proliferation.12 Cell surface expression

of VEGFR2 was observed on pDCs from

both mouse and human tissues, with a

reduced expression in Mir1262/2 pDCs

as compared to controls.

Considering that the lack of miR-126 in

pDCs caused a reduction in VEGFR2

expression and mTOR activation, it was

reasonable to assume that mTOR signaling

influenced VEGFR2 expression. The posi-

tive regulation of miR-126 on VEGFR2

expression in pDCs via mTOR was con-

firmed by finding that inhibition of mTOR

in vitro and in vivo with rapamycin led to

a downregulation of the expression of

VEGFR2.

Finally, to assess whether VEGF enhanced

pDCs survival, and to establish a role of

VEGFR2 in the process, mice with Kdr

deletion specifically in DCs were generated.

A ,40% reduction in the number of pDCs

was observed in those mice as compared to

Mir-1262/2 mice, indicating that Kdr pro-

moted survival of pDCs, and in vivo stimu-

lation with TLR agonists associated with

impaired production of type I IFNs in

pDCs from the mice lacking Kdr.

Taken together, the above data indicate

an involvement of VEGF signaling in pDCs

survival and function, and identify miR-

126 as a positive regulator of VEGFR2 in

pDCs, via the mTOR pathway (Figure 1).

FUTURE DIRECTIONS

This study shows that miR-126 modu-

lates the innate immune response in

pDCs, and uncovers a new function of

miR-126 as a modulator of pDCs survival

and function. Until now, miR-126 was

only recognized for its role on endothelial

cells, tissue inflammation (as regulator of

cell adhesion proteins such as vascular

cell adhesion molecule-1) and tumori-

genesis (where miR-126 can act as onco-

gene or oncosuppressor).13,14

pDCs are central components of the

immune response to pathogens and play a

key role in the maintenance of immune

tolerance. As mentioned before, pDCs pro-

duce large amount of type I IFNs, following

TLR7/9 activation, in response to patho-

gens. While this aspect has clear protective

effects in fighting infection, an excessive

secretion of IFNs can favor the develop-

ment of autoimmune disease.1 Since TLR

agonists can act as adjuvants in vaccination,

the understanding of how pDCs respond to

TLR stimulation has thus important impli-

cations for the design of approaches aimed

at potentiating vaccine immunogenicity

and/or anti-tumor immunotherapy.

The work by Agudo et al. implies that a

reduced expression of miR-126 could favor

viral infection but also tumorigenesis, since

tumor-infiltrating pDCs produce reduced

amounts of IFN-a upon TLR stimulation,

favoring tumor escape and cancerogen-

esis.15 As pDCs are attracted to tumor sites

by chemotactic stimuli mediated in part by

adhesion to endothelial cells, miR-126

could favor recruitment of pDCs in cancer,

and tissue-inflitrating pDCs would then

produce low amounts of IFN-a locally.

Research Highlight

216

Cellular & Molecular Immunology



On the other side, miR-126 upregula-

tion could promote chronic inflam-

mation and autoimmunity. Thus, a

balanced expression of miR-126 expres-

sion should be sought, to avoid develop-

ment of disparate pathologies.

The contribution of the current manu-

script to the understanding of the role of

miR-126 in VEGF signaling in pDCs also

suggests to better ponder the use of drugs

that target this pathway. VEGFR2 stimu-

lates proliferation of endothelial cells and in

cancer, the blockade of the VEFG pathway

has been proposed to exert protective

effects. However, since this manuscript

shows that VEGFR2 is crucial to preserve

pDC function, dampening VEGFR2 stimu-

lation could compromise protective innate

responses mediated by pDCs. Broader

analyses on VEGF-targeted therapies,

and more information on the pathways

involved, are now awaited.
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Figure 1 Schematic representation of the effects of miR-126 and VEGF signaling in pDCs. The activation of TLR7/9 induces the transcription of pro-
inflammatory cytokines and type I IFNs. In physiological conditions, miR-126 ensures proper TLR7/9 responses and pDC survival (a reduction of
Tsc1 promotes the activation of mTOR and subsequent VEGFR2 expression). VEGFR2, in turn, promotes production of type I IFNs and, in a positive
feedback, further enhances mTOR by inhibiting Tsc2. The abundance of VEGFR2 in the presence of miR-126 preserves pDC homeostasis and
function, acting on both cell growth and activation. IFN, interferon; mTOR, mammalian target of rapamycin; pDC, plasmacytoid dendritic cell; TLR,
Toll-like receptor; VEGF, vascular endothelial growth factor.
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