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Identification of a Novel Toll-like Receptor 7 Endogenous
Ligand in Rheumatoid Arthritis Synovial Fluid That Can

Provoke Arthritic Joint Inflammation
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Objective. Levels of Toll-like receptor 7 (TLR-7)
are elevated in rheumatoid arthritis (RA), but the
impact on RA is unknown because the endogenous
ligand for TLR-7 has not been identified. The aim of
this study was to identify a TLR-7 endogenous ligand
and to determine its role in the pathogenesis of RA.

Methods. The presence of an endogenous TLR-7
ligand, microRNA let-7b (miR-let-7b), was examined by
real-time polymerase chain reaction (PCR) analysis.
Using RA knockdown cells, TLR-7–knockout mice, or
antagonist, the specificity of miR-let-7b as a potential
ligand for TLR-7 was tested. The mechanism by which
ligation of miR-let-7b to TLR-7 promotes disease was
investigated in RA myeloid cells by real-time PCR,
enzyme-linked immunosorbent assay, and fluorescence-
activated cell sorting. We also established the effect of
ectopic miR-let-7b expression on arthritic joint
inflammation.

Results. We found that a TLR-7 endogenous
ligand resides mainly in RA synovial fluid macro-
phages. The GU-rich domain in miR-let-7b was found
to be essential for TLR-7 ligation, since miR-147, the
positive control for GU, was able to stimulate TLR-71

myeloid cells, whereas miR-124, the negative, non-GU,
control, was not. We demonstrated that miR-let-7b or
exosomes containing miR-let-7b could transform the
RA and/or mouse naive or antiinflammatory macro-
phages into inflammatory M1 macrophages via TLR-7
ligation. Consistently, we showed that miR-let-7b pro-
vokes arthritis by remodeling naive myeloid cells into
M1 macrophages via TLR-7 ligation, since joint swell-
ing and M1 macrophages are absent in TLR-7–
deficient mice.

Conclusion. The results of this study underscore
the importance of miR-let-7b ligation to TLR-7 in the
joint during the effector phase of RA.

Toll-like receptors (TLRs) are pattern-
recognition receptors that can distinguish self from non-
self and are classified into 2 groups based on their distri-
bution and ligand selection (1–3). TLRs 1, 2, 4, 5, and 6
are expressed on the cell surface and recognize microbi-
al components, whereas the endosomal TLRs 3, 7, 8,
and 9 detect nucleic acids (4–6). Studies performed in
patients with rheumatoid arthritis (RA) (7–10) and in
mice with experimental arthritis (11–13) strongly sup-
port the contribution of TLR-2/4 in the disease patho-
genesis; however, nothing is known about the
endogenous ligands that bind to the endosomal TLRs
and their impact on RA pathology.

Fewer resources have been devoted to studying
the role of endosomal TLRs in RA pathogenesis, as
their endogenous ligands remain unknown. However,
because TLR-7 is greatly elevated in synovial tissue
(ST) lining and sublining macrophages from RA
patients as compared to normal subjects and because its
expression closely correlates with the Disease Activity
Score in 28 joints (DAS28) and with the tumor necro-
sis factor (TNF) concentration in myeloid cells (14),
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there is an unmet need to investigate the significance
of TLR-7 and its endogenous ligand in the pathogene-
sis of RA.

We have shown that human TLRs 7 and
8 respond to RNA extracted from RA synovial fluid
(SF) and the synthetic nucleoside analog imidazoquino-
line (R848) (14). Interestingly, single-stranded RNA
(ssRNA) containing GU-rich or poly(U) sequences can
trigger both TLR-7 and TLR-8; however, TLR-7 prefer-
entially recognizes GU-rich RNA sequences, while
TLR-8 has greater binding affinity for AU-rich oligos
(15,16). In contrast to the TLR-7 data, TLR-8 expression
in RA myeloid cells did not correlate with the DAS28,
the TNF level, or the TLR-7 level (14). We therefore
sought to identify a specific TLR-7 binding microRNA
(miRNA) in RA SF.

MicroRNAs are short noncoding RNAs that are
19–24 nucleotides in length. To date, as many as 17
miRNAs (miRNAs 16, 23b, 26a, 34, 124a, 132, 142-3p/
5p, 146a, 150, 155, 203, 221/222, 223, 323-3p, 363, and
498) have been identified in RA SF, ST, serum, and
peripheral blood mononuclear cells, of which miRNA-
146a (miR-146a) and miR-155 are the most abundant
species and have therefore been the focus of many stud-
ies (17–19). It has been shown that miR-146a and miR-
155 are modulated by TLRs, TNF, and interleukin-1b

(IL-1b) in a variety of cell types, including myeloid cells,
B cells, T cells, and RA fibroblasts (17–19). Previous
studies showed that miR-146a has an antiinflammatory
effect and is responsible for lipopolysaccharide (LPS)
tolerance (20), and it also strongly abrogates bone
destruction in collagen-induced arthritis (CIA) (17,18,
21). In contrast, miR-1552/2 mice in a K/BxN arthritis
model were shown to have impaired bone erosion due to
defects in RANKL-mediated osteoclastogenesis (22).

We found that SF ssRNA, which can bind to RA
TLR-71 myeloid cells, is a GUUGUGU-rich miR-let-
7b that is predominantly packaged in exosomes of RA
SF macrophages. Interestingly, induction of cell death
in RA SF macrophages can further accentuate the dis-
charge of the exosomal miR-let-7b into the SF. We
found that local expression of miR-let-7b contributes to
arthritic joint inflammation through a mechanism that is
dependent on the transformation of naive myeloid cells
into M1 macrophages. Consistent with this notion, we
found that miR-let-7b–incorporated exosomes are fully
functional and that fusion of exosomal miR-let-7b into
M2 myeloid cells promotes M1 macrophage differentia-
tion. Our results thus suggest that TLR-7 and its endog-
enous ligand miR-let-7b may be a promising target for
RA therapy.

MATERIALS AND METHODS

Extraction of GU-rich miRNA from RA speci-
mens. Studies were approved by the Institutional Review
Board of the University of Illinois at Chicago, and all donors
gave informed written consent. RA patients were diagnosed
according to the American College of Rheumatology 1987
revised criteria (23).

RNA was extracted from 1 ml of RA SF, osteoarthritis
(OA) SF, RA plasma, and normal plasma. The RNA (10 ng)
was reverse transcribed, and levels of miRNA were deter-
mined by real-time reverse transcription–polymerase chain
reaction (RT-PCR) using a microRNA assay for hsa-let-7b
according to the manufacturer’s instructions (Life Technolo-
gies). The copy number of exosomal miR-let-7b was calculated
via a standard curve using the synthetic miR-let-7b (Gen-
Script) and plotting the Ct values against the copy number, as
described previously (24).

Mononuclear cells were isolated by Histopaque gradi-
ent centrifugation. Monocytes and T cells were isolated from
normal and RA peripheral blood (PB) and/or SF using a nega-
tive selection kit (StemCell Technologies) (25,26), and neutro-
phils were isolated from normal PB (27). The copy number of
miR-let-7b and miR-29a (Life Technologies) in exosomes was
determined in PB T cells, in vitro differentiated macrophages,
and neutrophils, as well as in RA SF macrophages and RA ST
fibroblasts.

Isolation of exosomes from RA SF and RA ST. RA
SF macrophages (4 3 106) or RA ST fibroblasts (0.33 gm)
were cultured for 24 hours in 1 ml of RPMI 1640. Samples
were then left untreated or were treated for 3 hours with 1 mM
staurosporine to induce apoptosis, and then subjected to 3
freeze–thaw cycles to provoke necrosis. The medium was then
collected, and exosomes were extracted using a total exosome
isolation kit (Life Technologies).

RA myeloid cell treatment. To examine whether
TLR-7 knockdown could impair miR-let-7b activation, differ-
entiated macrophages from RA PB were transfected with 100
nM control or TLR-7 small interfering RNA (siRNA; Santa
Cruz Biotechnology) for 72 hours using Lipofectamine RNAi-
MAX (Life Technologies). Cells were then left untreated or
were treated with R837 (InvivoGen; 1 mg/ml) as well as with 5
mg/ml of phosphorothioated miR-124, miR-147, and miR-let-
7b (GenScript) for 6 hours, and the levels of TNF, IL-6, and
IL-8 were quantified by real-time RT-PCR. To document
whether chloroquine (InvivoGen), an inhibitor of endosomal
acidification, or A151 (InvivoGen), a TLR-7 antagonist, could
similarly block miR-let-7b activation, RA PB monocytes or
RA PB differentiated macrophages were left untreated or
were treated with 5 mg/ml of miR-let-7b alone, miR-let-7b
plus chloroquine (50 mM), or miR-let-7b plus A151 (1 mM) for
6 hours, and the levels of TNF and IL-6 were quantified by
real-time RT-PCR. To compare the potency of R837 and
miR-let-7b, RA PB macrophages were left untreated or were
treated with R837 (0.1 and 1 mg/ml) or miR-let-7b (0.25 and 5
mg/ml) for 18 hours, and the levels of TNF and IL-6 were
determined by enzyme-linked immunosorbent assay (ELISA;
R&D Systems).

To demonstrate the specificity of TLR-7 binding to
miR-let-7b, THP-1 cells were transfected with 100 nM control,
TLR-7, or TLR-8 siRNA (Santa Cruz Biotechnology) for 72
hours using Lipofectamine RNAiMAX according to the man-
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ufacturer’s instructions. Cells were then left untreated or were
stimulated with miR-let-7b (5 mg/ml) for 6 hours, and the stim-
ulatory effect of miR-let-7b was tested.

Western blot analysis. TLR-7 and TLR-8 knockdown
studies were performed as described above, and the reduction
of TLR-7 and/or TLR-8 levels was examined by Western blot

analysis. Blots were probed with antibodies against TLR-7,
TLR-8 (1:1,000 dilution), or actin (1:3,000 dilution) using
Western blot blocking buffer (5% milk in Tris buffered saline–
Tween). Activation of inducible nitric oxide synthase (iNOS)
was examined in RA PB macrophages that had been left
untreated or treated with R837 (1 mg/ml) or miR-let-7b (5 mg/

Figure 1. Detection of accentuated microRNA let-7b (miR-let-7b) expression in rheumatoid arthritis (RA) synovial fluid (SF) macrophages. A,

Copy numbers of miR-let-7b in normal (NL) plasma, RA plasma, osteoarthritis (OA) SF, and RA SF (n 5 10–13 samples per group), as deter-
mined by real-time reverse transcription–polymerase chain reaction (RT-PCR). B and C, Exosomal secretion of miR-let-7b and miR-29a in periph-
eral blood (PB) T cells, in vitro–differentiated macrophages (Mac), and neutrophils (neutro) (n 5 3–5 samples per group) (B) as well as in RA SF
macrophages and RA synovial tissue (ST) fibroblasts (fibro) (n 5 3 samples per group) (C). D and E, Copy numbers of miR-let-7b in RA SF
macrophages (D) or RA ST (E). Samples (n 5 3 per group) were left untreated (NT) or were treated for 6 hours with 1 mM staurosporine to
induce apoptosis or were subjected to repetitive freeze–thawing to promote necrosis. Exosomes released into the medium were extracted, and miR-
let-7b copies were quantified. F, Levels of mRNA for tumor necrosis factor (TNF) and interleukin-6 (IL-6), as determined by real-time RT-PCR
(n 5 3 samples per group). RA PB in vitro–differentiated macrophages were left untreated (phosphate buffered saline [PBS] alone) or were treated
for 6 hours with 5 mg/ml of miR-124, miR-147, or miR-let-7b. G and H, Western blot analysis of Toll-like receptor 7 (TLR-7) expression in control
or knockdown cells and quantification of IL-6 (G) and IL-8 (H) transcription levels in in vitro–differentiated RA PB macrophages (n 5 3 samples
per group) after knockdown with small interfering RNA (siRNA). Cells were transfected for 72 hours with 100 nM control (Ctl-si) or TLR-7
(TLR7-si) siRNA and were left untreated or were stimulated for 6 hours with 1 mg/ml of R837 or with 5 mg/ml of miR-124, miR-147, or miR-let-
7b. I, Western blot analysis and quantification of THP-1 cells transfected for 72 hours with 100 nM control, TLR-7, or TLR-8 siRNA. Cells were
left untreated or were stimulated for 6 hours with miR-let-7b, and IL-6 was quantified by real-time RT-PCR (n 5 3 samples per group). The
expression of TLRs 7 and 8 was markedly reduced after knockdown as compared to controls. Actin was used in Western blots as loading control.
Fold change represents the increase over no treatment. Values are the mean 6 SEM. * 5 P , 0.05. ND 5 not done.
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ml) for 18 hours. Cell lysates were then probed with iNOS
(1:1,000 dilution; Santa Cruz Biotechnology).

Flow cytometry. To document that miR-let-7b trans-
forms naive cells into M1 macrophages, PB macrophages were
left untreated or were treated with interferon-g (IFNg)/LPS
(100 ng/ml each), R837 (1 mg/ml), or miR-let-7b (5 mg/ml) for
24 hours, and the frequency of CD127 cells was determined by
fluorescence-activated cell sorter (FACS) analysis. To show
that miR-let-7b ligation remodels M2 into M1 macrophages,
mouse bone marrow cells were cultured for 7 days in
macrophage–colony-stimulating factor (M-CSF) (20 ng/ml;
M2). Cells were then left untreated or were treated with IFNg
(100 ng/ml), R837 (1 mg/ml), or 5 mg/ml of miR-124, miR-147,
or miR-let-7b for 24 hours, and the frequency of CD80 was
quantified by FACS analysis.

To establish that miR-let-7b provokes arthritis by
recruiting F4/801 cells into the joints, ankles from mice
injected intraarticularly with adenovirus Ad-let-7b or Ad-
control were harvested on day 7. Cells were then isolated from
6 ankle joints from 3 different mice (3 in the first run and 3 in
the second) that had been crushed and vigorously vortexed in
phosphate buffered saline (PBS) and filtered through a strain-
er. The total cell number was counted, and the percentage of
F4/80 cells was determined by FACS analysis after staining
with phycoerythrin-labeled F4/80 (eBioscience). Results are
reported as the number of F4/801 cells per ankle.

Treatment of mouse bone marrow cells. To substan-
tiate the M0, M1, and M2 macrophage phenotype, mouse
bone marrow cells were cultured in M-CSF plus granulocyte–
macrophage colony-stimulating factor (GM-CSF) (10 ng/ml of

Figure 2. Impaired miR-let-7b–induced M1 macrophage differentiation following treatment with a TLR-7 antagonist (A151) or an inhibitor of
endosomal acidification (chloroquine). A and B, RA PB monocytes (A) or RA PB in vitro–differentiated macrophages (B) were left untreated
(PBS) or were treated for 6 hours with 5 mg/ml of miR-let-7b (miR-L) alone, miR-let-7b plus chloroquine (50 mM; Chlor), or miR-let-7b plus
A151 (1 mM), and the levels of mRNA for TNF and IL-6 were determined by real-time RT-PCR (n 5 3 samples per group). C, RA PB in vitro–
differentiated macrophages were left untreated (PBS) or were treated for 18 hours with R837 (0.1 or 1 mg/ml) and miR-let-7b (0.25 or 5 mg/ml),
and the levels of TNF and IL-6 protein were determined by enzyme-linked immunosorbent assay (n 5 5 samples per group). D, RA PB in vitro–
differentiated macrophages were left untreated (PBS) or were treated for 18 hours with R837 (1 mg/ml) or miR-let-7b (5 mg/ml), and cell lysates
were probed for inducible nitric oxide synthase (iNOS). A representative Western blot (n 5 3 samples per group) is shown. Actin was used as a
loading control. E, RA PB in vitro–differentiated macrophages were left untreated or were treated for 24 hours with interferon-g (IFNg) plus
lipopolysaccharide (LPS) (100 ng/ml each), R837 (1 mg/ml), or miR-let-7b (5 mg/ml), and the frequency of CD127 was determined by
fluorescence-activated cell sorter analysis (n 5 3 samples per group). Values are the mean 6 SEM. * 5 P , 0.05. See Figure 1 for other
definitions.
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each; M0), GM-CSF alone (20 ng/ml; M1), or M-CSF alone
(20 ng/ml; M2) for 7 days. Subsequently, cells were stimulated
with LPS (100 ng/ml) for 6 hours, and levels of TNF, IL-6, and
IL-10 protein were determined by ELISA. To determine the
pathogenic effect of miR-let-7b, bone marrow cells were cul-
tured with M-CSF plus GM-CSF (10 ng/ml each; M0) or M-
CSF alone (20 ng/ml; M2) for 7 days and were then treated
with PBS, IFNg (100 ng/ml), R837 (1 mg/ml), or with 5 mg/ml
of miR-124, miR-147, or miR-let-7b for 6 hours, and the levels
of TNF, IL-6, CCL2, and CCL5 were quantified by real-time
RT-PCR. Alternatively, treatment was continued for 24 hours,
and the levels of TNF and IL-6 were quantified by ELISA.

To demonstrate that miR-let-7b functions through
TLR-7, bone marrow cells were cultured with M-CSF (20 ng/
ml) for 7 days and were then left untreated or were treated
with R837 (1 mg/ml) or miR-124/miR-147/miR-let-7b (5 mg/
ml), in the presence or absence of A151 (1 mM), for 6 hours,
and the TNF and IL-6 transcription levels were quantified.

The binding specificity of miR-let-7b was validated
with bone marrow cells obtained from wild-type (WT) mice

and TLR-72/2 mice (The Jackson Laboratory). Cells had been
cultured in M-CSF (20 ng/ml) for 7 days prior to stimulation
with PBS, IFNg (100 ng/ml), R837 (1 mg/ml), or with 5 mg/ml
of miR-124, miR-147, or miR-let-7b for 6 hours, and the TNF
and IL-6 transcription levels were quantified.

Generation of exosomal miR-let-7b and determina-
tion of its functionality. To demonstrate that exosomes con-
taining miR-let-7b are fully functional, bone marrow cells
were differentiated with M-CSF (20 ng/ml) for 7 days. The
cells were then left uninfected (mock) or were infected with
100 multiplicities of infection of Ad-control or Ad-let-7b (Vec-
tor BioLabs) for 4 days. Using a total exosome precipitation
reagent (Life Technologies), the exosomes were extracted
from the media in which the cells had been exposed to 3
freeze–thaw cycles. Bone marrow cells that had differentiated
to M2 macrophages were stimulated with the exosomes
obtained from an earlier experiment which contained no ade-
novirus (mock), or they were incorporated with Ad-control or
Ad-let-7b for 6 hours. TNF and IL-6 levels were then deter-
mined by real-time RT-PCR.

Figure 3. Transformation of mouse bone marrow naive (M0) and antiinflammatory (M2) macrophages into proinflammatory M1 myeloid cells
following ligation of GU-rich miR-let-7b. A, Wild-type (WT) mouse bone marrow cells were cultured for 7 days in macrophage–colony-
stimulating factor (M-CSF) plus granulocyte–macrophage CSF (GM-CSF) (10 ng/ml of each; M0), GM-CSF alone (20 ng/ml; M1), or M-CSF
alone (20 ng/ml; M2). Cells were then stimulated for 6 hours with lipopolysaccharide (LPS), and the levels of TNF, IL-6, and IL-10 protein were
determined by enzyme-linked immunosorbent assay (ELISA). B and C, WT mouse bone marrow cells were cultured for 7 days with M-CSF plus
GM-CSF (10 ng/ml each; M0) (B) or M-CSF (20 ng/ml; M2) (C), treated for 6 hours with PBS, interferon-g (IFNg; 100 ng/ml), R837 (1 mg/ml),
or miR-let-7b (5 mg/ml), and the levels of mRNA for TNF and IL-6 were determined by real-time RT-PCR. D and E, Bone marrow cells were
cultured for 7 days with M-CSF (20 ng/ml; M2), treated for 6 hours with PBS or with 5 mg/ml of miR-124, miR-147, or miR-let-7b, and the lev-
els of mRNA for TNF and IL-6 (D) as well as for CCL2 and CCL5 (E) were determined by real-time RT-PCR. F and G, WT mouse bone mar-
row cells were cultured for 7 days in M-CSF (20 ng/ml; M2) and were then left untreated (PBS) or were stimulated for 24 hours with IFNg (for
protein assessment; 100 ng/ml) as well as with R837 (1 mg/ml) or with 5 mg/ml of miR-124, miR-147, or miR-let-7b, and the levels of TNF and
IL-6 protein were determined by ELISA (F) and the frequency of CD80 was determined by fluorescence-activated cell sorting (G). Values are
the mean 6 SEM of 3 samples per group. * 5 P , 0.05. See Figure 1 for other definitions.

ROLE OF TLR-7 LIGAND IN RA 1103



Study protocol for miR-let-7b–induced arthritis. All
animal studies were approved by the Animal Care and Use
Committee of the University of Illinois at Chicago. WT
C57BL/6 mice or TLR-72/2 mice (6–8 weeks old) were
injected intraarticularly with 107 plaque-forming units of Ad-
control or Ad-let-7b on day 0, and the joint circumference was
measured from day 0 to 7, as described elsewhere (28–30).
These experiments were independently repeated at least twice
with the TLR-72/2 mice and 4 times with the WT mice.

Ankles to be used for histologic assessments were har-
vested on day 7 and were decalcified, formalin fixed, paraffin
embedded, and sectioned. Slides were then deparaffinized in
xylene, and antigens were unmasked by incubating the slides

in proteinase K digestion buffer (Dako). Ankles were stained
with F4/80 (1:100 dilution; Serotec), iNOS (1:200 dilution), or
control IgG antibodies. Hematoxylin and eosin–stained ankle
sections were scored by 2 observers (SK and MVV) who were
blinded with regard to the experimental group. Each of the fol-
lowing features was scored on a 0–5 scale (where 0 5 normal):
inflammation, synovial lining thickness, bone erosion, myeloid
cell recruitment to the joint, and their differentiation into M1
macrophages.

Messenger RNA (mRNA) or protein was extracted
from WT and TLR-72/2 ankle homogenates, and levels of
TNF, IL-1b, IL-6, CCL2, CCL5, iNOS, and transforming
growth factor b (TGFb) mRNA were quantified by real-time

Figure 4. Dysregulation of mouse bone marrow M2!M1 remodeling provoked by miR-let-7b via the use of TLR-7 antagonist or knockout
mice. A and B, Bone marrow cells were cultured for 7 days with macrophage–colony-stimulating factor (M-CSF) (20 ng/ml; M2) and were left
untreated (PBS) or were treated for 6 hours with 1 mg/ml of R837 in the presence or absence of A151 (1 mM), as well as with 5 mg/ml of miR-
124, miR-147, or miR-let-7b in the presence or absence of A151, and the levels of TNF (A) and IL-6 (B) transcription were determined. C and
D, Bone marrow cells obtained from C57BL/6 wild-type (WT) mice and TLR-7–/– mice were cultured for 7 days in M-CSF (20 ng/ml; M2),
treated for 6 hours with PBS, interferon-g (IFNg; 100 ng/ml), R837 (1 mg/ml), and with 5 mg/ml of miR-124, miR-147, or miR-let-7b, and the
transcription levels of TNF (C) and IL-6 (D) were determined by real-time RT-PCR. Values are the mean 6 SEM of 3 samples per group. * 5 P

, 0.05. See Figure 1 for other definitions.
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RT-PCR. Levels of TNF, IL-1b, IL-6, CCL2, CCL5, IFNg,
CXCL2, and IL-10 protein were determined by ELISA (R&D
Systems).

Statistical analysis. One-way analysis of variance was
used to compare multiple groups and was followed post hoc by
Student’s 2-tailed t-test. The data were also analyzed by Student’s
2-tailed t-test for paired or unpaired comparisons between 2
groups. P values less than 0.05 were considered significant.

RESULTS

Expression of GU-rich oligos in RA SF. Consistent
with the distribution of RA SF ssRNA (14), we found
that miR-let-7b was markedly elevated in RA SF as com-
pared to OA SF (14-fold), RA plasma (260-fold), and

normal plasma (450-fold) (Figure 1A). We found that in
blood, exosome levels of miR-let-7b were highest in
monocyte-derived macrophages as compared to T cells
and neutrophils (23-fold and 113-fold higher, respective-
ly). Interestingly, a different GU-rich miRNA (miR-29a)
was detected in exosomes released from all 3 cell types;
however, the concentrations of exosomal miR-29a were
significantly lower than those of miR-let-7b in exosomes
discharged from T cells, in vitro–differentiated macro-
phages, and neutrophils (5-fold, 47-fold, and 12.5-fold,
respectively) (Figure 1B). Consistent with the expression
pattern of exosomal miR-let-7b in blood myeloid cells,
miR-let-7b was predominantly expressed in exosomes
released from RA SF macrophages as compared to RA

Figure 5. Full functionality of exosomes containing miR-let-7b, their potent differentiation of M2 myeloid cells into M1 macrophages, and the foster-
ing of arthritic joint inflammation through the local expression of miR-let-7b. A, Mouse bone marrow (MBM) cells were differentiated for 7 days with
macrophage–colony-stimulating factor (M-CSF; 20 ng/ml), cells were left uninfected (mock) or were infected for 4 days with 100 multiplicities of infec-
tion of adenovirus control (Ad-Ctl) or Ad-miR-let-7b (Ad-let-7b), exosomes were extracted, and miR-let-7b copy numbers were determined (n 5 3 sam-
ples per group). B, Bone marrow cells differentiated to M2 macrophages were left untreated (PBS) or were stimulated for 6 hours with miR-let-7b or
with the exosomes isolated from the media in A, which contained no adenovirus (mock) or had incorporated Ad-Ctl or Ad-let-7b, and the levels of
mRNA for TNF and IL-6 were determined by real-time RT-PCR (n 5 3 samples per group). C, Changes in ankle circumference were assessed in wild-
type (WT) mice or TLR-72/2 mice that had been injected intraarticularly (IA) with 107 PFU of Ad-Ctl or Ad-let-7b. Ankles were harvested on day 7
(n 5 8 mice/16 ankles per group). D, Hematoxylin and eosin (H&E)–stained ankles from all 4 experimental groups were scored for inflammation
(inflam), synovial lining thickness, and bone erosion (n 5 6 ankles per group). Values are the mean 6 SEM. * 5 P , 0.05. E, Representative H&E–
stained sections of ankle joints from the 4 experimental groups (n 5 6 ankles per group) are shown. Original magnification 3 200. See Figure 1 for other
definitions. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/journal/doi/10.1002/art.39544/abstract.

ROLE OF TLR-7 LIGAND IN RA 1105

http://onlinelibrary.wiley.com/journal/doi/10.1002/art.39544/abstract


ST fibroblasts (Figure 1C). While miR-29a was undetect-
able in the exosomes discharged from RA ST fibroblasts,
its levels were greatly reduced compared to the exosomal
miR-let-7b secreted from RA SF macrophages (13-fold)
(Figure 1C).

We further found that exosomes released from
RA SF macrophages were an important source of miR-
let-7b storage (78 copies) and that cell death mediated
by apoptosis (660 copies, 8-fold) or necrosis (74,900
copies, 950-fold) could further potentiate the discharge
of exosomal miR-let-7b into RA SF (Figure 1D). We
found that similar to RA SF, exosomes residing in RA
ST contained miR-let-7b (2,330 copies) and that
induced cell death could also increase the release of the
miR-let-7b–incorporated exosomes from 7-fold to 163-

fold (Figure 1E). These results show that the TLR-7
endogenous ligand, miR-let-7b, is primarily released
from exosomes residing in RA SF macrophages and
that its expression is markedly greater than that of the
GU-rich miR-29a.

Selective binding of GU-rich miR-let-7b to TLR-
7. Since in RA samples, levels of miR-let-7b were mark-
edly higher than levels of miR-29a, our studies then
focused on determining the impact of miR-let-7b on the
pathogenesis of RA. We found that having a GU-rich
motif could facilitate miRNA binding and activation of
TLR-7. This finding was confirmed by the use of
miR-124, a non–GU-rich oligo present in RA fibro-
blasts (17,31,32), as a negative control and miR-147
(GUGUG), a GU-rich oligo that is undetectable in RA

Figure 6. Provocation of joint inflammation via miR-let-7b attraction of myeloid cells into the joints and their reconstruction into proinflamma-
tory M1 macrophages. A, Wild-type (WT) or TLR-72/2 mice were ectopically injected with adenovirus control (Ad-Ctl) or Ad-miR-let-7b (Ad-
let-7b), joints were harvested on day 7 and stained with anti-F4/80 and anti–inducible nitric oxide synthase (anti-iNOS) antibodies, and the stain-
ing was scored. B and C, Representative sections of ankle joints from the 4 experimental groups (n 5 6 ankles per group) stained with F4/80 (B)
and iNOS (C) are shown. Original magnification 3 200. D, Ankles from WT mice injected intraarticularly with Ad-Ctl or Ad-let-7b were har-
vested on day 7. Six ankle joints from 3 different mice (3 in the first run and 3 in the second) were crushed, vigorously vortexed in PBS, and fil-
tered through a strainer. The total cell number was determined by fluorescence-activated cell sorting, and cells were then isolated and stained
with phycoerythrin-labeled F4/80. Results are shown as the number of F4/801 cells per ankle (n 5 6 samples per group). E and F, Ankle homo-
genates from the 4 experimental groups were prepared, and the levels of mRNA for TNF, IL-1b, IL-6, CCL2, CCL5, iNOS, and transforming
growth factor b (TGFb) were determined by real-time RT-PCR (E), and the levels of TNF, IL-1b, IL-6, CCL2, CCL5, interferon-g (IFNg),
CXCL2, and IL-10 protein were determined by enzyme-linked immunosorbent assay (F) (n 5 5 ankles per group). Values are the mean 6 SEM.

* 5 P , 0.05. See Figure 1 for other definitions.
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samples, as a positive control. Results obtained from
RA PB–differentiated macrophages demonstrated that
while the GU-rich miR-let-7b (6–28-fold, respectively)
and miR-147 (18–50-fold, respectively) could activate
TNF and IL-6 transcription, miR-124 could not (Fig-
ure 1F). Consistent with this, we found that miR-let-
7b2 and miR-147–driven IL-6 or IL-8 transcription
was impaired by TLR-7 knockdown as compared to the
control counterparts (Figures 1G and H).

Since ssRNA can bind to both TLR-7 and TLR-
8, we next sought to determine whether miR-let-7b
could preferentially bind to TLR-7. We demonstrated
that miR-let-7b explicitly ligated TLR-7, as knockdown
of TLR-7, but not TLR-8, could modulate the miR-let-
7b–mediated IL-6 transcription in THP-1 cells (Figure
1I). This suggests that TLR-7 is not randomly activated
by nonspecific miRNA and that the highly expressed
GU-rich miR-let-7b can bind to and activate TLR-7.

Transformation of naive RA myeloid cells into
M1 macrophages following ligation of miR-let-7b. To
confirm the results of the TLR-7 knockdown studies, we
examined whether chloroquine and A151 treatment in
RA PB monocytes and differentiated macrophages
could impair endosomal function and TLR-7 activation.
We found that both chloroquine and A151 therapy
could effectively impair miR-let-7b–induced TNF and
IL-6 production in RA monocytes and macrophages
(Figures 2A and B). Next, different concentrations of
miR-let-7b and the TLR-7 agonist R837 were used to
assess miR-let-7b potency. We found that in RA macro-
phages, miR-let-7b could induce TNF production at a
concentration of 0.25 mg/ml (0.034 mM), which is mark-
edly lower than the levels required for R837 stimulation
(1 mg/ml; 4.16 mM) (Figure 2C).

Based on the potent effects of miR-let-7b on
TNF and IL-6 transcription and secretion, we sought to
determine whether miR-let-7b is capable of remodeling
naive RA myeloid cells into proinflammatory M1
macrophages. We found that, similar to the M1 positive
controls, IFNg and LPS, miR-let-7b could transform
naive myeloid cells from RA patients into M1 macro-
phages that expressed elevated levels of iNOS and the
M1 cell surface marker CD127 (Figures 2D and E).
Taken together, our results document that miR-let-7b
can facilitate RA pathology by specifically binding to
naive TLR-71 myeloid cells and reconstructing them
into proinflammatory M1 macrophages.

MicroRNA-let-7b conversion of mouse bone
marrow M0 and M2 cells into M1 macrophages
through TLR-7 ligation. We found that GM-CSF–
derived bone marrow M1 cells had the higher inflamma-
tory (TNF and IL-6 production) and the lower antiin-

flammatory (IL-10 production) cytokine profile
compared to M-CSF–derived bone marrow M2 macro-
phages, whereas GM-CSF–derived and M-CSF–derived
M0 cells had a baseline profile that was intermediate to
the phenotype detected in M1 and M2 myeloid cells
(Figure 3A). When the effects of R837 and miR-let-7b
on the mouse macrophage phenotype were examined,
we found that, like the M1 positive control IFNg, both
TLR-7 ligands could potently transform M0 and M2
myeloid cells into M1 macrophages, as assessed by TNF
and IL-6 transcription (Figures 3B and C). As in RA
cells, only miRNAs with a GU-rich motif, such as miR-
let-7b and miR-147, could strongly convert the mouse
M2 macrophages into M1 cells (Figures 3C and D).
This was documented by the transcription and/or pro-
duction of TNF (50-fold protein for miR-let-7b and 90-
fold protein for miR-147), IL-6 (100-fold protein for
miR-let-7b and 150-fold protein for miR-147), CCL2,
and CCL5, as well as the expression of the mouse M1
marker CD80 (2–2.5-fold), whereas the non–GU-rich
miR-124 lacked this ability (Figures 3C–G).

The M1 maturation process driven by miR-let-7b
and miR-147 was found to be mediated through TLR-7
ligation, given that the use of a TLR-7 antagonist
(A151) or TLR-72/2 mice was shown to impair this
function (Figures 4A–D). However, TLR-7 deficiency
had no effect on the remodeling of murine M2!M1
macrophages driven by IFNg (Figures 4C and D). Thus,
our results demonstrate that miR-let-7b is capable of
polarizing WT M0 and M2 cells into M1 macrophages,
and since this effect is lost in TLR-72/2 murine cells, it
would indicate that ligation of miR-let-7b to TLR-7 is
indispensable for shifting the balance toward M1 macro-
phage differentiation.

Full functionality of miR-let-7b–incorporated
exosomes and strong promotion of arthritis by local
ligation of miR-let-7b to TLR-7. To demonstrate that
exosomes containing miR-let-7b are fully functional, exo-
somes were extracted from mouse bone marrow progeni-
tor cells 4 days after infection with Ad-control or Ad-let-
7b (Figure 5A). M2-derived bone marrow macrophages
were then stimulated with exosomes obtained from these
3 different treatment groups (Figure 5B). We found that,
similar to the synthetic miR-let-7b, while exosomes
extracted from uninfected or control-infected cells were
unable to alter the M2 macrophage phenotype, exosomes
incorporated with miR-let-7b were capable of reconstruct-
ing M2!M1 macrophages and accentuating the TNF
and IL-6 levels by 2–3-fold (Figure 5B). These results sug-
gest that exosomes can protect, transport, and deliver
miR-let-7b to its final destination and that miR-let-7b–
incorporated exosomes are fully functional. We then
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found that ligation of TLR-7 by local injection of miR-let-
7b resulted in markedly elevated joint inflammation, lin-
ing thickness, and bone lesions in WT mice as compared
to control mice (Figures 5C–E). However, joint swelling
was not affected in TLR-72/2 mice injected with Ad-let-
7b or Ad-control, indicating that ligation of miR-let-7b to
TLR-7 is responsible for the induction of arthritis
(Figures 5C–E).

Histologic and FACS analyses demonstrate that
ligation of miR-let-7b in WT mice resulted in 2.5–10-fold
higher levels of infiltrated F4/801 myeloid cells into the
ankle joint as compared to the joints of Ad-control mice
(Figures 6A, B, and D). However, in contrast to the local
expression of miR-let-7b in WT mice, ectopic injection of
Ad-let-7b and Ad-control in TLR-72/2 mice did not yield
a marked increase in joint monocyte recruitment or mye-
loid cell conversion to iNOS1 M1 macrophages (Figures
6A–C). Confirming the clinical and histologic data, levels
of mRNA and protein for the M1 macrophage markers,
such as TNF (50-fold and 7-fold, respectively), IL-1 (60-
fold and 6-fold), IL-6 (40-fold and 3-fold), CCL2 (320-fold
and 5.5-fold), CCL5 (350-fold and 18-fold), and iNOS
(290-fold mRNA for the NOS2 gene), were highly elevated
in WT mice that received local injection of miR-let-7b as
compared to those that received Ad-control injection (Fig-
ures 6E and F). In contrast, the levels of M2 macrophage
markers, such as TGFb and IL-10, remained unchanged in
all 4 treatment groups (Figures 6E and F). Collectively,
our results demonstrate that miR-let-7b can provoke arth-
ritis by transforming the recruited naive myeloid cells into
proinflammatory M1 macrophages and that this function is
nullified in TLR-72/2 mice.

DISCUSSION

Our research group pioneered the field of RA by
documenting that ssRNA extracted from RA SF is a
potential TLR-7 ligand that can selectively stimulate TLR-
71 cells (14). We found that TLR-7, but not TLR-8,
expressing cells could bind to miR-let-7b that resided pri-
marily in RA SF macrophages and that cell death could
further enhance the release of the exosomal miR-let-7b
into the SF. We showed that local ligation of miR-let-7b to
TLR-7 provoked arthritis by transforming naive joint mye-
loid cells from WT, but not TLR-72/2, mice into proin-
flammatory M1 macrophages, thus supporting the critical
importance of miR-let-7b and TLR-7 function in the
pathology of RA.

A recent study showed that treatment with hair-
pin TLR-7 RNA given before arthritis onset ameliorates
rat CIA due to a reduction in joint vascularity and vas-
cular endothelial growth factor production from fibro-

blasts (33). A second study showed that resolution of
CIA in the TLR-72/2 mouse was due to a decrease in
the IL-17 response and an elevation of Treg cell num-
bers (34). Similar to our findings in RA, the 2 studies of
experimental arthritis highlight the critical role of TLR-
7 in disease pathology (33,34); however, these studies
define the TLR-7 mechanism of function in RA fibro-
blasts and T cells and not in myeloid cells. Since neither
group of investigators was able to identify the TLR-7
endogenous ligand (33,34), it is not clear whether TLR-
7 blockade has direct effects on joint fibroblasts and Th-
17 cells or whether the effect is mediated indirectly
through other factors. Hence, studies were designed to
reveal the TLR-7 endogenous ligand in RA samples and
to investigate the mechanism by which ligation of this
endogenous ligand regulates arthritis.

Earlier studies identified 17 miRNAs in RA that
are expressed in PB mononuclear cells, ST, and SF (32).
When the previously reported miRNAs in RA PB, ST,
and more specifically, SF (133a, 142-3p, 146a, 155, 203,
221/222, 223, and 323-3p) were screened for GU-rich oli-
gos, none of them fulfilled the TLR-7 binding criteria.
Interestingly, we found novel GU-rich miRNA packaged
in exosomes secreted from RA SF macrophages and RA
ST fibroblasts. The most abundant GU-rich miRNA
detected in the exosomes shed from RA SF macrophages
was miR-let-7b, which was 13-fold higher than miR-29a.
While exosomal miR-let-7b levels were 5-fold lower in
RA ST fibroblasts than in RA SF macrophages, miR-29a
was undetectable in RA ST fibroblasts. Similarly, when
exosomal secretion of miR-let-7b and miR-29a was
assessed in blood, miR-let-7b was found to be expressed
mainly in monocyte-derived macrophages as compared
to T cells and neutrophils, and its levels were 5–47-fold
higher than the level of miR-29a in all 3 cell types. In
contrast to our finding of miR-let-7b expression mainly
in RA SF macrophages, other investigators have reported
that miR-16, miR-132, miR-146a, and miR-223 are mark-
edly elevated in RA plasma as compared to SF and can
therefore be used as disease biomarkers (35). However,
consistent with the miR-let-7b distribution, miR-16, miR-
146a, miR-155, and miR-223 expression levels are signifi-
cantly higher in RA SF than in OA SF (35).

We found that cell death induced through apopto-
sis or necrosis of RA SF macrophages or RA ST can
accentuate the release of miR-let-7b–incorporated exo-
somes. Consistent with our findings, other investigators
have shown that miR-let-7b is discharged from injured
dying neurons; however, while ligation of miR-let-7b to
TLR-7 potentiates RA inflammation through M1 differ-
entiation without affecting myeloid cell death, miR-let-7b
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secreted during neurodegeneration in Alzheimer’s disease
was shown to accelerate neural cell death via TLR-7 (36).

Confirming the notion that macrophages are
involved in exosomal miR-let-7b release into RA ST and
SF, other investigators have demonstrated that macro-
phages discharge exosomes that can “shuttle” the onco-
genic miRNA into the recipient cancerous cells (37). The
mechanism involved in the secretion of exosomes is essen-
tially cell type–specific, since intracellular Ca21 increases
(38) and HIF-1a–mediated hypoxia (39) can trigger exo-
some shedding in cancer cells, whereas in HeLa cells, the
Rab GTPase family is responsible for this process (40).
Previous studies have shown that miRNA are selectively
packaged into exosomes, since the miRNA profiles in the
exosomes are different from those in the parental cells
(41), suggesting that exosomes transport and deliver a dis-
tinct set of miRNAs depending on what needs to be com-
municated to the receipt cells.

We found that in myeloid cells, miR-let-7b prefer-
entially binds to TLR-7 and not TLR-8 due to its GU-rich
oligo content, rather than AU-rich oligos. Our results
showed that having a GU-rich domain is essential for
TLR-7 ligation, as M1 polarization induced by miR-let-7b
and miR-147 was impaired by TLR-7 knockdown, knock-
out, and antagonists, suggesting that the GU-rich miR-
let-7b present in RA can bind and activate TLR-7.

It is known that miRNA can inhibit the transla-
tion of their target genes through mRNA degradation
(17–19,31,32); however, it is unclear how miRNA inter-
acts with proteins. MicroRNA let-7b can directly bind to
TLR-7, or it may require a carrier protein for its bind-
ing, and hence, adaptor proteins need to be available in
the miR-let-7b–packaged exosome. Our data demon-
strated that miR-let-7b–incorporated exosomes were
fully functional and contained the necessary compo-
nents, since fusion of exosomal miR-let-7b into M2 mye-
loid cells could differentiate these cells into M1
macrophages. An elegant study by Valadi et al (41)
revealed that exosomal RNA discharged from mouse
mast cells could be transferred into human mast cells,
since new mouse proteins were found in the human
recipient cells. The findings by those investigators sub-
stantiate our findings by showing that exosomal miRNA
delivered to the recipient cell are fully functional and
that the “exosomal shuttle miRNA” is a novel mecha-
nism of communication between the cells (41).

This study is the first to show that the local expres-
sion of miR-let-7b in the WT mice provokes joint swell-
ing, as detected on day 6 postinjection. We speculate that
the delay in disease onset is partly due to the time
required for the discharge and fusion of exosomal miR-
let-7b into target cells prior to the manifestation of the

clinical signs. The histologic studies showed that miR-let-
7b ectopically expressed in WT mice promotes joint
inflammation, synovial lining thickness, and minimal
bone lesions and that this effect was blunted in TLR-72/2

mice, while no pathologic features were detected in WT
or TLR-72/2 mice that received a local control injection.
In contrast, previous studies have shown that administra-
tion of miR-let-7 markedly diminishes the size of the
tumors that developed in a murine model of lung cancer
by reducing the expression of Ras oncogene and cyclin-
dependent kinase (42,43). We found that local injection
of miR-let-7b provoked joint inflammation by recruiting
myeloid cells from the circulation into the joint and fur-
ther remodeling them into M1 macrophages. The miR-
let-7b–driven joint M1 macrophages produced high levels
of proinflammatory factors, such as TNF, IL-1, IL-6,
CCL2, and CCL5, and expressed the M1 marker iNOS.
Our histologic findings also indicated that almost all of
the infiltrated joint myeloid cells driven by miR-let-7b
were of the M1 phenotype, and this mechanism of action
could be further amplified by enhancing the production
of IFNg in the joint.

We found that one of the integral RA SF ssRNAs
that bind to TLR-71 myeloid cells is a GU-rich miR-let-
7b that can potently promote arthritic joint inflammation
through M1 macrophage differentiation. Our results indi-
cate that interruption of miR-let-7b binding to joint
TLR-7 can be used as a target for RA therapy.
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