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Injured liver-released miRNA-122 elicits acute
pulmonary inflammation via activating alveolar
macrophage TLR7 signaling pathway
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Hepatic injury is often accompanied by pulmonary inflammation
and tissue damage, but the underlying mechanism is not fully
elucidated. Here we identify hepatic miR-122 as a mediator of
pulmonary inflammation induced by various liver injuries. Analy-
ses of acute and chronic liver injury mouse models confirm that
liver dysfunction can cause pulmonary inflammation and tissue
damage. Injured livers release large amounts of miR-122 in an
exosome-independent manner into the circulation compared with
normal livers. Circulating miR-122 is then preferentially trans-
ported to mouse lungs and taken up by alveolar macrophages, in
which it binds Toll-like receptor 7 (TLR7) and activates inflamma-
tory responses. Depleting miR-122 in mouse liver or plasma largely
abolishes liver injury-induced pulmonary inflammation and tissue
damage. Furthermore, alveolar macrophage activation by miR-122 is
blocked by mutating the TLR7-binding GU-rich sequence on miR-122 or
knocking out macrophage TLR7. Our findings reveal a causative role of
hepatic miR-122 in liver injury-induced pulmonary dysfunction.
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he liver plays a central role in regulation of systematic organ

inflammation. A diseased liver can have many deleterious
effects on multiple organ systems, including the pulmonary system
(1). Clinically, pulmonary abnormalities and symptoms in patients
with chronic liver disease are common, and mild hypoxia is ob-
served in approximately one-third of chronic liver disease patients.
In fact, up to 70% of cirrhotic patients undergoing evaluation for
liver transplantation complain of dyspnoea (2). Hepatopulmonary
syndrome, characterized by intrapulmonary vascular dilatation,
gas-exchange abnormalities, lung edema, and shortness of breath,
is a major complication following liver ischemia and reperfusion
subsequent to liver resection or transplantation (3, 4). Many fac-
tors, such as systemic inflammatory responses, are reportedly in-
volved in hepatic injury-induced acute pulmonary inflammation
and tissue damage. Lin et al. (5) observed that liver injury was
associated with increased pulmonary inducible nitric oxide syn-
thase (iNOS) expression, suggesting that iNOS expression might
play a critical role in this phenomenon. In addition, massive cys-
teinyl leukotrienes (CysLTs)—including LTB4, LTC4, LTD4, and
LTE4—were shown to be produced after hepatic injury and to
play essential roles in lung edema development (6). Al-Amran
et al. (7) also showed that LTs facilitate hemorrhagic shock-
induced acute lung injury. However, although findings have ac-
cumulated characterizing the injurious processes occurring in the
lung subsequent to liver injury, the molecular basis linking hepatic
injury to acute pulmonary inflammation and tissue damage re-
mains incompletely understood.
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MicroRNAs (miRNAs), a class of noncoding RNAs ~22 nu-
cleotides in length, have been newly established as gene regu-
lators in biological processes (8, 9). Previous studies by ourselves
and others have shown that miRNAs are secreted by various
types of cells through exosomes or protein-mediated pathways
(10, 11). Furthermore, biological assays and functional studies
have shown that extracellular miRNAs are highly stable and not
only serve as biomarkers for various diseases, but also as novel
signaling molecules mediating remote communication among
various cell types and organs (12). Specifically, circulating miR-
NAs in exosomes can be delivered to recipient cells, where they
function similar to endogenous miRNAs regulating multiple
target genes or signaling events. For example, Zhang et al. (10)
reported that miR-150 is selectively packaged into exosomes and
actively secreted by human blood cells and cultured THP-1 cells.

Significance

Hepatic injury is often accompanied by pulmonary inflamma-
tion. The underlying mechanism, however, remains unknown.
Here we identify miR-122, released by injured liver cells in an
exosome-independent manner, as the culprit driving liver
injury-induced pulmonary dysfunction. Consistent with this,
we show that mouse pulmonary inflammation is suppressed by
depleting liver miR-122 or circulating miR-122, but initiated by
directly injecting miR-122 via tail vein or respiratory trachea.
Furthermore, circulating miR-122 is preferentially transported
to lungs and taken up by alveolar macrophages, where it binds
Toll-like receptor 7/8 (TLR7/8) to activate inflammatory responses.
Our findings provide a mechanism for developing pulmonary in-
flammation/tissue damage and identify hepatic miR-122 and its
activated TLR7/8 signal as potential therapeutic targets in con-
trolling liver injury-induced pulmonary inflammation.
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THP-1-derived exosomes can deliver miR-150 to human HMEC-1
cells, and elevated exogenous miR-150 effectively reduces c-Myb
expression and enhances migration of HMEC-1 cells. On the
other hand, certain miRNAs secreted in plasma are also un-
detectable in exosomes or other microvesicles (MVs) but asso-
ciated with RNA-binding proteins, such as Argonaute 2 (AGO2)
(11) and nucleophosmin 1 (NPM1) (13). However, elucidating
the roles of MV-free circulating miRNAs in intercellular com-
munication requires further attention.

In addition to translational repression or direct mRNA deg-
radation via base-pairing complementary sites on target mRNAs,
a conventional role of miRNAS in posttranscriptional gene reg-
ulation, miRNAs can also act directly as physiological ligands for
certain RNA receptors. Among the Toll-like receptors (TLRs)
identified to date, intracellular TLR7 in mice and TLRS in hu-
mans can reportedly be recognized by exogenous GU-rich single-
stranded RNA molecules, such as RN40 derived from HIV-1
(14). Recent studies showed that mature miRNAs with GU-rich
sequences also contribute to immune stimulation by serving as
physiological ligands for murine TLR7 and human TLRS (15).
For example, miR-21, miR-29a, miR-25-3p, and miR-92a-3p, all
harboring GU-rich sequences, have been shown to interact with
murine TLR7 and human TLRS8 to activate the secretion of
proinflammatory cytokines in macrophages (15-17). Consistent with
this, Lehmann et al. (18) found that another GU-enriched miRNA,
let-7b, acts as a potent activator of TLR7 signaling in neurons, which
induces neurodegeneration. However, while miRNAs acting as
TLR7/8 ligands suggests that they elicit bodily inflammatory re-
sponses by directly activating the TLR signaling pathway, whether
miRNA binding to TLR plays a role in hepatic injury-induced acute
pulmonary inflammation and tissue damage remains unknown.

In the present study, we provide evidence that released miR-122
by injured liver cells is a culprit driving hepatic injury-induced acute
pulmonary inflammation and lung tissue damage. The plasma miR-
122 level is strikingly increased under various liver injury conditions,
and depleting miR-122 in mouse liver or mouse peripheral blood
strongly attenuates acute pulmonary inflammation and lung tissue
damage induced by liver injury. In situ labeling and qRT-PCR
analysis show that circulating miR-122 released by injured mouse
liver cells is delivered to lung tissue, particularly to alveolar mac-
rophages. In macrophages, miR-122 activated TLR7 signaling,
leading to macrophage M1 polarization and secretion of inflam-
matory cytokines, such as TNF-a and IL-6. Supporting the specific
interaction between miR-122 and murine TLR7, activation of
mouse alveolar macrophages by miR-122 was largely abolished by
deleting TLR7 in mouse macrophages or mutating the TLR7-
binding sequence within miR-122.

Results

Hepatic Injuries Result in Acute Pulmonary Inflammation and Tissue
Damage. Clinic data strongly suggest a close association between
hepatic injury and pulmonary abnormalities (2-5, 7). To test
whether liver injuries can cause acute lung inflammation and tissue
damage, we established three mouse models of liver injury: ortho-
topic transplanted hepatocellular carcinoma (HCC) (19), diethylni-
trosamine (DEN)-induced chronic hepatitis (20), and Con A
(ConA)-induced acute hepatitis (21, 22). As shown by H&E staining
and biological analysis in SI Appendix, Fig. S14, mice in three dif-
ferent liver injury models all displayed severe liver tissue damage
and dysfunction. Interestingly, examining the tissue damage of dif-
ferent organs revealed that liver injuries in these mice were all ac-
companied by significant tissue damage in the lung, characterized
by diffuse lesions with extensive interstitial inflammatory cell in-
filtration, alveolar edema, and hemorrhage (Fig. 14, Upper).
Quantifying the pulmonary inflammation and tissue damage
based on the following parameters—pulmonary edema, in-
flammatory infiltration, hemorrhage, atelectasis, and hyaline
membrane formation—we found significantly higher injury
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Fig. 1. Lung inflammation and tissue damage caused by liver injuries. (A,
Upper) Representative H&E staining of lung tissue sections in mice with or
without ongoing ConA-induced acute hepatitis, DEN-induced chronic hep-
atitis, or orthotopic transplanted HCC. (Lower) Mouse lung injury scores
analyzed by a double-blind examination for the following parameters:
pulmonary edema, inflammatory infiltration, hemorrhage, atelectasis, and
hyaline membrane formation (six mice per group, three to five images per
mouse). The scores were assigned as follows: 0, no injury; 1, <25% injury; 2,
25-50% injury; 3, 50-75% injury; and 4 >75% injury. Eight to 10 high-
magnitude fields from each slide were analyzed. (B, Upper) Representative
images of F4/80™ cell infiltration into mouse lungs from mice with or without
liver injuries. (Lower) Analysis of alveolar infiltration of F4/80* macrophages
(six mice oer group, three to five images per mouse). (C) FACS analysis of
alveolar macrophage subpopulations (F4/80*CD11b™* or F4/80*CD11c* cells)
in BAL from mice with or without various liver injuries (six mice per group,
n = 3). (D and E) Levels of TNF-a (D) and IL-6 (E) in BALF from mice with or
without various liver injuries (six mice per group, n = 3). Data are show as
means + SEM. **P < 0.01, ***P < 0.001. One-way ANOVA followed by
Bonferroni's multiple comparisons test.

scores in liver-injured mice compared with those in the respective
control groups (Fig. 14, Lower). In contrast, only modest or little
tissue damage was observed in the spleen, kidney, colon, and heart
in mice suffering various liver diseases (SI Appendix, Fig. S14).
These results suggest that liver injury may be preferentially asso-
ciated with pulmonary inflammation and tissue damage.
Consistent with the finding that liver injuries were associated
with significant lung tissue damage, infiltration of inflammatory
F4/80" macrophages into mouse lungs was markedly increased in
mice bearing HCC or treated with ConA or DEN compared with
macrophage infiltration in control mice (Fig. 1B). We further
isolated macrophages from mouse bronchoalveolar lavage
(BAL) and analyzed their origin and cytokine secretion levels. As
shown in Fig. 1C and SI Appendix, Fig. S1B, alveolar macro-
phages in mice with various liver injuries were CD11b* but
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CD11c™, suggesting that they are mainly derived from myeloid
lineage (23). Alveolar macrophages from mice with liver injuries
also secreted significantly more proinflammatory cytokines, such
as TNF-a (Fig. 1D) and IL-6 (Fig. 1E), than those from
control mice.

Identification of Circulating Hepatic miR-122 as the Culprit Underlying
Liver Injury-Induced Acute Lung Inflammation. Given that different
liver injuries caused similar acute pulmonary inflammation and
tissue damage, we speculated that a common circulating factor
might be involved. Because accumulating evidence has demon-
strated that circulating miRNAs play a vital role in organ—organ
communication (12), we next explored the potential role of these
circulating miRNAs in the development of pulmonary inflam-
mation and tissue damage in mice with ongoing liver injuries. In
the experiment, we first profiled the levels of circulating miR-
NAs previously found to be associated with various liver dys-
functions in ConA-treated mice using qRT-PCR. As shown in S/
Appendix, Fig. S24, we found that miR-122 was the most signif-
icantly up-regulated miRNA in the plasma of mice subjected to
ConA-induced liver injury. Screening the liver function-related
miRNAs in mouse plasma samples also showed a markedly in-
creased plasma miR-122 level from mice bearing HCC or treated
with DEN (SI Appendix, Fig. S2B). Given that miRNAs can be
secreted by cells through exosomes, particularly when cells are
challenged by stimuli (12), we determined whether hepatic miR-
122 in plasma is released from injured liver cells via exosomes. In
this experiment, we separated plasma samples from mice with var-
ious liver injuries into exosome and exosome-free fractions (SI Ap-
pendix, Fig. S3 A and C). To our surprise, the majority of circulating
miR-122 was detected in the exosome-free fraction (SI Appendix,
Fig. S3D), suggesting that miR-122 might passively leak from injured
liver cells. We also compared the miR-122 level in plasma samples
collected from patients with active hepatitis (n = 10) or HCC (n =
10) with that from healthy donors (n = 10). As shown in SI Ap-
pendix, Fig. S3E, patients with hepatitis or HCC displayed a signif-
icantly higher plasma miR-122 level than healthy donors, which is
consistent with previous reports that plasma or serum levels of miR-
122 are elevated in patients with various liver injuries (24, 25).
Consistent with our findings in mice, the majority of circulating miR-
122 in the plasma from patients with ongoing hepatitis or HCC was
also detected in the exosome-free fraction (SI Appendix, Fig. S3F).

To explore whether released miR-122 by liver cells is associated
with cell death, such as apoptosis, necroptosis, and pyroptosis, the
expression of protein markers of apoptosis (cleaved-caspase 3),
necroptosis (RIP3), and pyroptosis (cleaved-caspase 1) were de-
termined in liver tissue sections from mice bearing HCC or from
mice whose liver injury was induced by ConA or DEN treatment.
As shown in SI Appendix, Fig. S44, various degrees of apoptosis,
necroptosis, and pyroptosis were observed in these three liver
injury mouse models. ConA treatment induced strong apoptosis
in liver tissue. In contrast, DEN treatment caused more severe
pyroptosis and mice bearing HCC displayed the highest level of
necroptosis in liver. We also induced apoptosis, necroptosis, or
pyroptosis in cultured primary hepatocytes (SI Appendix, Fig. S4B)
and assayed miR-122 level in the culture supernatant (SI Appen-
dix, Fig. S3 B and C). As shown in SI Appendix, Fig. S4C, liver cell
apoptosis, necroptosis, or pyroptosis all significantly increased the
level of miR-122 in culture medium, and in agreement with a
previous observation, the majority of miR-122 in cell culture
medium was in the exosome-free fraction.

To test whether circulating miR-122 is a causative factor of
liver injury-induced acute lung inflammation, we employed an
adoptive transfer approach to test the effects of plasma isolated
from ConA-treated mice on normal control mice with or without
depleting plasma miR-122. Plasma samples were collected from
both control and ConA-treated mice. To deplete plasma miR-
122, ConA-treated mouse plasma samples were filtered through
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biotin—anti-miR-122 antisense oligonucleotides immobilized on
streptavidin-conjugated Sepharose beads. qRT-PCR confirmed
that miR-122 was effectively depleted from mouse plasma without
affecting other miRNAs (Fig. 24, Lower). We next injected mice
with plasma from control (normal group) or ConA-treated mice
with or without miR-122 depletion (ConA or ConA™R'*
groups) via tail vein (Fig. 24, Upper). H&E staining of mouse
lungs revealed diffuse lesions with extensive interstitial hemor-
rhage, inflammatory cell infiltration, and alveolar edema in re-
cipient mice with plasma from the ConA group but not the control
group or miR-122—-depleted ConA group (Fig. 2B, Left). A sig-
nificantly higher score was observed in the ConA group compared
with that in the other two groups (Fig. 2B, Right). Immunofluo-
rescence (Fig. 2C) and flow cytometry (Fig. 2D) analyses of im-
mune cell infiltration both indicated significantly higher
infiltration of F4/80*CD11b" macrophages into mouse lungs in
the ConA group than in the other two groups. Consistent with
this, the levels of inflammatory cytokines TNF-a and IL-6, in
mouse BAL fluid (BALF), were significantly higher in mice given
plasma from the ConA group than those from the control group,
whereas TNF-a and IL-6 levels were strongly reduced by depleting
plasma miR-122 (Fig. 2 E and F). Supporting the effect of hepatic
miR-122 on activating pulmonary inflammation, detection of
miR-122 level in the heart, spleen, lung, kidney, and colon from
mice with ConA-induced acute hepatitis revealed that mouse
lungs contained the highest level of miR-122 (SI Appendix, Fig.
S5). To test whether liver injuries can cause a similar increase in
miR-122 levels in patients’ lung tissues, we collected pulmonary
effusion from 10 chronic hepatitis patients with pulmonary effu-
sion and 10 severe pneumonia patients without liver disorder (S7
Appendix, Table S2), and compared the miR-122 level in these
pulmonary effusion samples. As shown in S Appendix, Fig. S6, the
average miR-122 level in pulmonary effusion samples from
chronic hepatitis patients was increased fourfold compared with
that from pneumonia patients without liver disorder. Taken to-
gether, these results suggest that miR-122, released by injured
liver cells, may be a key causative factor in acute pulmonary in-
flammation and tissue damage induced by liver injury.

To further validate whether circulating miR-122 is a causative
factor of liver injury-induced acute lung inflammation, we com-
bined recombinant adeno-associated virus (rAAV) vectors with
miR-122 “tough decoys” (TuDs) to specifically decrease miR-
122 expression in liver (26). After 4 wk of AAV8 administra-
tion, qRT-PCR assay showed an ~70% reduction of miR-122 in
mice that received the miR-122 TuD vector (miR-122 TuD)
compared with the mice that had not received miR-122 TuD
(Control) (Fig. 34). We then induced liver injury in the control
mice or miR-122 TuD mice using ConA, and determined the
levels of miR-122 in mouse plasma and lungs, respectively. As
shown in Fig. 3B, the levels of miR-122 were strikingly increased
in the control mice after inducing liver injury by ConA. However,
ConA treatment did not show much increase of miR-122 in
mouse plasma and lungs from mice receiving miR-122 TuD.
H&E staining of mouse lungs revealed diffuse lesions with ex-
tensive interstitial hemorrhage, inflammatory cell infiltration,
and alveolar edema in mice adoptively transferred with plasma
from the Control+ConA group but not the mice in the miR-122
TuD group or miR-122 TuD+ConA group (Fig. 3C, Left). A
significantly higher lung injury score was observed in the Con-
trol+ConA group compared with that in the other three groups
(Control, miR-122 TuD, and miR-122 TuD+ConA) (Fig. 3C,
Right). Immunofluorescence (Fig. 3D) and flow cytometry analyses
(Fig. 3E) of immune cell infiltration both indicated significantly
more infiltration of F4/80"CD11b" macrophages into mouse lungs
in the Control+ConA group than in the other three groups. Con-
sistent with this, the levels of inflammatory cytokines TNF-a and IL-
6, in mouse BALF, were significantly higher in the Control+ConA
group than those from the other three groups (Fig. 3F).
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The role of circulating miR-122 in eliciting acute lung in-
flammation and tissue damage was also validated by directly
injecting mice with synthetic miR-122 through either tail vein or
respiratory trachea (SI Appendix, Fig. S7A). As shown, direct
miR-122 injection through both routes strongly increased miR-
122 expression in mouse lungs (SI Appendix, Fig. S7B, Left),
whereas only tail vein injection increased the plasma level of
miR-122 (SI Appendix, Fig. S7TB, Right). Mice injected with miR-
122 via their tail vein or respiratory trachea displayed significant
lung injuries compared with those injected with the vehicle
control as determined by H&E staining and injury scoring system
(81 Appendix, Fig. S7C). Immunofluorescence labeling of mouse
lung tissues indicated that significantly more inflammatory F4/
80" macrophages had infiltrated into mouse lungs following
miR-122 injection via tail vein or respiratory trachea (SI Appendix,
Fig. S7D). Flow cytometry analysis of isolated cells in mouse BAL
confirmed the enhanced infiltration of inflammatory macrophages
in mouse lungs after miR-122 injection (S Appendix, Fig. STE).
Moreover, the level of TNF-a and IL-6 were significantly higher in
BALF from mice administered with miR-122 than those from
mice treated with vehicle control (SI Appendix, Fig. STF). Given
that secretion of inflammatory cytokines is a main feature of in-
flammatory M1 phenotypic activation (27), this result suggested
that miR-122 injection had skewed alveolar macrophages toward
M1 polarization. Consistent with this, qRT-PCR data showed that
alveolar macrophages isolated from miR-122—injected mice
expressed significantly higher levels of M1 polarized gene tran-
scripts, such as iNOS and TNF-a (SI Appendix, Fig. STG).

Hepatic miR-122 Enters Alveolar Macrophages and Activates Intracellular
TLR7 Signaling. To further characterize the role of miR-122 in
activating alveolar macrophages and eliciting acute pulmonary
inflammation, we examined whether miR-122 released by in-
jured liver cells could enter alveolar macrophages. First, an in
situ hybridization assay was performed to determine miR-122
distribution patterns in lung tissues from mice with and without
ongoing liver injuries. As shown in Fig. 44, substantial amounts
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Fig. 2. Hepatic miR-122 induces acute pulmonary
inflammation and tissue damage. (A, Upper) Sche-
matic of experimental design: 200 uL plasma samples
from normal mice and ConA-treated mice with or
without miR-122 depletion were separately injected
into WT mice (six mice per group) every 6 h six times.
(Lower) miR-122 was depleted from mouse plasma
by miR-122 antisense oligonucleotide-conjugated
Sepharose beads. (B) Mouse lung tissue damage
analyzed by H&E staining (Left) and injury score
(Right). (C) Representative images (Left) and analysis
(Right) of F4/80™" macrophage infiltration into mouse
lungs. Note that the infiltration of F4/80" macro-
phages was significantly enhanced by plasma from
ConA-treated mice, while depleting circulating miR-
122 in ConA-treated mouse plasma markedly atten-
uated the infiltration of F4/80" cells into alveoli (n =
F 6 mice per group, three to five images per mouse).
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of miR-122 entered mouse lung tissues after the development of
various hepatic injuries. The levels of mature miR-122, but not
premiR-122, determined by qRT-PCR, were markedly increased
in lung tissues and alveolar macrophages from mice bearing
HCC, as well as mice treated with ConA or DEN (Fig. 4B). The
results suggest that miR-122 in mouse lung tissues and alveolar
macrophage is likely derived not from de novo synthesis but from
the delivery of exogenous miR-122 under liver injury conditions.

We next determined the levels of miR-122 and premiR-122 in
mouse lungs and alveolar macrophages following the adoptive
transfer of ConA-treated mouse plasma with or without miR-
122 depletion. As shown in Fig. 4C, the levels of miR-122, but
not premiR-122, were strikingly increased after the adoptive
transfer of ConA-treated mouse plasma. Depleting miR-122
from ConA-treated mouse plasma significantly reduced the level
of miR-122 in mouse lungs and alveolar macrophages. In line with
the notion that alveolar macrophages are the major recipient cells
of circulating miR-122 in mouse lungs, direct injection of miR-
122 through the tail vein or respiratory trachea both strongly in-
creased miR-122 levels, but not premiR-122 levels, in alveolar
macrophages (Fig. 4D). To validate whether exosome-free miR-
122 enters mouse alveolar macrophages, we incubated mouse al-
veolar macrophages and primary alveolar epithelial cells with
synthetic miR-122-Cy5. We found that miR-122-CyS5 rapidly en-
tered mouse alveolar macrophages but not primary alveolar epi-
thelial cells (Fig. 4E). After 2 h of incubation at 37 °C, miR-122
expression in macrophages was increased nearly 100-fold, while
only a two- to threefold increase was observed in alveolar epi-
thelial cells (Fig. 4F).

To further demonstrate that macrophages are critical for liver
injury-induced pulmonary inflammation in vivo, we depleted
macrophages using clodronate liposomes (CL) (28) before injec-
tion with ConA or synthetic miR-122. Mice treated with PBS li-
posomes (PL) served as controls. H&E staining of mouse lung
tissue sections displayed diffuse lesions with extensive interstitial
hemorrhage, inflammatory cell infiltration, and alveolar edema in
control mice treated with ConA or synthetic miR-122 (PL-ConA
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group and PL-miR-122 group), whereas macrophage-depleted
mice injected with ConA or synthetic miR-122 (CL-ConA group
and CL-miR-122 group) had no apparent diffuse lesions, inflam-
matory cell infiltration, and alveolar edema (SI Appendix, Fig. S8A).
A significantly higher lung injury score was registered in PL-ConA
and PL-miR-122 groups compared with that in CL-ConA and CL~
miR-122 groups (Fig. 4G). Immunofluorescence (SI Appendix, Fig.
S8B) and flow cytometry (Fig. 4H) analyses of immune cell in-
filtration both showed significantly more infiltration of F4/80*
CD11b* macrophages into mouse lungs in the PL-ConA and PL~
miR-122 groups compared with that in the CL-ConA and CL-
miR-122 groups. Consistent with this, the levels of inflammatory
cytokines TNF-a and IL-6 in mouse BALF were strongly reduced in
macrophage-depleted mice injected with ConA or synthetic miR-
122 (CL-ConA group and CL-miR-122 group) compared with
those in the PL-ConA and PL-miR-122 groups (Fig. 4I).

To explore the molecular basis underlying the effect of hepatic
miR-122 on alveolar macrophage inflammatory activation, we
performed transcription profiling in macrophages treated with or
without miR-122. As shown in Fig. 54, incubation with miR-122
markedly altered the gene-expression profile in macrophages
(29). Among 29,280 genes detected, 1,089 were up-regulated
(Fig. 54, red) and 849 were down-regulated (Fig. 54, blue)
(fold-change > 2) in miR-122—treated macrophages compared
with untreated macrophages. The expression levels of macrophage
M1 polarization-related genes, such as Tnf, 1l6, Ifng, 111, and Nos2,
were significantly elevated. Gene ontology analysis indicated that
several top-ranked pathways enriched in macrophages incubated
with miR-122 were related to the innate immune response, es-
pecially the TLR7 signaling pathway (Fig. 5B). qRT-PCR assay
further confirmed the up-regulation of TLR7 signaling pathway-
associated inflammatory molecules Tnf, 116, Ifng, 111, and Nos2 in
macrophages treated with miR-122 compared with those in un-
treated macrophages (Fig. 5C). These results collectively suggest
that miR-122 may activate the macrophage intracellular TLR7
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signaling pathway, leading to macrophage M1 polarization and
enhanced Tnf, 116, Ifng, 111, and Nos2 expression.

Given that synthetic mature miRNA has a low affinity for
AGO2, an important component of the RNA-induced silencing
complex (RISC) required for miRNA function, we postulated
that the single-strain mature miR-122 may execute its role in
activating macrophage TLR7 (murine) or TLRS8 (human)
through a RISC-independent nonconventional mechanism. Al-
though base-pairing with complementary sequences on target
mRNAs is considered the conventional mechanism by which
miRNAs posttranscriptionally regulate target gene expression,
recent studies reported that miRNAs with GU-rich sequences
can directly act as physiological ligands for TLR7/8 (15-18, 30,
31). Because miR-122 is also GU-enriched, with its GU per-
centage being higher than or similar to that of other miRNAs
known to interact with TLR7/8 (Fig. 5D, Upper), we postulated
that exosome-free miR-122 promotes macrophage inflammatory
responses by activating the TLR7 signaling pathway. To verify
this hypothesis, we first performed coimmunoprecipitation as-
says to assess binding between miR-122 and mouse macrophage
TLR?7. In this experiment, TLR7 was first immunoprecipitated
from macrophages by an anti-TLR7 antibody and then incubated
with miR-122, miR-29a, or miR-16. The levels of TLR-bound
miRNAs were assessed by qRT-PCR. In this experiment, miR-
29a (GU-rich) or miR-16 (not GU-rich) served as the positive or
negative controls. As shown in Fig. 5D, Lower, miR-122 and
miR-29a, but not miR-16, were enriched in the complex immu-
noprecipitated by the anti-TLR7 antibody. Intracellular locali-
zation of fluorescent miR-122 also supported the association of
internalized miR-122 with endosomal TLR7 in murine macro-
phages (Fig. SE). In this experiment, primary mouse macro-
phages were incubated with Cy5-conjugated miR-122 for 2 h
before labeling the endogenous TLR7 with anti-TLR7 antibody
and the endosomes with LysoTracker Blue. The colocalization of
Cy5-conjugated miR-122 (Fig. 5E, red) and TLR7 (Fig. 5E,
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Fig. 4. Uptake of hepatic miR-122 by mouse alveolar macrophages. (A) In situ hybridization of miR-122 in mouse lungs following various liver injuries. (B)

Levels of miR-122 or premiR-122 in mouse lungs and alveolar macrophages iso

lated from mice with various liver injuries. (C) Levels of miR-122 (Upper) and

premiR-122 (Lower) in lungs and alveolar macrophages isolated from mice after adoptive transfer of ConA-treated mouse plasma with or without miR-

122 depletion. (D) Levels of miR-122 (Upper) and premiR-122 (Lower) in alveo

lar macrophages isolated from mice with or without direct injection of miR-

122 via tail vein or respiratory trachea. (E and F) Uptake of synthetic miR-122-cy5 by mouse primary macrophages and mouse alveolar epithelial cells assayed
by immunofluorescence (E) and qRT-PCR (F). (G) Mouse lung tissue damage analyzed by injury score in mice of control group (PL-control), macrophage-
depletion group (CL-control), control mice injected with ConA group (PL-ConA), control mice injected with synthetic miR-122 group (PL-miR-122),

macrophage-depletion mice injected with ConA group (CL-ConA) and macro

phage depletion mice injected with synthetic miR-122 group (CL-miR-122).

(H) FACS analysis of F4/80*CD11b* macrophages in BAL harvested from the recipient mice (six mice per group, n = 3). (/) Levels of TNF-a (Left) and IL-6
(Right) in BALF from the six group mice (six mice per group, n = 3). Data are presented as mean + SEM. **P < 0.01, ***P < 0.001. One-way ANOVA followed by

Bonferroni’s multiple comparisons test (B, C, and G-/) or student’s two-tailed,

green) in endosomes was detected in macrophages, suggesting
that exogenous miR-122 can bind to endosomal TLR?7.

Because NF-kB, a transcription factor modulating the gene
expression of various inflammatory cytokines, is activated by
TLR7/8 (14, 15), we next tested whether miR-122 can affect NF-
kB activity in human HEK-293T cells via activating TLR7/8. In
this experiment, we first constructed an NF-kB reporter system
(Fig. 5F, Upper) and then transfected HEK-293T cells with an
NF-kB reporter construct to establish an NF-kB reporter system
in HEK-293T cells. Cells were then incubated with N-[1-(2,3-
Dioleoyloxy)propyl]-N,N,Ntrimethylammoniummethylsulfate
(DOTAP) (14, 15) alone or DOTAP formulations containing
miR-16, miR-29a, or miR-122. NF-«B activity was assessed with
a luciferase assay as previously described (14). The result clearly
revealed that NF-xB could be activated in TLR8-expressing
HEK-293 cells by miR-122 or miR-29a, but not by miR-16
(Fig. 5F, Lower).

Alveolar Macrophage Activation by miR-122 Is Abolished by Deleting
Macrophage TLR7 or Mutating TLR7-Binding Sequence on miR-122.
Given that TLR7 activation will lead to the production of in-
flammatory cytokines in mouse macrophages, such as TNF-a, we
next determined whether the effect of miR-122 on promoting
TNF-a secretion in mouse macrophages is mediated through
activating mouse TLR7 signaling. First, we knocked out 7/r7 in
RAW264.7 macrophages to generate stable 7lr7-knockout (71r7-
KO) cells using CRISPR-Cas9 and a specific guide RNA (Fig.
6A4). Both Western blot and immunofluorescence label showed
TLR7-KO in RAW264.7 macrophages. Tlr7-WT and Th7-KO
RAW264.7 macrophages were then treated with synthetic ma-
ture miR-122, miR-16, or miR-29a and subjected to TNF-a ex-
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unpaired t test (D and F).

pression detection. As shown in Fig. 68, miR-122 and miR-29a
both significantly increased TNF-a production in 7/r7-WT mac-
rophages but not in 7/r7-KO macrophages. Serving as a negative
control, miR-16 did not induce TNF-a production in both
macrophages.

To examine the specificity of interaction between miR-122 and
TLR7, we removed the TLR7 “binding sequence” in miR-122 by
mutating GU bases in the 3’-terminus of miR-122 to AT (Fig.
6C, Upper); the miR-122 mutant (miR-122-mut) completely lost
the capacity to activate RAW264.7 macrophage TNF-a expres-
sion in a time- and concentration-dependent manner (Fig. 6C,
Lower). We also treated mouse primary alveolar macrophages
with miR-122, miR-122-mut, miR-29a, and miR-16, and assessed
TNF-a production. As shown in Fig. 6D, miR-122 and miR-29a,
but not miR-122-mut or miR-16, induced TNF-a production in
primary alveolar macrophages.

To further validate the role of miR-122 in eliciting mouse
acute pulmonary inflammation by activating alveolar macro-
phage TLR7 signaling, we directly injected saline (vehicle),
synthetic miR-122, or miR-122-mut into mice via tail vein or
respiratory trachea. At 6-h postinjection, the mice were killed
and the miR-122 level in mouse peripheral blood, lungs, and
alveolar macrophages, as well as the degree of lung-tissue injury,
infiltration of inflammatory macrophages, and cytokine pro-
duction, were monitored. Although the levels of both miR-
122 and miR122-mut were both significantly increased in mouse
lung tissue following injection via tail vein or respiratory trachea
(SI Appendix, Fig. S9), miR-122 induced a much stronger lung
injury than miR-122-mut and vehicle control (Fig. 74). Immu-
nofluorescence labeling of mouse lung tissue sections clearly
showed that injection of miR-122 via tail vein (Fig. 7B, Left) and
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respiratory trachea (Fig. 7B, Right) induced stronger lung in-
filtration of inflammatory F4/80% macrophages (Fig. 7B, green)
than injection of miR-122-mut and vehicle control. We next
isolated macrophages from mouse BAL and assessed the cell
populations and cytokine release via flow cytometry and ELISA,
respectively. As shown in Fig. 7C, injection of miR-122 via tail
vein or respiratory trachea both induced significantly more in-
filtration of F4/80*CD11b* macrophages into mouse lungs than
injection of miR-122-mut and vehicle control. Consistent with
this result, alveolar macrophages isolated from mice injected
with miR-122 via tail vein (Fig. 7D, Left) and respiratory trachea
(Fig. 7D, Right) displayed significantly higher TNF-a and IL-
6 levels than those isolated from mice injected with miR-122-
mut and vehicle control. These results collectively suggest that
hepatic miR-122 elicits mouse alveolar macrophage inflamma-
tory responses via activating the 7lr7 signaling pathway.

Finally, to determine the effects of 7lr7 signaling on miR-122—
induced pulmonary inflammation and lung injury, WT and Tlr7-KO
mice (32) were subjected to ConA or synthetic miR-122 treatment.
As shown in Fig. 84, Left, WT mice treated with ConA or synthetic
miR-122 (WT-ConA or WT-miR-122 group) displayed more dif-
fuse lesions with extensive interstitial hemorrhage, inflammatory
cell infiltration, and alveolar edema compared with 77r7-KO mice
subjected to the same treatment (KO-ConA and KO-miR-
122 groups). A significantly higher lung injury score was observed in
the WT-ConA group and WT-miR-122 group compared with that
in the other four groups (Fig. 84, Right). Immunofluorescence (Fig.
8B) and flow cytometry (Fig. 8C) analysis of immune cell infiltration
both indicated more infiltration of F4/80"CD11b* macrophages
into mouse lungs in the WT-ConA group and WT-miR-122 group
compared with that in the 7Ir7-KO groups. Consistent with this, the
levels of inflammatory cytokines TNF-a and IL-6 in mouse BALF
were significantly higher in WT mice injected with ConA or syn-
thetic miR-122 (WT-ConA group and WT-miR-122 group) than
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those from the 7Ir7-KO groups subjected to the same treatment
(KO-ConA group and KO-miR-122) (Fig. 8D).

Discussion

The present study provides evidence that hepatic miR-122
released from injured liver cells is a major causative factor of
acute pulmonary inflammation and tissue damage induced by
liver dysfunction. In this circulating miR-122-based mechanism,
injured liver cells first release substantial amounts of miR-122
into the circulation in an exosome-independent pathway, and
then the free-circulating miR-122 were preferentially trans-
ported into lung tissue, particularly alveolar macrophages. Inside
alveolar macrophages, hepatic miR-122 activates the endosomal
TLR?7 signaling pathway and elicits macrophage inflammatory
responses (SI Appendix, Fig. S10).

In agreement with previous reports (2, 3, 6), our results—
derived from three different mouse liver injury models—showed
that various liver diseases could cause pulmonary inflammation
and tissue damage. This finding suggests that a common factor or
signaling pathway may be responsible for liver injury-induced
pulmonary inflammation and tissue damage. Although differ-
ent factors—including reactive oxygen species or cytokines pro-
duced in liver ischemia and reperfusion (33, 34), CysLTs (6), and
LTs (35)—have been identified to play a critical role in the
different models, they are not the common factors mediating the
pulmonary inflammation induced by various liver injuries.
However, as a substantial amount of miR-122 was found to be
released by injured liver cells in different liver injury mouse
models, and circulating miR-122 can enter alveolar macrophages
and activate the macrophage TLR7 signal pathway, miR-122
released by injured livers may serve as the common factor for
eliciting pulmonary inflammation under various liver diseases.

Several pieces of evidence support that circulating miR-
122 released by injured liver cells is a primary culprit of liver

Wang et al.
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Fig. 6. MIiR-122 elicits mouse macrophages inflammatory responses via ac-
tivating TIr7 signal pathway. (A) TIr7 knockout in mouse macrophages by the
CRISPR-cas9 technique. (B) TIr7 KO abolishes the effect of miR-122 on mouse
macrophage inflammatory activation. (C, Upper) Mutation of GU-rich sequences
in miR-122. (Lower) miR-122 but not miR-122 mutant stimulates RAW246.1 cells
to secrete TNF-a in a time- and dose-dependent manner. (D) TNF-a secretion by
mouse alveolar macrophages treated with various miRNAs, including miR-16,
miR-29a, miR-122, and miR-122 mutant. Data are presented as mean + SEM.
**P < 0.01, ***P < 0.001. Two-way ANOVA followed by Bonferroni’s multiple
comparisons test (B), or student’s two-tailed, unpaired t test (C), or one-way
ANOVA followed by Bonferroni’s multiple comparisons test (D).

injury-induced pulmonary inflammation and tissue damage. First,
miR-122 is the most enriched miRNA in livers, as it normally
comprises nearly 70% of total liver miRNAs (36). Moreover, it has
been well known that miR-122 can be released by hepatic cells
through both active and passive mechanisms. Like other secreted
miRNAs in circulation, miR-122 is stable and can be delivered to
other organs and cells. Although the mechanism remains unclear,
assessing miR-122 distribution by qRT-PCR showed that the liver-
released miR-122 was preferentially delivered into mouse lung
tissues (SI Appendix, Fig. S5), which implicates the involvement of
hepatic miR-122 in acute pulmonary inflammation and tissue
damage induced by various liver injuries. Second, both in vivo and
in vitro assays showed that miR-122 was rapidly internalized into
alveolar macrophages (Fig. 4). Third, combining biological and
functional analyses, we demonstrated that, following macrophage
internalization, miR-122 could specifically bind macrophage
endosomal TLR7 (murine) and TLRS (human) via a GU-rich
TLR-binding sequence, leading to NF-kB activation and proin-
flammatory cytokine secretion. Both mutating the GU-rich se-
quence and directly deleting mouse macrophage endosomal
Tlr7 completely abolished the effect of miR-122 on inflammatory
activation of mouse macrophages, confirming the role of miR-
122-TLR?7 interaction in liver injury-induced pulmonary acute
inflammation and tissue damage. Finally, miR-122 is an effective
tumor suppressor, and its expression is significantly decreased in
HCC. Therefore, increasing miR-122 levels in tumor cells has
become a promising antitumor strategy (37-39). However, in-
flammatory “side-effects” of miR-122 are often observed upon its
injection into animals. Interestingly, by modifying a GU motif in
miR-122, Peacock et al. (40) found that immune stimulation in-
duced by miR-122 could be controlled. These studies strongly
support our finding that miR-122 binds to macrophage endosomal
TLR7/8 via GU-rich sequences, leading to TLR7/8-mediated mac-
rophage inflammatory responses.

Wang et al.

Systemic measurement of miR-122 levels in various tissues
found that, following liver injury (such as ConA-induced acute
hepatitis), the level of miR-122 in mouse lungs was significantly
higher than other tissues, except the spleen (SI Appendix, Fig.
S5), suggesting that levels of circulating miR-122 are higher in
the portal circulation compared with the systemic circulation.
This notion is supported by the effect of hepatic miR-122 on
activating tissue damage mainly in mouse lungs but not other
tissues (SI Appendix, Fig. S1). It is also intriguing that injured
liver-released miR-122 in the exosome-free fraction is quite
stable. Because we identified the role of miR-150 released by
stimulated monocytes in modulating endothelial cell function
(10), we think that extracellular miRNAs are mainly packed into
exosomes and secreted to serve as signal molecules in mediating
cell-cell communication. However, qRT-PCR assays of both
human and mouse samples clearly showed that plasma miR-122
was in the exosome-free fractions (SI Appendix, Fig. S3). To ad-
dress the question how exosome-free miR-122 escapes the deg-
radation of RNases, which are abundant in plasma, we performed
protein analysis using LC-MS/MS after immunoprecipitating plasma
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Fig. 7. MiR-122-mut fails to elicit mouse acute lung inflammation and tissue
damage. (A) Mouse pulmonary inflammation and lung tissue damage
quantitated by H&E staining (Left) and lung injury scoring (Right) (six mice
per group, three to four images for each mouse). (B) Alveolar infiltration of
F4/80* macrophages in mice with injection of vehicle control, miR-122, or
miR-122 mutant via tail vein or respiratory trachea, respectively. Macro-
phage infiltration was detected by immunofluorescence. (C) FACS analysis of
F4/80*CD11b* macrophages in BALF harvested from the mice injected with
miR-122 or miR-122 mutant (six mice per group, n = 3). (D) Levels of in-
flammatory cytokines in BALF harvested from recipient mice following in-
jection of miR-122 or miR-122 mutant via tail vein (Left) or respiratory
trachea (Right) (six mice per group, n = 3). Data are presented as mean +
SEM. *P < 0.05, **P < 0.01, ***P < 0.001. One-way ANOVA followed by
Bonferroni’s multiple comparisons test.
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Fig. 8. Lung inflammation and tissue damage induced by miR-122 is abolished by deleting TIr7. (A) Mouse lung tissue damage analyzed by H&E staining

(Left) and lung injury scoring (Right) in mice of control group (WT), TIr7 depletion group (KO), control mice injected with ConA group (WT-ConA), control mice
injected with synthetic miR-122 group (WT-miR-122), TIr7-depletion mice injected with ConA group (KO-ConA), and TIr7-depletion mice injected with syn-
thetic miR-122 (KO-miR-122) (six mice per group, three to four images for each mouse). (B) Alveolar infiltration of F4/80* macrophages in six group mice.
Macrophage infiltration was detected by immunofluorescence. (C) FACS analysis of F4/80*CD11b* macrophages in BAL harvested from the six group mice (six
mice per group, n = 3). (D) Levels of TNF-« (Left) and IL-6 (Right) in BALF from the six group mice (six mice per group, n = 3). Data are presented as mean +
SEM. *P < 0.05, **P < 0.01, ***P < 0.001. One-way ANOVA followed by Bonferroni’s multiple comparisons test.

miR-122 from hepatitis patients via biotin-conjugated miR-122 an-
tisense oligonucleotide (41). As shown in SI Appendix, Table S4, a
panel of proteins—particularly «-2-macroglobulin  (A2M),
a-2 globin chain (HBA2), apolipoprotein A-I (APOA1), hapto-
globin (HP), hemoglobin-p (HBp), and others—were found to be
associated with miR-122. The binding of serum proteins to plasma
miRNA was previously reported by Arroyo et al. (11). It is pos-
sible that these proteins bound to miR-122 play a role in pro-
tecting miRNA against degradation by RNases. Interestingly,
HBAZ2 and HB are subunit of hemoglobin, and HP (42) has been
previously reported to be able to bind to hemoglobin. Given that
hemoglobin plays an essential role in oxygen-exchange in alveolar
space, binding of miR-122 to hemoglobin or the proteins with high
affinity to hemoglobin may also facilitate the preferential delivery
of miR-122 into lungs.

Although our results show that hepatic miR-122 plays an im-
portant role in inducing acute pulmonary inflammation and lung
tissue damage, other factors, such as high-mobility group box 1
(HMGBY) released by injured cells (43), may also contribute to the
pulmonary inflammation and lung tissue injury. Huebener et al.
(43) demonstrated that epithelial HMGBI, through interacting

6170 | www.pnas.org/cgi/doi/10.1073/pnas.1814139116

with receptor for advanced glycation end products, triggers
neutrophil-mediated injury amplification following necrosis. Given
that damaged hepatocytes can release HMGBI into the circula-
tion, it is possible that these circulating HMGBI initiate alveolar
macrophage inflammatory responses. However, because our LC-
MS/MS analysis of miR-122-bound proteins did not show
HMGBI (SI Appendix, Table S4), the circulating HMGB1 may
not play a major role in lung acute inflammation induced by an
injured liver.

Elucidating the role of miR-122 in linking acute pulmonary in-
flammation and tissue damage to various liver injuries not only
validates the concept that secreted miRNASs in circulation are es-
sential signaling molecules that mediate communication among
nonadjacent cells and organs (10, 12, 44, 45), but also provides ev-
idence that liver dysfunctions can have deleterious effects on other
organ systems. Consistent with the observation that miR-122
released by injured mouse liver cells was delivered to lung tissues
(Fig. 4), chronic hepatitis patients with pulmonary effusion also
displayed markedly higher miR-122 levels in pulmonary effusion
patients than pneumonia patients without liver disorder (SI Ap-
pendix, Fig. S6). Our results suggest that human lung dysfunction

Wang et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814139116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814139116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814139116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814139116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1814139116

can also be derived from liver injury and that hepatic miR-122
released from injured liver cells can activate alveolar macro-
phage inflammatory responses and elicit acute pulmonary inflam-
mation and tissue damage. Clinically, many patients experience
acute pulmonary inflammation and lung injury with no identifiable
infectious sources and are resistant to antibacterial treatment.
Given that liver injury, specifically miR-122 released from injured
liver cells, potentially underlies acute pulmonary inflammation and
tissue damage, patients with these symptoms should be examined
for liver injury and dysfunction.

In conclusion, the present study demonstrates evidence that
miR-122 released from injured liver cells can elicit acute pul-
monary inflammation responses via activating alveolar macro-
phage TLR7/8. By identifying this unconventional role of hepatic
miR-122 in stimulating lung immune injury, our findings provide
a mechanism by which pulmonary inflammation and tissue dam-
age can be caused, and identify hepatic miR-122 and its activated
TLR7/8 signaling pathway as potential therapeutic targets in
controlling liver injury-induced pulmonary inflammation.

Materials and Methods

Human Samples, Patient Characteristics, and Clinical Features. Study protocols
involved human sample collection and treatment were approved by the
Institutional Review Board at Drum Tower Hospital Affiliated to Medical
School of Nanjing University (Nanjing, China). Written informed consent was
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each) was drawn from 10 healthy donors, 10 patients with ongoing hepatitis, and
10 patients with HCC admitted to Nanjing Drum Tower Hospital, respectively. The
clinical features of the patients are detailed in S/ Appendix, Table S1. Pulmonary
effusion samples were collected from 10 chronic hepatitis patients with pul-
monary effusion and 10 patients with severe pneumonia but without liver
disorder. After centrifugation at 1,500 x g for 10 min, the supernatants of
pulmonary effusion were collected and stored at —80 °C until analysis. The
clinical features of the patients are detailed in S/ Appendix, Table S2.

Mouse Studies. C57BI/6J and SCID (severe combined immune deficiency) mice
were purchased from the Model Animal Research Center, Nanjing University
(Nanjing, China). TIr7-KO mice were obtained from The Jackson Laboratory
(Bar Harbor, Maine) and all the KO mice were backcrossed with C57BL/6 mice
over 10 generations (32). All mouse protocols followed the National Insti-
tutes of Health guidelines for the care and use of mice and were approved
by the Institutional Animal Care and Use Committee of Nanjing University
(Nanjing, China).
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