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Abstract

The molecular mechanisms of acute lung injury are incompletely understood. MicroRNAs
(miRNAs) are crucial biological regulators that act by suppressing their target genes and are
involved in a variety of pathophysiologic processes. miR-127 appears to be down-regulated during
lung injury. We set out to investigate the role of miR-127 in lung injury and inflammation.
Expression of miR-127 significantly reduced cytokine release by macrophages. Looking into the
mechanisms of regulation of inflammation by miR-127, we found that 1gG Fcy Receptor | (FcyRI/
CD64) was a target of miR-127, as evidenced by reduced CD64 protein expression in
macrophages over-expressing miR-127. Furthermore, miR-127 significantly reduced the luciferase
activity with a reporter construct containing the native 3'-UTR of CD64. Importantly, we
demonstrated that miR-127 attenuated lung inflammation in an 1gG immune complex (IgG IC)
model in vivo. Collectively, these data show that miR-127 targets macrophage CD64 expression
and promotes the reduction of lung inflammation. Understanding how miRNASs regulate lung
inflammation may represent an attractive way to control inflammation induced by infectious or
non-infectious lung injury.

Introduction

Acute lung injury (ALI) is characterized by hypoxemia, pulmonary edema, reduced lung
compliance, and impaired gas exchange (1). Severe lung injury leads to acute respiratory
distress syndrome, characterized by severe lung inflammation and profound hypoxemia, and
frequently results in multiple organ failure (2). Both ALI and ARDS are major causes of
morbidity and mortality. The molecular and immunological mechanisms of acute lung injury
remain incompletely understood.

When the lung encounters an exogenous insult, epithelial cells and macrophages are the
primary lines of defense. The injured cells trigger a cascade of events including acute
inflammatory response, recruitment of immune cells such as monocytes/macrophages, and
release of cytokines (IL-1, IL-6, and TNF-a), chemokines, growth factors, and
prostaglandins (3). Through innate immunity, the structures of invading microorganisms,
including lipids, carbohydrates, peptides, and nucleic acids, are first recognized by pattern-
recognition receptors (PRRS) (4). PRRs include the Toll-like receptor family (TLR),
including TLR4 (4). TLR4 is essential for responses to bacterial lipopolysaccharide (LPS) as
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well as to various endogenous ligands, such as hyaluronan (HA) fragments (5, 6).
Engagement of the TLR4 receptor triggers the activation of an intracellular signaling
pathway, resulting in subsequent cytokine/chemokine production and release (6). Through
the adaptive immune system, Fc receptors recognize the Fc domain of immunoglobulin (1g)
and thereby link the antibody-mediated immune response to cellular effector functions
including phagocytosis, release of inflammatory mediators, and clearance of immune
complexes. Fc gamma receptors (FcyRs) belong to the Ig superfamily and are the most
important Fc receptors for phagocytosis of opsonized microbes, mainly including FcyRI,
FcyRII, FeyRINI, and FeyRIV (7). Whereas FcyRI (CD64) is constitutively present on only
monocytes and macrophages, FcyRII1 is expressed in many tissues, but absent in
lymphocytes. FcyRII is present on almost all hematopoietic cells. FcyRI, FcyRIII and
FcyRIV function as activating receptors, where FcyRII acts as a negative regulator. Alveolar
macrophages express FcyRI, FcyRII, and FcyRIII (8). FcyRI deficient mice showed
impaired cytokine release, phagocytosis, and cellular cytotoxicity in IC-induced
inflammation, suggesting a critical role for FcyRI in IgG2a-1C-dependent immune functions

(9).

Numerous human diseases are thought to result from the failure to regulate the production
and clearance of immune complexes. Circulating immune complexes were found in patients
with systemic lupus erythematosus (10), rheumatoid arthritis (11), Goodpasture syndrome
(12), and nephritis (13). In the respiratory system, basement membrane destruction by
immune complexes are found in patients with ARDS (14), idiopathic interstitial pneumonias
(15), and hypersensitivity pneumonitis/alveolitis (16). Studies suggest that the anti-1L-8
autoantibody:IL-8 immune complexes were found in lung fluids from patients with ALI/
ARDS and correlated both with the development and outcome of ARDS (14, 17). Anti-
KC:KC complexes induced lung inflammation in mice and were associated with the
development of severe pulmonary inflammation (18). A recent study suggested that anti-
chemokine autoantibody:chemokine immune complexes may contribute to the pathogenesis
of lung inflammation by inducing activation of endothelial cells through engagement of the
1gG receptor FcyRlIla (14). The molecular mechanisms by which the immune complex
regulate inflammatory responses are largely unclear.

MicroRNAs (miRNAs) are critical regulators of gene expression. Mature miRNAs bind
target mMRNASs at complementary sites in 3'-untranslated regions (3-UTRs) or coding
sequences and thereby trigger down-regulation, suppression of target gene expression (19).
Emerging evidence also shows that miRNAs play an important role in both adaptive and
innate immunity (20). miRNAs are involved in innate immunity through the regulation of
Toll-like receptor signaling and cytokine responses. For example, reports showed that
miR-146, miR-155, and miR-132 are strongly up-regulated after LPS treatment in human
monocyte THP1 (21-23). miR-146 may target IRAK-1 and TRAF6, two essential
components of the TLR signaling pathways, thereby acting as a negative regulator of the
inflammatory response (21). miR-147 is induced by toll-like receptor stimulation and can
regulate macrophage inflammatory response by decreasing LPS-induced TNF-a and IL-6
production (24). miRNAs also regulate adaptive immune responses. For example, silencing
of miR-126 by antagomir impairs Th2 responses in the lung (25). miR-181a appears to act
as a negative regulator of T cell receptor signaling, by targeting Bcl-2 and CD69, mediating
positive selection (26, 27). Furthermore, miR-155 has a role in regulating T helper cell
differentiation and the germinal center reaction to produce an optimal T cell-dependent
antibody response (28).

We have recently analyzed miRNA expression after bleomycin-induced lung injury and
repair (29) and identified that miR-127 expression was decreased one day after bleomycin
treatment. In this report, we examined miR-127 expression in both non-infectious and
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infectious lung injury. In order to examine the role of miR-127 in macrophages, we
established a miR-127 stable over-expression of MH.S cells. We demonstrated that miR-127
directly down-regulates CD64 and attenuated lung inflammation in vivo. Taken together,
these data suggest that miR-127 plays a previously unrecognized role in preventing
exaggerated inflammatory responses to complement injury by negatively regulating FcyRI.

Materials and Methods

Reagents

Cells

Peptidoglycan (PGN) from Bacillus subtilis and LPS from Escherichia coli 0111:B4 were
purchased from Sigma-Aldrich. Hyaluronan (HA) fragments (about 200,000 kDa in
molecular weight, LPS free) were from ICN. Immune complexes were prepared according
to previous reports (30). Briefly, IgG-BSA immune complexes were produced by slowly
adding 4 volumes of IgG anti-BSA (5 mg/ml, MP Biomedicals) to 1 volume of BSA (10 mg/
ml, Sigma) and incubating at 37°C for 30 minutes. The complexes were recovered by
centrifugation and resuspended in RPMI-1640 medium. Macrophage cell lines MH.S and
RAW?246.7, as well as human monocyte cell line U937, were stimulated with 1gG-BSA
immune complexes (100 pg/ml) or RPMI-1640 medium as control.

The mouse macrophage cell line RAW264.7, alveolar macrophage cell line MH.S, and
human monocyte cell line U937 were purchased from the American Type Culture Collection
(ATCC). Cells were cultured in RPMI1640 plus 10% FBS at 37°C and 5% CO»,. U937 were
differentiated and activated with phorbol 12-myristate 13-acetate (PMA) (100 nM, Sigma)
before other treatment.

miRNA oligonucleotides

2'-OME modified miRNAs were chemically synthesized by IDT. All bases were 2'-O-
methyl (2’-OME) modified and a cholesterol moiety was linked to 3’ terminus. miR-127: 5'-
mUmCmMG mGmAmMU mCmCmG mUmCmU mGmAmMG mCmUmU mGmGmC mU/
3CholTEG/ -3', where m denotes 2’-OME modification. CEMR67: 5-mUmCmA mCmAmA
mCmCmUm CmCmUm AmGmAmM AmAMG mAmG/3CholTEG/ -3'.

Custom locked nucleic acid (LNA) oligonucleotides were synthesized by Exigon, LNA-
miR127: 5'-+T+CGG+ATC+CGT+CTG+AGC+TTG+G+C-3’, LNA-anti-miR127: 5'-+G
+CCA+AGC+TCA+GAC+GGA+TCC+G+A-3', control probe (CEMR67): 5'-+T+CACA
+ACCT+CCT+AGA+AAG+A+G-3', where the plus (+) sign denotes the LNA
modification.

MIiR-127 precursor, inhibitor, and control probe were purchased from Ambion.

Expression constructs and stable transduction

MiR-127 lentiviral construct was generated as follows: a region of 101 nucleotides
containing pre-miR-127 was amplified from mouse genomic DNA by using the following
primers, 5’MIR127: GATC ACTG TTAA CCAG CCTG CT and 3'MIR127: TTAA CTCG
AGGG AGGC AGAT GA. They were then cloned into the Hpal/Xhol sites of a pSico vector
(31), named pSico-miR-127. Viral particles were produced by calcium phosphate-mediated
transfection into 293T cells as described (32). Lentiviral supernatants were collected 48
hours after transfection, passed through a 0.22-um filter, and used directly to infect MH.S
cells. GFP-positive cells were sorted 3-4 days after infection and resulted in MH.S-SicoGFP
and MH.S-miR127GFP cells. Recombinant adenoviral stocks expressing Cre recombinase
were purchased from the Gene Transfer Vector Core facility of University of lowa College
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of Medicine (lowa City, 1A). Infections of GFP-positive cells were performed by using 100
plaque-forming units of virus per cell. Four days after adenovirus infections, the GPF-
negative cells were sorted from GFPPO infected with adeno-Cre as MH.S-Sico and MH.S-
miR127 cells. Cre recombination was discriminated by PCR amplification of genomic DNA
with the following primers, pSico-Cre-UP: GGGA CAGC AGAG ATCC AGTT and pSico-
Cre-DN: ACCG GAAC CCTT AAAC ATGA. The unrecombined viral DNA results in a
1921 bp band, and the recombination viral DNA results in a 495 bp band.

Animals, IgG immune complex-induced lung injury, bleomycin-induced lung injury, and
BAL analysis

All experiments were carried out using 8- to 12-week-old C57BI/6 female mice (Jackson
Laboratory). All studies were conducted in accordance with NIH guidelines for the care and
use of animals, and with approval from the Duke University Animal Care and Use
Committee.

Rabbit anti-BSA 1gG (MP Biomedicals catalog 55275; 10 ug in 20 ul of PBS) was
administered intranasally, and 5 mg/kg of BSA (Sigma A8412) in 200 pl of PBS was
injected intravenously immediately thereafter. Control mice received BSA intravenously in
the absence of an intranasal dose of anti-BSA. To assess permeability, 0.25% Evans blue
(Alfa Aesar, catalog A16774) was administrated with BSA intravenously. Since neither
CEMRG67 nor PBS had any effect, either CEMRG67 or PBS was used as control in certain
experiments. When miR-127 and control probe CEMR67 were used, 100 ug in 40 ul PBS
was instilled intranasally 2 hours before anti-BSA 1gG administration.

Animals were sacrificed 4 h after 1gG IC-induced alveolitis according to reports (33). The
trachea was catheterized and lungs were lavaged with 0.8 ml of ice-cold PBS three times.
The first 0.8 ml of BALF was collected for ELISA, and the total and differential cells in
BALF were counted by use of a hemocytometer. Cell differentials were performed on
cytospin preparations stained with protocol Hema3 stain set (Fisher Healthcare). Evans blue
concentration in BALF was determined by ELISA reader under 405 nm for lung
permeability analysis. Total protein level was determined by bicinchoninic acid protein
assay.

Under anesthesia, 2.5 U/kg bleomycin (Blenoxane from Mayne Pharma Inc., Paramus, New
Jersey) dissolved in sterile PBS was administered via trachea as previously described (6, 34,
35). Lung tissues were harvested one day post bleomycin challenges or from untreated mice.

RNA analysis

RNA was isolated from cells with TRIzol reagent (Invitrogen) or mirVana™ miRNA
Isolation Kit (Ambion). The expression of miR-127 was normalized to sno202 and analyzed
using Tagman miRNA assays (Applied Biosystems).

Luciferase assay

Construct generation. The full length FcyR1 3'-UTR was amplified by PCR from mouse
genomic DNA with the following primers: FcyRI-Forward 5'-GGT GAC TAG TGG ACC
CGA GCA GCC-3' and FcyRI-Reverse 5-AAG TGA GCT CAG GTC CTC TGG AAG-3'.
The amplified 1404 bp product was inserted into the Spel/Sacl sites of the luciferase
expression vector pMIR-REPORT (Applied Biosystems) immediately downstream of the
luciferase gene and termed pMIR-REPORT[FcyRI-3'-UTR]. A mutant construct was
generated with two primers, FcyRI-3m-Forward 5'-GAC TGG CCG CGG CTG AGA CAA
GCT GGG TAA TCA GAC-3' and FcyRI-3m-Reverse 5-GCC GCG GCC AGT CTG TAT
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ATT TGC TTT ATT TAA GAG TTG CAT GCC-3' cloned into pMIR-REPORT, resulting
in pMIR-REPORT[mFcyRI-3"-UTR].

Transfection. RAW264.7 cells were co-transfected with 0.4 ug of firefly luciferase report
vector and 0.08 ug of the control vector containing Renilla luciferase, pRL-TK (Promega) in
24-well plates by using Lipofectamine 2000 (Invitrogen) according to the manufacturer's
protocol. For each well, 10 nM miR-127 precursor and miR-127 inhibitor (Ambion) were
used. For luciferase assay, Firefly and Renilla luciferase activities were measured
consecutively by using dual-luciferase assays (Promega) 48 h after transfection according to
manufacturer's suggestions.

Cytokine and complement production

TNF-q, IL-6, IL-1B, MIP-1B, MIP-2, MCP-1, KC, and C5a protein levels in supernatant
collected from cell culture or in BALF of injured mice were measured immunologically
using commercial ELISA kits (R&D Systems). Complement C5a in BAL of injured mice
were determined with ELISA with antibodies from BD Pharmingen (Capture antibody:
purified rat anti-mouse C5a, catalog 558027; standard: purified recombinant mouse C5a,
catalog 622597; detect antibody: biotin rat anti-mouse C5a, catalog 558028).

Protein analysis

Protein extracts were isolated from cells or lung tissues. CD64, STAT3 and Phospho-Stat3
(Tyr705) levels were determined using goat polyclonal anti-CD64 (R&D systems), mouse
monoclonal anti-Stat3 (Cell signaling), or rabbit monoclonal anti-phospho-Stat3 (Tyr705)
(Cell signaling) and normalized to GAPDH (Cell signaling).

Microarray analysis

Microarray analysis was performed using the Affymetrix Mouse Genome 430 2.0 Array
(Affymetrix). Gene chips were scanned by the GenePix 4000B scanner (Molecular Devices,
Sunnyvale, CA). Data and images were obtained using GenePix Pro 6.1 (Molecular Devices,
Sunnyvale, CA) according to the manufacturer's instructions. RNAs extracted from MH.S-
Sico cells were hybridized on Cy3, and RNAs extracted from MH.S-miR127 cells were
hybridized on Cy5. Data were background subtracted and normalized within the array using
the LOESS normalization by Genespring GX 11 software. The complete microarray data set
is available at National Center for Biotechnology Information Gene Expression Omnibus
(http://lwww.ncbi.nlm.nih.gov/geo/), under accession number GSE27642.

Flow cytometry

RAW264.7 and MH.S cells were stained with PE conjugated anti- mouse CD64 antibody
(BD Pharmingen, catalog 558455) and flow cytometry was used to determine the CD64
staining positive cells in MH.S-Sico and MH.S-miR127 cells, to determine the CD64
staining positive cells in miR-127 precursor, inhibitor and control probe transfected Raw
264.7 cell, and to select top 1% of highest CD64 expressing cells, as CD64M" and bottom
1% of lowest CD64 expressing cells, as CD64°.

Synthetic 2’-O-methyl (2'-OME)- and cholesterol-modified, and Fam (5)-labeled miR-127
oligonucleotide or control oligonucleotide without Fam labeling (100 pg in 40 ul PBS) were
intranasally administered to C57BL/6J mice. BAL cells were isolated 2 hours later and
stained with CD64-PE (BD Biosciences, Cat# 558592) and F4/80-APC (AbD Serotec, Cat#
MCA497APCT) antibodies. Macrophages uptaking Fam-labeled miR-127 oligonucleotide,
and CD64 expression on BAL cells isolated from miR-127 and control oligonucleotide
treated mice were analyzed with flow cytometry.
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To morphologically assess lung injury 4 h after IgG IC deposition, the lungs were inflated
with 10% formalin via a tracheal cannula and removed from the thoracic cavity. Tissue was
fixed overnight, embedded in paraffin, and sectioned for staining with hematoxylin-eosin.

Data are expressed as the mean + SEM where applicable. We assessed differences in
measured variables using the unpaired two-sided Student t-test or Wilcoxon rank-sum test.
Differences between multiple groups were calculated using one-way ANOVA with Tukey-
Kramer post test or two-way ANOVA with Bonferroni multiple comparisons. Statistical
difference was accepted at P < 0.05. Prism5.0 software was used to perform statistical
analysis.

Mature miR-127 is regulated during inflammation

There are limited reports suggesting that miR-127 may play a role in development (36) and
tumor progression (37). However, there is no report on miR-127 targets or on its role in
inflammation. We recently analyzed miRNA expression after bleomycin-induced lung
injury with a miRNA array study (29) and identified that miR-127 expression was regulated
after injury. Bleomycin treatment led to down-regulation of miR-127 at day 1 after
bleomycin (Fig. 1A). We also found that miR-127 was down-regulated after IgG IC-induced
lung injury (Fig. 1B). We reasoned that miR-127 may play a role in regulating lung injury
and inflammatory response. When we measured the expression of miR-127 in murine
RAW264.7 macrophages and MH.S alveolar macrophages upon LPS stimulation, we found
that overnight treatment with LPS showed a marginal down-regulation of miR-127
expression in both MH.S (Fig. S1A) and RAW264.7 macrophages (Fig. S1B).

Over-expression of miR-127 decreased cytokine expression

We next determined the ability of miR-127 to modulate the inflammatory response in
macrophages in vitro. To accomplish this, we transduced MH.S cells with a lentivirus
encoding miR-127 (pSico-miR127) or an empty lentivirus (pSico) as control (31). Pre-
miR-127 gene was cloned into a pSico vector in which CMV-GFP cassette is located
downstream of the U6 promoter and is flanked by loxP sites such that Cre-mediated
recombination is expected to result in the loss of GFP expression and the activation of
miRNA expression (Fig. S2A). PCR confirmation of Cre-mediated recombination was
performed to amplify the recombined and un-recombined viral DNA (Fig. S2B). High-
efficiency transduction by the vector was achieved as indicated by uniform GFP expression
in infected cells (Fig. S2C). After super-infection with a Cre-expressing recombinant
adenovirus, near complete recombination with concomitant loss of GFP fluorescence was
observed (Fig. S1C). One week after Cre expression, more than 2 fold higher level of
miR-127 expression was detected in cells infected with pSico-miR-127 versus control cells
(Fig. S1D). This suggested we had successfully established the miR-127 over-expressed
MH.S cell line.

To test the hypothesis that the gain of miR-127 function plays a role in the release of
cytokines during inflammation, MH.S-miR127 and control cells were treated with LPS.
Over-expression of miR-127 in MH.S cells significantly decreased production of pro-
inflammatory cytokines induced by LPS, such as TNF-q, IL-1p, and IL-6 (Fig. 2A-C). These
data suggest that miR-127 functions as a negative regulator of inflammatory response. Given
the ability of miR-127 to down-regulate TLR4 induced inflammatory responses, we next
investigated if miR-127 also modulates activation of peptidoglycan (PGN), hyaluronan
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fragments, and 1gG immune complex (1gG IC) stimulated cells. As shown in Fig. 2,
miR-127 significantly attenuated TNF-a and IL-1p production induced by PGN and
hyaluronan fragments (Fig. 2A-B), as well as IL-6 production induced by PGN and 1gG IC
(Fig. 2C).

To further address this question, RAW264.7 cells, MH.S cells, and PMA treated human
monocyte U937 cells were transiently transfected with a specific miR-127 precursor,
miR-127 inhibitor or control probes. miR-127 precursor markedly inhibited 1gG 1C-induced
IL-6 by RAW264.7 cells (Fig. 2D), TNF-0 by MH.S cells (Fig. 2E), and human TNF-o by
U937 cells (Fig. 2F). However, miR-127 precursor, miR-127 inhibitor or the control probes
alone did not alter cytokine production by RAW264.7, MH.S cells, or U937 cells (Fig. 2D-
F). These results demonstrated that miR-127 possesses the ability to suppress cytokine
releases in various inflammation models in vitro.

CD64 is a target of miR-127

We next focused our study on miR-127 regulation in 1gG IC induced inflammation because
putative mRNA targets predicted in silico [MicroCosm Targets Version 5
(http://www.ebi.ac.uk/enright-srv/microcosm/htdocs/targets/v5/)] were members of
pathways implicated in FcyR mediated immune response in macrophages, including FcyRlI,
P13K cat class IA, VAV-1, PIP5KI, and Myosin Il. Notably, CD64 was predicted to have a
strong miR-127 binding site (Fig. 3A) and showed a minimum free energy of —26.24 kcal/
mol.

We then performed cDNA microarray analysis to determine if CD64 expression is different
between MH.S-miR127 and control MH.S-Sico cells. The microarray analysis of RNA
isolated from MH.S-miR127 and MH.S-Sico cells revealed a down-regulation of FcyRI
transcripts in MH.S-miR127 cells compared to MH.S-Sico cells (Fig. S3). These data
display an inverse relationship between CD64 expression and miR-127 expression,
indicating that CD64 is a putative target of miR-127.

Next, Western blot analysis of CD64 was performed in MH.S-miR127 and control cells with
and without LPS treatment. CD64 protein expression was induced by LPS in control cells,
but protein expression of CD64 in MH.S-miR127 cells was significantly inhibited in
response to LPS stimulation (Fig. 3B). Since CD64 is an integral membrane glycoprotein,
we performed fluorescence-activated cell sorting (9) to investigate if membrane CD64 is
regulated by miR-127. As expected, flow cytometry analysis showed a decrease in CD64
positive staining on MH.S-miR127 cells when compared with control cells (Fig. 3C). We
also found decreased CD64 positive staining in miR-127 precursor transfected RAW 264.7
cells compared with the transfection with miR127 inhibitor or control probe (Fig. 3D).
Together, these data demonstrate that CD64 is a potential target of miR-127 and is down
regulated by miR-127 over-expression.

To further obtain direct evidence that CD64 is a target of miR-127, and to determine
whether miR-127 targets and represses CD64 directly through a 3'-UTR interaction, we
constructed a luciferase reporter vector containing the full-length CD64 3'-UTR (pMIR-
REPORT[FcyRI-3'-UTR]) and analyzed the effect of miR-127 on luciferase expression. As
anticipated, co-transfection of miR-127 attenuated expression of luciferase activity from the
pPMIR-REPORT[FcyRI-3"-UTR] reporter (Fig. 3E), whereas the inhibition was not observed
when either control miRNA or miR-127 inhibitor were used (Fig. 3F). Correspondingly, we
also generated a mutant reporter (pMIR-REPORT[mFcyRI-3'-UTRY]) in which the seed
binding sequence in 3'-UTR of CD64 was mutated. The luciferase activity in pMIR-
REPORT[mFcyRI-3'-UTR] and miR-127 co-transfected cells showed no differences when
compared with pMIR-REPORT[mFcyRI-3'-UTR] and control miRNA or miR-127 inhibitor
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co-transfection (Fig. 3G). These suggest that miR-127 reduced the luciferase activity by
binding to CD64-3'UTR, but had no effect on CD64 mutant 3'-UTR. Therefore, we
concluded that CD64 is a bona fide target of miR-127.

Expression of CD64 is positively correlated with IgG IC-induced inflammatory response

To test whether CD64 functionally regulates 1gG 1C-induced cytokine expression,
RAW264.7 and MH.S cells were stained with anti-CD64 antibody and flow cytometry
analysis was used to sort out the top 1% of the highest CD64 expressing cells, as CD64M,
and the bottom 1% of the lowest CD64 expressing cells, as CD64!°. Next, the highest and
lowest CD64 expressed RAW264.7 and MH.S cells were treated with 1gG 1C and cytokine
expression in the conditioned media were measured. RAW264.7-CD64/° cells showed a
decrease in TNF-a, IL-1B and IL-6 release after 1IgG IC stimulation as compared to
RAW?264.7-CD64Ni cells (Fig. 4A). Similarly, MH.S-CD64!° cells showed a decrease in pro-
inflammatory cytokines such as IL-6, after IgG IC stimulation, as compared to MH.S-
CD64" cells (Fig. 4B). RAW264.7-CD64'° cells also showed a decrease in IL-1p release
after LPS stimulation as compared to RAW?264.7-CD64N cells (Fig. 4C). These data
demonstrate that expression of CD64 is closely associated with the inflammatory response
of macrophages activated by 1gG IC.

MiR-127 attenuates IgG IC-induced lung injury in vivo

We have shown that the IgG IC induced inflammation is inhibited by miR-127 in vitro. We
next investigated whether miR-127 mediates regulation of inflammatory response in
complement mediated acute lung injury in vivo. We administered miR-127 probes or control
(CEMRG67 or PBS) intranasally 2 hours before onset of the 1gG IC, and then analyzed the
extent of lung inflammation 4 h after onset of 1gG IC model. Neither CEMR67 nor PBS had
any effect. Flow cytometry revealed that more than half of macrophages had taken up Fam-
labeled miR-127 (Fig. S4A). RT-PCR revealed an accumulation of miR-127 in the lungs of
the miR-127 treatment group (Fig. S4B). miR-127 treated macrophages expressed less cell
surface CD64 when compared with control oligonucleotide CEMR67 (or PBS) treated
macrophages. (Fig. S4C). 1gG IC induced a typical lung pathology (30, 33) characterized by
lung hemorrhage, edema, fibrin deposition, and accumulation of inflammatory cells.
However, treatment with miR-127 displayed a significant reduction in pathological changes
(Fig. 5A). We collected bronchoalveolar lavage fluid (BALF) from mice of control, 1gG IC
model, and miR-127 treatment groups. Examination of the inflammatory response to IgG IC
revealed a significant attenuation in total protein level (Fig. 5B) and Evans blue
concentration (Fig. 5C). Furthermore, miR-127 also markedly reduced inflammatory cell
infiltration (Fig. 5D-E) as well as neutrophil influx (Fig. 5F). These data suggest that
miR-127 significantly attenuated 1gG IC-induced lung injury.

MiR-127 inhibits IgG IC-induced lung inflammation in vivo

Next we examined the role of miR-127 in the effect on cytokine release. Consistent with our
in vitro observation, miR-127 significantly reduced cytokine release into the alveolar space.

All major cytokines and chemokines (IL-6, TNF-a, MIP-18, MIP-2, MCP-1, and KC) were

reduced by miR-127 in 1gG IC-induced lung injury (Fig. 6A).

Complement activation is an important component of immune complex-mediated tissue
injury (38). Complement 5 fragment a (C5a) has been demonstrated to be required for the
full development of injury and neutrophil accumulation in an IgG IC model of lung injury
(33, 39). Anti-C5a antibody reduced in lung vascular permeability and lung
myeloperoxidase, and suppressed up-regulation of ICAM-1 and TNFa in the 1gG immune
complex model of lung injury (33). Anti-C5a antibody attenuated ARDS and some of the
systemic manifestations of sepsis in nonhuman primates (40). Therefore, we wanted to
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determine whether complement C5a was affected. IgG immune complex markedly induced
C5a in mouse BAL. miR-127 treatment significantly reduced C5a protein levels in the BAL
(Fig. 6B).

Signal transducer and activator of transcription 3 (STAT3) is a transcription factor
transducing signals in response to cytokines and growth factors. STAT3 is activated in the
lung during 1gG IC-induced acute lung injury (30). Therefore, we wanted to determine if
miR-127 treatment influences STATS3 activation. STAT3 and Phosphor-STAT3 (p-STAT3)
protein levels were examined in total lung proteins. P-STAT3 protein levels were elevated in
the IgG IC onset lungs, but diminished by miR127 treatment (Fig. 6C). Thus, miR-127
appears to function in attenuating 1gG 1C induced inflammatory response in vivo through the
regulation of CD64.

Discussion

In this study, we found that miR-127 expression was regulated during inflammation both in
vitro and in vivo. Functionally, miR-127 regulated cytokine release by macrophages in vitro
and attenuated lung injury in an IgG I1C-induced lung injury model in vivo. Mechanistically,
miR-127 directly targeted 3'-UTR of CD64, resulting in the down-regulation of CD64.

Several studies have demonstrated that miRNAS regulate inflammation and the immune
response. For example, a recent study showed that miR-21 was up-regulated in the lungs of
mice with bleomycin-induced injury and also in the lungs of patients with idiopathic
pulmonary fibrosis, and that miR-21 may regulate lung injury and fibrosis through targeting
Smad7 (24). The down-regulation of let-7d was found in the patients with idiopathic
pulmonary fibrosis and let-7d targets HMGAZ in epithelial cells (41). Let-7g was reported to
be down-regulated in LPS-induced acute inflammation in circulating leukocytes (42).
miR-126 promotes Th2 responses in the lung (25). miR-146a has been shown to play a role
in innate immunity (43). However, the role of miR-127 in immune response and
inflammation has not been investigated and the targets of miR-127 have not been identified.

There are limited reports suggesting that miR-127 may play a role in development (36) and
tumor progression (37, 44, 45). We recently analyzed miRNA expression after bleomycin-
induced lung injury with a miRNA array study (29) and identified that miR-127 expression
was decreased at one day after bleomycin treatment. In this study, we showed that miR-127
expression is marginally down-regulated in IgG IC induced lung injury in vivo and
decreased in macrophages when stimulated with inflammatory stimuli in vitro, suggesting
miR-127 may play a role during inflammatory response. We focused our study on miR-127
regulation in 1gG IC induced inflammation because putative mRNA targets predicted in
silico were members of pathways implicated in FcyR mediated immune response in
macrophages, including FcyRI, P13K cat class 1A, VAV-1, PIP5KI, and Myosin 1.

We provide several lines of evidence suggesting that FcyR1 is a genuine target of miR-127.
First, using bioinformatics tools, targets of miR-127 were identified and CD64 was selected
for experimental validation, given its known role in the inflammatory response (8). cDNA
array analysis identified that CD64 was down-regulated in miR-127 over-expressing
macrophages. We further showed that over-expression of miR-127 resulted in a decrease in
MRNA, protein, and cell surface expression of CD64. Lastly, reduced luciferase activity was
observed in a reporter system containing the full length of 3’ UTR of CD64, demonstrating
that miR-127 directly targets CD64. However, we did not detect any effect of miR-127
inhibitor on 1gG 1C-induced cytokine release, cell surface CD64 expression, or CD64-
luciferase activity in macrophages. It is possible that the endogenous miR-127 expression is
low in lung tissue (36) as well as in macrophages, while CD64 expression is abundant on
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macrophages. Introduction of anti-miR-127 into macrophages may not be able to further
reduce endogenous miR-127 levels, so that anti-miR-127 may not up-regulate CD64
expression in the cells. On the contrary, introduction of miR-127 mimics into cells can
readily increase miR-127 levels in the cells and lead to significantly down-regulated CD64
expression.

By establishing stable or transient miR-127 over-expression in macrophage cell lines, we
observed decreased TNF-a, IL-1f, or IL-6 release correlated with over-expression of
miR-127 when stimulated with LPS, HA, PGN or IgG IC. We also present a functional role
for miR127-CD64 axis in the signaling pathways induced in response to IgG IC. IgG IC or
LPS treatment of sorted highest and lowest CD64 expression macrophages revealed a
correlation of decreased cytokine releases and the loss of CD64.

Next we determined the role of miR-127 in an IgG IC induced acute lung injury model in
vivo (8). miR-127 attenuated the inflammatory response and lung permeability in 1gG IC
induced acute lung injury, as indicated by a change in lung morphology, decreased
inflammatory cell infiltration, cytokine releases, total protein level, Evans blue
concentration, and complement activating protein C5a. C5a has been demonstrated to be
required for the full development of injury and neutrophil accumulation in an 1gG 1C model
of lung injury (39). It has shown that C5a directly activated chemokine production by
neutrophils and macrophages. In the presence of IgG IC, C5a and C5b-C9 membrane attack
complex cause a synergistic intrapulmonary generation of MIP-1f, MIP-2 and MCP-1 (46).
Also, we performed Western blot to analyze the total STAT3 and phosphor-STAT3 levels in
whole lung tissue. As previous reports indicate, STAT3 is activated in the lung during 1gG
IC induced acute lung injury, and its activity is chiefly regulated at the post-translational
level (30). We found that miR127 could prevent 1gG IC induced phosphorylation of STAT3.

In our study, we found that over expression of miR-127 leads to down-regulation of CD64
expression. CD64 is one member of the 1gG receptor family. Binding of IgG to FcyRs
triggers a wide variety of cellular functions including phagocytosis, antibody-dependent
cellular cytotoxicity, and release of inflammatory mediators, as well as clearance of immune
complexes and regulation of antibody production (7). FcyRs have been indicated to be
important immune-regulatory receptors involved in various disease states of allergy,
autoimmunity, and inflammation, especially IlgG-mediated human disease (7). By using a
variety of FcyR™/~ mice, loan-Facsinay and colleagues were able to show that in the absence
of FcyRlI, 1gG2a-1C-induced cellular processes of phagocytosis, cytokine release, cellular
cytotoxicity, and antigen presentation are impaired (9). Furthermore, FcyRI contributes
significantly to enhanced PMN infiltration in 1C-induced peritonitis (47). Mice lacking
FcyRI showed reduced inflammatory responses in an immune complex-induced reverse
passive Arthus model (48). Given the importance of FcyRI in 1gG IC-mediated
inflammatory responses, our findings determined that miR-127 acts as an anti-inflammatory
factor by targeting FcyRI both in vitro and in vivo. Interestingly, the microarray analysis of
different gene expression revealed an increase of FcyRII subunits in MH.S-miR127 cells
when compared with control cells. As indicated before, FcyRII is a negative regulator of
immune complex signaling. It is reported that FcyRII prevents inappropriate activation of
effector responses. Mice with FcyRII deficiency were hyperresponsive to sub-threshold
levels of cytotoxic antibodies (49) and immune complexes (50). This suggests to us that
miR-127 may result in increased expression of FCRI and decreased expression FcRII, which
collaboratively inhibit the inflammatory response. Hence, our data show the potential of
miR-127 as a target for the treatment of inflammatory diseases such as ALI and ARDS.

As we focused on the role of miR-127 in immune complex-induced lung inflammation, our
data suggest CD64 is the target of miR-127. We have also showed that miR-127 may have a
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role in the inflammatory response induced by LPS, PGN, and hyaluronan fragments. It is
possible that the effect of miR-127 on cytokine production stimulated by TLR ligands is
through CD64, since it has been suggested that CD64 contributes to protection from
bacterial infection (9) and there are crosstalk pathways between TLRs and FcyRs (51).
However, it is more plausible that miR-127 targets a set of genes, of which CD64 plays a
key role in immune complex-induced inflammation. In addition to CD64, there are at least
24 other genes putatively targeted by miR-127 involved in immune response, based on in
silico analysis. By GeneGo pathway analysis (www.genego.com), these genes are involved
in Phosphatidylinositol (3,4,5)-triphosphate (PIP3) signaling, nuclear factor of activated T-
cells (NFAT) signaling, CD28 signaling, and triggering receptor expressed on myeloid cells
1 (TREML1) signaling. By targeting a set of genes including CD64, miR-127 may therefore
play a role in regulation of the inflammatory response to a variety of IgG receptor as well as
TLR stimulation.

In summary, we describe for the first time that a miRNA was involved in IgG IC induced
lung injury. Specifically, we identify that miR-127 targeted CD64. miR-127 administration
inhibited the inflammatory response of IgG immune-complex induced lung injury. We
believe that these findings have important implications in the regulation of the adaptive
immune response in acute lung injury. Further investigation into the miR-127-CD64 axis
would pave the way to developing a novel therapeutic approach to the treatment of
infectious and non-infectious lung inflammation.
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Figure 1. Lung injury regulated miR-127 expression

A. Total RNA was isolated from normal lungs and lungs one day after intratracheal
bleomycin instillation (2.5U/kg). miR-127 expression was determined with TagMan
microRNA assay. B. miR-127 was decreased after 1IgG 1C-induced lung injury.
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Figure 2. Stable expression of miR-127 in MH.S cells attenuated inflammatory response

A-C. MH.S-miR127 and control cells were treated with LPS, hyaluronan (HA), PGN, and
IgG IC for 4 h. The levels of TNF-a (A), IL-1p (B), and IL-6 (C) in the supernatants were
determined by ELISA. D-E. miR-127 precursor attenuated IgG IC-induced inflammatory
response in RAW264.7 cells and MH.S cells. RAW?264.7 cells (D) and MH.S cells (E) were
transiently transfected with 10 nM control probes, miR-127 precursor, and miR-127
inhibitor. At 48 h after transfection, the cells were cultured with or without 1gG IC for 4 h.
The levels of IL-6 in the supernatants were then determined. F. Human monocyte U937
cells were activated with PMA at 100 nM for 24 hours, and the cells were washed and then
cultured in regular medium for 24 hours before transfection. The cells were transiently
transfected with 10 nM control probes, miR-127 precursor, and miR-127 inhibitor. At 48 h
after transfection, the cells were cultured without or with 1gG IC for 4 h. The levels of IL-6
in the supernatants were then determined. miR-127 precursor attenuated 1gG 1C-induced
TNF-a production human U937 cells. Values are presented as mean = SEM. n = 3-4, *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared to control group. The
experiments were repeated 3 times.
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Figure 3. FcyRI (CD64) is a target of miR-127

A. Predicted binding site for miR-127 in 3'-UTR of CD64. miR-127 seed sequence was in
blue. B. Western blot analysis was performed to determine the levels of CD64 protein in
MH.S-miR127 and control cells without or with LPS (100 ng/ml) treatment for 4h. C. Flow
cytometry was performed to determine the percent of CD64 staining positive cells in MH.S-
miR127 and control cells. D. RAW264.7 cells were transfected with 10nM control probes,
LNA-miR127, and LNA-anti-miR127. 48 h after transfection, the cells were stained with
CD64 antibody. The percent of CD64 staining positive cells were then determined. E-F.
Luciferase activity of miR-127 precursor (E), miR-127 inhibitor (F) or control probe and
pMIR-REPORTI[FcyRI-3'-UTR] co-transfection. G. Luciferase activity of miR-127
precursor, miR-127 inhibitor or control probe and pMIR-REPORT[mFcyRI-3'-UTR]
(containing a mutated 3'UTR of FcyRlI) co-transfection (n = 3-4, *p < 0.05, **p < 0.01,
****p < 0.0001). The experiments were repeated 3 times.
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Figure 4. Expression of CD64 correlated with 1gG IC induced inflammatory response )
A. RAW264.7 cells were sorted for the highest or lowest 1% cells expressing CD64. CD64M
and CD64!° were treated without or with IgG IC for 4 h. The levels of IL-1p, IL-6, and
TNF-a in the supernatants were then determined by ELISA. B. MH.S cells were sorted for
CD64 highest or lowest 1% expressing cells. The levels of IL-6 in IgG IC treated
supernatant of CD64" and CD64!° MH.S cells were then determined. C. CD64M and
CD64!° RAW?264.7 cells were treated with or without LPS for 4 h. The levels of IL-1p in the
supernatants were then determined by ELISA. Values are presented as mean + SEM. n =
3-6, ****p < 0.0001 compared to control group. The experiments were repeated 3 times.
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Figure 5. miR-127 attenuated 1gG IC induced acute lung injury in mice
Mice received either PBS or miR-127 intranasally 2 h before onset of IgG IC model (10 pg/
mouse anti-BSA in 40 pl PBS intranasal instillation and 5 mg/kg BSA together with 0.25%
Evans blue in 200 ul PBS intravascular injection). At 4 h after IgG IC onset, mice were
sacrificed and BALF was collected. Lungs tissue was fixed, embedded in paraffin, and
sectioned for staining with hematoxylin-eosin. A. miR-127 decreases lung inflammation and
alveolar hemorrhage on lung sections stained by hematoxylin and eosin. B. Total protein
levels in BALF were performed by BCA assay. C. Evans blue concentrations in BALF were
measured. D. Total cell counts in BALF were performed to determine inflammatory cell
infiltration. E. Representative cytospin preparations stained with Protocol Hema3 stain set.
F. Differential cell counts were performed on cytospin preparations of BAL (mac,
macrophages; lym, lymphocytes; PMN, neutrophils). Values are presented as mean + SEM.
n =3 -6 in each group; *p < 0.05, **p < 0.01, compared to IgG IC group. The experiments

were repeated 3 times.
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Figure 6. miR-127 inhibited cytokine production and compliment component in IgG IC induced

acute lung injury in vivo

Mice received either PBS or miR-127 probes intranasally 2 h before onset of IgG IC model.
At 4 h after IgG IC onset, mice were sacrificed and BALF or lung tissue was collected. A.
Protein levels of IL-6, TNF-a, IL-1B, MIP-1p, MIP-2, MCP-1, and KC in BALF were
measured with ELISA. B. Complement C5a protein in BALF was measured with ELISA.
Values are presented as mean £ SEM. n = 3 - 6 in each group; *p < 0.05, **p < 0.01, ***p <
0.001 compared to 1gG IC group. The experiments were repeated 3 times. C. Western blot
was performed to determine STAT3 and phospho-STAT3 protein levels in lung tissues.
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