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Circulating Plasma Extracellular Vesicles from Septic Mice
Induce Inflammation via MicroRNA- and TLR7-Dependent
Mechanisms

Jinjin Xu,*’* Yan Feng,* Anjana Jeyaram,'“t Steven M. Jay,'“t Lin Zou,* and Wei Chao*

We have previously reported that a group of host cellular microRNAs (miRNAs; miR-34a-5p, miR-122-5p, miR-145-5p,
miR-146a-5p, miR-210-3p) are released into the blood during sepsis, some of which are capable of inducing complement
activation, cytokine production, and leukocyte migration. Extracellular vesicles (EVs) have been proposed as vehicles
for extracellular miRNA-mediated intercellular communication. However, the biological function of plasma EVs and the
associated miRNAs in sepsis are largely unknown. In this study, we tested the hypothesis that plasma EVs in sepsis are proin-
flammatory and EV-associated miRNAs are responsible for EV-induced cytokine production. Compared with those of sham
mice, the plasma EVs from septic mice were slightly smaller (157 = 2 versus 191 = 6 nm, p < 0.0001), but more abundant
[(1.6 £ 0.14) x 10'° versus (0.93 = 0.14) x 10'%/ml plasma, p < 0.003]. miRNA array revealed that among 65 miRNAs,
8 miRNAs exhibited >1.5-fold increase in septic EVs compared with sham EVs, including miR-126-3p, miR-122-5p,
miR-146a-5p, miR-145-5p, miR-26a-5p, miR-150-5p, miR-222-3p, and miR-181a-5p. Septic but not sham EVs were proin-
flammatory, promoting IL-6, TNF-o, IL-1$, and MIP-2 production. The effects of EVs were resistant to polymyxin B (an
endotoxin inhibitor) but significantly inhibited by anti-miR inhibitors against miR-34a, miR-122, and miR-146a. Moreover,
the septic EV-induced cytokine production was attenuated in TLR7 '~ or MyD88 ™~ cells but remained the same in TLR3 ™~ or Trif '~
cells. In vivo, mice i.p. injected with septic EVs had marked peritoneal neutrophil migration, which was significantly attenuated in
MyD88 '~ mice. Taken together, these data demonstrate that plasma EVs of septic animals play an important role in inflamma-
tion, and EV-associated miRNAs likely mediate the cytokine production via TLR7-MyD88 signaling. The Journal of Immunology,

2018, 201: 3392-3400.

epsis is a serious clinical condition with life-threatening

organ dysfunction caused by a dysregulated host response

to infection (1). It is the leading cause of death in the in-
tensive care unit. Sepsis results in over 265,000 deaths per year in
the United States, and the number of sepsis cases has continued to
rise (2, 3). Although marked systemic inflammation is a hallmark
of sepsis and plays a pivotal role in early sepsis pathogenesis, the
molecular and cellular mechanisms that drive inflammation and
subsequent organ injury are not fully understood.

Extracellular vesicles (EVs) are membrane-bound nanoparticles
naturally released from almost every cell type in vivo and po-
tentially play an important role in various diseases (4). Plasma EVs
contain nucleotides, lipids, and proteins from the cells in which
they originate, and in turn affect gene expression in recipient cells
(5-7). For example, studies have shown that plasma EVs isolated

from septic shock patients induce tissue expression of NO synthesis
and NF-kB activation when injected into animals, demonstrating a
proinflammatory effect (8).

MicroRNAs (miRNAs) are a group of small single-stranded
noncoding RNAs that regulate gene expression by binding to the
3’ untranslated region of target mRNAs. Association of a miRNA
with its mRNA target results in degradation of mRNA as well as
inhibition of translation. Thus, by affecting gene translation in the
cytoplasm, miRNAs act as regulators [generally gene repressors,
but they can upregulate genes as well (9)], of a wide range of
biological processes and play a critical role in health and diseases
such as cardiovascular disorders (10-13). Importantly, recent
studies have revealed that miRNAs also widely exist outside of
cells in the blood circulation (14-17) and body fluids (18-20).
These extracellular (ex) miRNAs are either packed in different
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types of EVs, such as exosomes, apoptotic bodies, and microvesicles
(21-23), or bound to proteins such as argonaute-2 (24, 25), all of
which reportedly protect them from RNase digestion and carry
them to target tissues/cells. Although their plasma concentrations
may be modest, emerging data suggest that ex-miRNAs can act on
the target cells in a paracrine/endocrine fashion and play an im-
portant role in various pathological and inflammatory conditions
(26), such as cancer inflammation and metastasis (27), neuro-
degeneration (28), and pain (29).

‘We and others have recently demonstrated that host RNAs, including
various miRNAs, are released into the blood circulation during sepsis
and myocardial ischemia-reperfusion injury in animals (30-32) and
patients (33). The host circulating plasma RNA levels are closely as-
sociated with sepsis severity in animals (30). Moreover, we have found
that ex-RNAs and certain uridine-rich ex-miRNA mimic function as
damage-associated molecular patterns and induce both cytokine and
complement factor B (FB) production through a specific TLR7- and
uridine-dependent mechanism in immune cells, cardiomyocytes,
and intact animals (30-32). However, whether these miRNAs are
associated with plasma EVs and whether the plasma EVs and their
cargo miRNAs play any role in inflammation are unclear.

In the current study, we hypothesized that circulating plasma
EVs from septic animals are proinflammatory and that miRNAs
associated with septic EVs are responsible for EV-induced in-
flammatory response. To test this, we isolated EVs from healthy
and septic mice, tested their function in vitro and in vivo, and
profiled miRNA expression in plasma EVs. Finally, using specific
anti-miR inhibitors and TLR knockout mice, we tested the specific
role of EV-associated endogenous miRNAs and TLRs in mediating
the EV-induced proinflammatory response.

Materials and Methods

Animals

Eight- to twelve-week-old gender- and age-matched mice were used.
C57BL/6J wild-type (WT), TLR7'~, and TLR3 ™/~ mice were purchased
from The Jackson Laboratory and housed in the University of Maryland
School of Medicine animal facility for at least 1 wk before experiments.
MyD88 '~ mice were generated by Kawai and colleagues (34), and pro-
vided water was supplemented with sulfamethoxazole (4 mg/ml) and tri-
methoprim (0.8 mg/ml). Antibiotics were stopped for at least 2 wk prior
to experiments. Trif /~ mice were generated by Yamamoto, et al. (35).
All animals were housed in pathogen-free, temperature-controlled, and air
conditioned facilities with 12 h/12 h light/dark cycles and fed the same
bacteria-free diet. All animal care and procedures were performed according
to the protocols approved by the Institutional Animal Care and Use Com-
mittee of the University of Maryland School of Medicine and are in com-
pliance with the “Guide for the Care and Use of Laboratory Animals”
published by the National Institutes of Health.

Mouse model of polymicrobial sepsis

Polymicrobial sepsis was generated by cecum ligation and puncture (CLP)
as described previously (36). In brief, after mice were anesthetized with
ketamine (100 mg/kg) and xylazine (10 mg/kg), the cecum was ligated
1.5 cm from the tip, punctured through with an 18-gauge needle, and gently
squeezed to take out a small amount of fecal material. The sham-operated
mice underwent general anesthesia and laparotomy but without CLP. After
surgery, prewarmed saline (0.033 ml/g body weight) was injected s.c., and
bupivacaine (3 mg/kg) and buprenorphine (0.1 mg/kg) were administrated
s.c. for postoperative pain control.

Isolation and characterization of EVs

EVs were isolated from freshly isolated plasma by differential ultracen-
trifugation as described previously (37). In brief, 250 pl of plasma was
collected and diluted with an equal volume of Ca**/Mg>*—free Dulbecco’s
PBS (DPBS) and then centrifuged at 2000 X g at 4°C for 30 min to remove
cell debris and protein aggregates. Supernatants were transferred to a new
Eppendorf tube and centrifuged at 12,000 X g at 4°C for 30 min. Subse-
quently, supernatants were transferred to a new ultracentrifuge tube and
diluted with 4 ml of Ca**/Mg**—free DPBS and then centrifuged at
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120,000 X g (MLS-50 Rotor; Beckman Coulter) at 4°C for 120 min. EV
pellets were resuspended in 100 wl of cold Ca®*/Mg**—free DPBS, and
EVs were quantified using a nanotracking system (NanoSight LM10; Malvern
Panalytical). All EVs used for cell treatment were isolated under sterile
conditions. EV proteins were measured with the Bradford method and
acetylcholinesterase (AchE) activity was assayed with commercially avail-
able kits (Sigma-Aldrich, St. Louis, MO). For electron microscopic imaging,
25 wl of isolated plasma EVs were treated in 2% paraformaldehyde and fixed
on a 400-mesh square copper grid with 2% uranyl acetate.

EV miRNA array

RNA isolated from 20 pl of plasma EVs of sham and CLP mice was used
to profile miRNAs using a FirePlex miRNA Panel — Immunology V2
as we previously reported (30) (Abcam, Boston, MA). The technology
employs a unique posthybridization ligation-based scheme to fluorescently
label bound miRNA targets.

EV miRNA detection by quantitative RT-PCR

Total RNA was isolated from 250 pl of plasma-derived EVs using miRNeasy
Micro Kit (QIAGEN, Germantown, MD). A spike-in control, Caenorhabditis
elegans miRNA (cel-miR-39), was added prior to the RNA extraction.
RNA pellets were resuspended in 14 nl of RNase-free water and quantified
using Quant-iT RNA Assay Kit (Invitrogen, Waltham, MA) as reported
previously (30, 32). Twelve microliters of RNA solution were used for re-
verse transcription, according to the protocol of miScript RT Kit (QIAGEN).
miRNA expression was quantified using a miScript SYBR Green PCR Kit
(QIAGEN). Relative expression was calculated using the comparative cycle
threshold (Ct) method (2~ 2 #") normalized to spike-in C. elegans miRNA
(cel-miR-39) and expressed as the fold change in CLP EVs over sham EVs.

Isolation and culture of bone marrow—derived macrophages

Bone marrow cells were harvested from mouse tibias and femurs, cultured,
and differentiated into macrophages (Mds) in the presence of M-CSF
(10 ng/ml) as described previously with minor modifications (32). In
brief, bone marrow cells were cultured in RPMI 1640 culture medium
(Thermo Fisher Scientific) with 10% FBS (Thermo Fisher Scientific),
5% horse serum (Thermo Fisher Scientific), and penicillin (100 U/ml)/
streptomycin (100 pwg/ml) (Thermo Fisher Scientific) and seeded in a
96-well plate (2 X 10° cells per well) in a CO, incubator at 37°C. Three
days later, culture media were changed, and Ms were ready for experi-
ments at day 4.

Cell treatment

Bone marrow—derived Md$s (BMDM) were incubated in serum-free culture
medium containing 0.05% BSA for 1 h before treatment with EVs (20 w.g/ml),
poly(I:C) (10 pg/ml; Enzo Life Sciences, Farmingdale, NY), R837 (1ug/ml;
InvivoGen, San Diego, CA), or Pam3Cys (P3C; 1g/ml; Enzo Life Sciences)
for overnight. To eliminate possible effects of potential endotoxin contami-
nation, EVs (20 pg/ml) were incubated with 10 pg/ml polymyxin B (PMB)
(Sigma-Aldrich) at 4°C for 1 h prior to the treatment to the cells.

For nuclease and anti-miR treatment, RNase (Sigma-Aldrich), DNase
(Thermo Fisher Scientific, Waltham, MA), Benzonase (Millipore, Billerica,
MA), and miRNA inhibitor (miRCURY LNA Power microRNA Inhibitors;
Exiqon) were preincubated with sham or CLP-EVs, splenic RNA (50 pg/ml),
thymic DNA (10 pg/ml; Thermo Fisher Scientific), and miR-146a mimics
(50 nM; Integrated DNA Technologies, Skokie, IL) at room temperature
for 1 h before being applied to cell cultures. Lipofectamine 3000 (Thermo
Fisher Scientific) was used to complex the RNA, DNA, and miRNA mimics
according to the manufacturer’s protocol.

Cytokine assays

Medium MIP-2, IL-6, TNF-a, and IL-1p were detected using ELISA kits
(R&D Systems, Minneapolis, MN), as described previously (32).

Western blotting

EV proteins were lysed with SDS sample buffer and separated in 4-12%
gradient SDS-PAGE and immunoblotted with Abs (1:1000) against CD81
(Cell Signaling Technology, Danvers, MA). Western blotting bands were
visualized using Luminata Forte Western HRP substrate (Millipore) and
imaged in a ChemiDoc system (Bio-Rad Laboratories, Hercules, CA). The
band intensity was quantified using National Institutes of Health Image J.

In vivo EV administration

After shaving the fur and disinfecting the abdominal skin, mice were ad-
ministered sham or CLP EVs (300 p.g/mouse) through i.p. injection using
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31gauge insulin syringes. An adhesive 3M Tegaderm film was applied to
cover the injection site to prevent infection. Eighteen hours later, the
peritoneal lavage was harvested as described previously (31). Briefly, 5 ml
of saline was injected into the peritoneal space and mixed thoroughly by
gentle massage of the abdomen. The peritoneal lavage was collected and
centrifuged. The cell pellets were suspended in DPBS, and total peritoneal
cells were counted. A total of 4 X 10° cells were incubated with specific
Alexa Fluor 647 rat anti-mouse F4/80 (eBioscience, San Diego, CA) and Percp-
cy 5.5 rat anti-mouse Ly-6G (BD Biosciences, San Jose, CA) at 4°C for 15 min
protected from light. After washing with 4 ml of cold DPBS, cell pellets
were suspended in DPBS with 5% FBS and analyzed in a BD FACSCanto
II flow cytometer (BD Biosciences) as described previously (32).

Statistical analysis

Statistical analysis was performed using GraphPad Prism 5 software
(GraphPad, La Jolla, CA). The distributions of the continuous variables
were expressed as mean = SEM. One-way ANOVA with Tukey post
hoc analysis or two-way ANOVA with Bonferroni post hoc analysis was
applied to test the effects of anti-miR. The statistical significance of the
difference between groups was measured by two-tailed unpaired Student
t test, and a p value < 0.05 was considered significant.

Results

Characterization of plasma EVs in sham and septic mice

Mice were subjected to sham or CLP procedures. Twenty-four hours
later, mice were anesthetized, blood was collected, and plasma was
prepared for EV isolation. Fig. 1A shows a representative electron
microscopy image of EVs isolated from a septic mouse. Nanotracking
analysis revealed that the plasma EV particles had size distribution
between 50 and 300 nm (Fig. 1B). Compared with sham mice, plasma
EVs in CLP mice had slightly smaller size on average (medium size:
157 = 2 versus 191 = 6 nm, p < 0.001) (Fig. 1B), but were present in
higher numbers [(1.60 * 0.14) X 10" versus (0.93 = 0.14) X 10'%ml
plasma, p < 0.003] (Fig. 1C). When compared with EVs from
sham animals, EVs of CLP animals had similar amounts of protein
contents (Fig. 1D) but possessed higher AchE activity (Fig. 1E)
and CD81 expression (Fig. 1F).

Plasma EVs of CLP mice induce marked cytokine production

To determine whether plasma EVs were biologically active, we
treated BMDM with 20 pg/ml of EVs isolated from both sham and
CLP mice and assayed the culture medium for cytokines 20 h
later. As illustrated in Fig. 2A, the medium levels of MIP-2, IL-6,

A

FIGURE 1. Characterization of EVs isolated
from the plasma of CLP and sham mice. (A) A
representative electron microscopic image of septic
plasma EVs. Mice were subjected to sham or CLP

surgery. EVs were purified from plasma 24 h after § ;:
surgery. Scale bar, 20 nm. (B) Plasma EV size dis- . % 1'5 o]
tribution as measured by NanoSight. (C) EV particle a H : %
numbers as quantified by NanoSight. (D) Protein g 1.0 %
quantification of EVs derived from 250 wl of plasma F’—x 0.5

= 0.0

by Bradford assay. (E) EV AchE activity. (F) CD81

PLASMA EVs, miRNAs, AND INFLAMMATION IN SEPSIS

IL-1B, and TNF-a were a marked increase in the CLP EV-treated
cells compared with those treated with sham EVs. The CLP EV—
induced MIP-2 and IL-6 responses were dose-dependent, whereas
the sham EVs did not induce cytokine production within the same
dose ranges (10-100 pg/ml) (Fig. 2B). To exclude the possibility
that endotoxin was associated with the CLP plasma EVs and
contributed to the observed cytokine responses, we pretreated the
plasma EVs with PMB, a potent endotoxin (LPS) inhibitor. As
shown in Fig. 2C, CLP EVs, P3C (a TLR2 ligand), and LPS
(endotoxin, a TLR4 ligand) all induced a robust MIP-2 response.
Although PMB completely abolished the effect of LPS, it had no
effect on the CLP EV- or P3C-induced cytokine productions,
suggesting that endotoxin played no role in the CLP EV-induced
cytokine production in BMDM.

EV miRNA analysis

Plasma EVs are known as carriers for circulating miRNAs. We
have reported previously that plasma host RNAs and miRNAs
are elevated following polymicrobial infection and that plasma
RNA levels are closely correlated with sepsis severity (30). To
explore the role of EV-associated miRNAs in CLP EV-medi-
ated cytokine responses, we first examined the amount of RNA
associated with plasma EVs in sham and CLP mice. As shown
in Fig. 3A, there was a significant increase in the amount of
RNA associated with CLP EVs as compared with that of sham
EVs (221.7 = 39.0 versus 56.7 = 7.2 ng/ml) isolated from the
same plasma volume. We next probed 65 miRNAs reportedly
related to immunologic functions using a miRNA array and
found eight miRNAs that were increased >1.5-fold in CLP EVs
compared with sham EVs that also displayed fluorescence
counts >100 (Fig. 3B-D), including miR-126-3p, miR-122-5p,
miR-146a-5p, miR-145-5p, miR-26a-5p, miR-150-5p, miR-22-3p,
and miR-181a-5p. The complete miRNA array data (accession no.
GSE116829) can be accessed at https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE116829. Importantly, out of the eight
miRNAs, all, with exception of miR-181a-5p, were validated by
quantitative RT-PCR (qRT-PCR) (Fig. 3E). Of note, miR-34a-5p,
which was significantly increased in septic plasma in our previous
report (30), was found by qRT-PCR to be significantly upregulated
in the CLP EVs (Fig. 3E), despite its low expression level in the
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FIGURE 2. Plasma EVs from septic mice induce cytokine production in BMDM. BMDM were treated with plasma EVs isolated from mice 24 h after sham
or CLP procedure. The culture media were collected 16 h later for cytokine assays. (A) Medium cytokines (MIP-2, IL-6, IL-13, TNF-a) were measured by
ELISA. The concentration of EVs was 20 pg/ml protein in both sham and CLP group (n = 3-17). (B) Dose-dependency of EV-induced cytokine (MIP-2 and
IL-6) production. Each bar represents triplicate samples with each experiment repeated twice. **p < 0.01, ***p < 0.001, versus sham EVs. (C) Effect of PMB
on MIP-2 production in BMDM. EVs (20 pg/ml), P3C (1 pg/ml), or LPS (10 ng/ml) were pretreated with 10 pg/ml of PMB for 1 h at 4°C before being applied
to BMDM cultures. Each bar represents triplicate samples with each experiment repeated three times. *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 3. Plasma EV RNA qualification and miRNA profiling. Total RNA was extracted from EVs isolated from 250 wl of plasma 24 h after sham or
CLP surgery. (A) EV RNA quantitation. (B) Heat map of EV miRNA microarray. The fluorescence intensity of 65 miRNAs was illustrated from high (red)
to low (green). (C) Differential expression of plasma EV miRNAs between CLP and sham plasma expressed as fold change (CLP/sham) as determined by
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except miR-122 (n = 4), n = 8 in CLP group]. (E) qRT-PCR analysis of plasma EV miRNAs. The EV miRNAs identified by miRNA arrays were analyzed
using qRT-PCR in a separate set of EVs (n = 4-18). *p < 0.05, **p < 0.01.
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combination of all three anti-miRNAs reduced CLP EV-induced
MIP-2 production by 40-60%. To determine the robustness of
the EV-associated effects, we pretreated miR-146a (50 nM),
mouse splenic RNA (50 pg/ml), mouse thymic DNA (10 pg/ml),
and sham/CLP EVs with RNase (10 wg/ml), DNase (50 U/ml), or
Benzonase (50 U/ml) before applying them to cell cultures. As shown
in Fig. 4B, 4C, whereas RNase or DNase treatment abolished the
MIP-2 production induced by miR-146a mimic, splenic RNA,
or thymic DNA, respectively, these nuclease (DNase, RNase, or
Benzonase) treatments had no effect on the CLP EV—induced MIP-2
production (Fig. 4B, 4C). Overall, these results suggest that CLP
EVs may induce cytokine production via delivery of miRNAs that
are associated with the EVs in such a way (e.g., encapsulation)
that they are protected from nuclease degradation.

CLP EVs induce cytokine response via a
TLR7-MyD88—dependent mechanism in Mcps

We have previously reported that ex-RNAs and certain uridine-rich
miRNA mimics induce cytokine and FB production through TLR7
(30-32). Hence, we hypothesized that CLP EVs induce cytokine
response via a similar mechanism. We isolated BMDM from WT,
TLR7/~, TLR3™~, MyD88 /", and Trif ™ mice and treated them
with sham EVs and CLP EVs. As shown in Fig. 5A, 5B, CLP EVs
induced robust production of MIP-2 and IL-6 in WT BMDM.
Although this effect largely remained the same in TLR3 /'~ cells,
it was markedly attenuated in TLR7 '~ cells. We also included
a few TLR ligands (TLR3-poly(I:C), TLR2-P3C, TLR7-R837)
in these experiments as controls. As anticipated, TLR7 '~ cells
failed to respond to R837, whereas TLR3 '~ cells did not respond
to poly(I:C). In contrast, both TLR3 ™~ and TLR7 '~ cells respon-
ded normally to P3C. Importantly, deficiency of MyDS88, the key
adaptor of several TLRs, including TLR7 and TLR2, completely
inhibited CLP EV- and P3C-induced cytokine production but, as
anticipated, had no effect on the poly(I:C)-induced effect (Fig. 5B).
In contrast, Trif-deficiency, although blocking the effect of poly(I:C),
had no impact on the effect of the EVs or P3C. Taken together,
these data clearly suggest that CLP EVs induce both MIP-2 and
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IL-6 production through a TLR7-MyD88-dependent mechanism
in Mds.

CLP EVs induce FB and C3 complement factor production
in Mcps

Complement components such as C3, C4, C5, and FB are important
parts of the host innate immune system and play important roles in
sepsis pathogenesis (38). To determine whether plasma EVs have
any effect on complement production, we treated BMDM with
20 pg/ml of EVs and tested for FB and C3, C4, and C5 expres-
sion. As shown in Fig. 6, 6 h after treatments, CLP EVs induced a
robust increase (>30-fold) in gene expression of FB and C3 but
not C4 or C5 as compared with sham EVs.

CLP EVs attract peritoneal leukocyte migration in vivo

To examine whether CLP EVs also induce inflammation in vivo, we
injected saline, sham EVs, or CLP EVs into the mouse peritoneal
space (300 pg/mouse). The peritoneal cells were harvested and
counted 18 h later for flow cytometry analysis. As shown in Fig. 7A,
the peritoneal cells were gated for Mds (F4/80M&") and neutrophils
(NE; Ly-6G™). As illustrated in Fig. 7B and 7C, compared with
saline or sham EVs, CLP EVs induced a significant reduction in
the number of peritoneal M¢s and a marked increase in the number
of peritoneal NEs. Of note, whereas sham EVs had no effect on the
peritoneal M¢ numbers, they induced a modest increase in the
peritoneal NEs as compared with saline [(0.55 = 0.09) X 10°
versus (0.04 * 0.02) X 10°, n = 6]. Surprisingly, systemic deletion
of TLR7 had no significant effect on CLP EV-induced Mo re-
duction or NE increase in the peritoneal space (Fig. 7D, 7E). In
contrast, systemic deletion of MyD88, a key adaptor for multiple
TLRs, including TLR2, TLR4, TLR7/8, and TLRY, significantly
reduced both sham EV- and CLP EV-induced NE recruitment
(Fig. 7F, 7G).

Discussion
We tested our hypothesis that plasma EVs from septic animals
are highly proinflammatory and that EV-associated miRNAs are
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CLP EV-induced cytokine production. Prior to applying to BMDM cultures, sham EVs were treated with PBS or control oligonucleotide (Oligo) at 300 nM.
CLP EVs (20 p.g/ml) were incubated with PBS, control Oligos (300 nM), single anti-miR (anti-miR-146a, anti-miR-34a, and anti-mir-122, at 100 nM), or anti-miR
combination at 300 nM, including anti-miR-146a, anti-miR-34a, and anti-miR-122 for 1 h. Cell culture media were collected 16 h after treatment and
assayed for MIP-2 production using ELISA. Each bar represents triplicate samples with each experiment repeated twice. *p < 0.05, **p < 0.01, **¥p <
0.001, *#***p < 0.001. (B) RNase or Benzonase had no impact on CLP EV—induced MIP-2 production. miR-146a mimic (50 nM), splenic RNA (50 p.g/ml),
sham EVs (20 pwg/ml), and CLP EVs (20 pg/ml), were incubated with PBS, RNase (10 pg/ml), or Benzonase (50 U/ml) for 1 h at room temperature before
being applied to BMDM cultures. Sixteen hours later, media were collected for MIP-2 ELISA. Each bar represents triplicate samples with each experiment
repeated twice. ***p < 0.001, #p < 0.0001, versus sham EVs. (C) DNase or Benzonase had no impact on CLP EV-induced MIP-2 production. miRNA-
146a mimics (50 nM), thymic DNA (10 pg/ml), sham EVs (20 pg/ml), and CLP EVs (20 pg/ml) were incubated with PBS, DNase (50 U/ml), or Benzonase
(50 U/ml) for 1 h at room temperature before being applied to BMDM. Sixteen hours later, medium MIP-2 was analyzed by ELISA. Each bar represents
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FIGURE 5. Plasma EVs from septic mice induce cytokine production
through TLR7-MyD88 signaling. BMDM were isolated from WT and
genetically modified mice (TLR7_/ -, TLR3_/_, MyD88_/_, Trif_/_) and
treated with sham EVs (20 pg/ml), CLP EVs (20 wg/ml), P3C (TLR2
ligand, 1 pg/ml), poly(I:C) (TLR3 ligands, 10 pg/ml), or R837 (TLR7
ligand, 0.25 pg/ml). Sixteen hours after the treatment, the culture media
were collected and cytokines (MIP-2, IL-6) were measured by ELISA.
(A and B) TLR7 but not TLR3 signaling contributed to CLP EV—induced
cytokine production. (C and D) MyD88- but not Trif-deficiency abolished
CLP EV-mediated MIP-2 and IL-6 production. Each bar represents triplicate
samples with each experiment repeated twice. ***p < 0.001, #p < 0.0001,
versus PBS group.

responsible for the innate immune response. We made a few novel
observations. First, we found that septic mice had increased
numbers of plasma EVs with more abundant RNA compared with
sham animals. miRNA array analysis revealed a group of eight
miRNAs significantly upregulated in the septic plasma EVs.
Second, plasma EVs isolated from septic mice but not those
from sham mice induced robust production of MIP-2, IL-6, IL-(3,
TNF-a, and FB. Pretreatment of plasma EVs with miRNA in-
hibitors against miR-146a, miR-122, miR-34a, or a combination
led to a 40-60% reduction of the cytokine production induced
by CLP EVs. The loss-of-function studies indicated that EV-
induced cytokine production was in part dependent on TLR7-
MyDS8S8 signaling but independent of TLR3 and resistant to nuclease
digestion. Finally, in vivo, peritoneal injection of CLP EVs in-
duced significant recruitment of NEs and reduction of residential
Mds in the peritoneal cavity. Surprisingly, such effects of plasma
EVs remained intact in TLR7 '~ mice but were abolished in
MyD887/7 animals.

FB
FIGURE 6. CLP EVs induce FB and C3 pro- ) 50 Fkk
duction in Mds. BMDM were treated with PBS, 2‘40
sham EVs (20 pg/ml), or CLP EVs (20 pg/ml) for E 30
6 h and extracted for total RNA. Transcripts for FB, ; 20
C3, C4, and CS5 in each group were analyzed by °
qRT-PCR and normalized to GAPDH. Each bar uw 10
represents triplicate samples with each experiment 0
repeated twice. ***p < 0.001. Q@a‘" Qj\o; \?
S o3

3397

Circulating EVs have been reportedly associated with critical
illnesses such as sepsis and various organ injuries (39). Both human
and animal studies have suggested a possible role of plasma EVs
in sepsis. For example, an early study by Janiszewski and coworkers
(40) found that EVs isolated from septic patients possess NADPH
oxidase activity and induce reactive oxygen species production and
apoptosis in endothelial cell cultures. The same group also reported
that platelet-derived EVs from septic shock patients induce myo-
cardial dysfunction (41). Moreover, an animal study by Fan and
coworkers (42) demonstrated that pharmacological blockade of
EV generation attenuated cytokine production in LPS-treated Mbs
in vitro and mice in vivo as well as endotoxin-induced cardiac
dysfunction. Expanding on these observations, we found that
plasma EVs from polymicrobial septic mice but not healthy
sham mice possess the remarkable ability of inducing proin-
flammatory cytokine production in Mds. The effect appears to
be dose-dependent and is unlikely to be related to endotoxin.
These data establish an important role for circulating plasma
EVs as a potential proinflammatory mediator in polymicrobial
sepsis.

EVs have emerged as both critical mediators of intercellular
communication in health and diseases as well as potential thera-
peutic vectors. EVs harbor a wide variety of miRNAs and can
deliver ex-RNA/miRNAs to target cells nearby or at distance (43-45).
To identify specific ex-miRNAs loaded in the plasma EVs, we
tested the differential expression of 65 miRNAs involved in the
immune function between sham and CLP EVs. Using miRNA
arrays, we found that eight miRNAs, including miR-126-3p,
miR-122-5p, miR-146a-5p, miR-145-5p, miR-26a-5p, miR-150-5p,
miR-22-3p, and miR-181a-5p, were upregulated in the circulating
EVs of CLP mice compared with those of sham mice. These data are
consistent with our previous study, in which some of these miRNAs
(i.e., miR-122-5p, miR-34a-5p, miR-145a-5p, and miR-146a-5p)
were expressed at higher levels in the plasma of CLP mice, and
a few uridine-rich miRNA mimics (miR-34a-5p, miR-145a-5p,
and miR-146a-5p) exhibited a remarkable ability to induce cytokine
(32) and FB (30) production.

To determine whether ex-miRNAs loaded in the plasma EVs
are functionally active and responsible for the cytokine production
in Mos treated with the CLP EVs, we employed three synthetic
miRNA inhibitors to specifically block EV-associated miRNAs
(i.e., miR-122, miR-146a, and miR-34a). We chose these three
miRNAs to block for two reasons: 1) they induce a robust pro-
duction of both cytokines (32) and FB (30) in Mds, and 2) they
are upregulated in the plasma (30) and the plasma EVs (Fig. 3) of
septic mice compared with that of sham mice. We found that these
miRNA inhibitors but not control oligonucleotides partially inhibited
CLP EV-elicited cytokine production. These data support the
notion that the endogenous miRNAs play a direct role in CLP
EV-induced cytokine production. The partial inhibition suggests a
possibility that other EV-associated miRNAs or cargo components,
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FIGURE 7. CLP EVs promote peritoneal leukocyte recruitment in vivo. WT, TLR7 /~, and MyD88 /™ male mice were administered i.p. saline, 300 p.g
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sentative flow cytometry of gated F4/80™M&" and Ly-6G* in peritoneal cells of WT mice i.p. injected with saline, sham EVs, or CLP EVs. (C) CLP EVs
reduce resident Mds and promote NEmigration into the peritoneal cavity as compared with sham EVs (n = 6). (D and E) TLR7 deficiency has no impact on
CLP EV-induced M¢ reduction and NE increase in the peritoneal cavity (n = 5-6). (F and G) MyD88-deficient mice had reduced NE migration to the
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such as noncoding RNAs, DNAs, lipids, or proteins, may also play
a role. Finally, we found that RNase or DNase treatments had no
impact on CLP EV-induced MIP-2 production, whereas the same
treatments abolished the effect of splenic RNA and thymic
DNA, respectively. These observations may indicate a protec-
tive effect of plasma EVs for their cargo RNA/DNA against the
digestive nucleases, a well-documented function of circulating
EVs (21-23). Thus, these data establish a pivotal role of EV-
associated miRNAs in the proinflammatory effect of circulating
plasma EVs in polymicrobial sepsis.

One important finding of the current study is the discovery of the
important role of TLR7-MyD88 signaling in the CLP EV-induced
cytokine production in Mds. Using various knockout mouse models,
we demonstrate the necessity of TLR7 and MyD88 in EV-induced
cytokine production. The data are consistent with our previous
findings that certain uridine-rich miRNA mimics act through the
TLR7-MyD88 axis to activate innate immune function in vivo and
in vitro (30, 32). Supporting this notion are our confocal imaging
analyses illustrating the partial colocalization of miRNAs, TLR7,
and endosomes in both Md and cardiomyocytes (32) and the
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physical association of miR-146a and TLR7 as demonstrated by
co-immunoprecipitation assay (S. Wang and W. Chao, unpublished
observations). It is possible that circulating EVs function as miRNA
carriers and deliver multiple miRNAs to target cells that activate
endosomal TLR7-MyD88 signaling.

We found that plasma EVs isolated from septic mice were ca-
pable of inducing marked NE migration to and reduction of resident
Mds in the peritoneal cavity when injected i.p. These in vivo data
clearly confirm the proinflammatory property of these plasma
EVs. To our surprise, unlike the cytokine responses in Mds, TLR7
deficiency has no impact on CLP EV-induced leukocyte migration.
These data suggest that these in vivo effects are not exclusively
mediated through TLR7 or even miRNAs, and other pathways or
mediators may be responsible. In contrast, MyD88 deficiency
markedly attenuated peritoneal NE migration induced by both
sham and CLP EVs, suggesting that EV-elicited NE recruitment is
dependent on MyDS88. We have reported that MyD88 signaling
plays an important role in NE migration by regulating peritoneal
chemokine production and NE CXCR?2 expression in a chemical
peritonitis model (46). Whether or not these mechanisms play
a role in the plasma EV—induced NE migration remains to be
investigated.

In summary, we found, in a mouse model of polymicrobial sepsis,
that circulating plasma EVs are highly proinflammatory, inducing
dose-dependent cytokine production, FB synthesis, and NE mi-
gration. miRNA array analysis identified multiple proinflammatory
ex-miRNAs that are in part responsible for the observed EV-elicited
cytokine responses. Importantly, these proinflammatory responses
appear to be mediated via TLR7- and/or MyD88-dependent
mechanisms. Together, our data have identified plasma EVs and
their cargo miRNAs as a potential proinflammatory mediators during
polymicrobial sepsis.
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