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Extracellular RNA Sensing Mediates Inflammation and Organ
Injury in a Murine Model of Polytrauma

Andrew O. Suen,*" Fengqian Chen,* Sheng Wang,* Ziyi Li," Jing Zhu,* Yang Yang,*
Olivia Conn,* Kerri Lopez,* Ping Cui,* Laurence Wechsler,* Alan Cross,® Gary Fiskum,*
Rosemary Kozar,* Peter Hu,* Catriona Miller,*¥ Lin Zou,* Brittney Williams,* and Wei Chao*

Severe traumatic injury leads to marked systemic inflammation and multiorgan injury. Endogenous drivers such as extracellular nucleic
acid may play a role in mediating innate immune response and the downstream pathogenesis. Here, we explored the role of plasma
extracellular RNA (exRNA) and its sensing mechanism in inflammation and organ injury in a murine model of polytrauma. We found
that severe polytrauma—bone fracture, muscle crush injury, and bowel ischemia—induced a marked increase in plasma exRNA,
systemic inflammation, and multiorgan injury in mice. Plasma RNA profiling with RNA sequencing in mice and humans revealed a
dominant presence of miRNAs and marked differential expression of numerous miRNAs after severe trauma. Plasma exRNA isolated
from trauma mice induced a dose-dependent cytokine production in macrophages, which was almost abolished in TLR7-deficient cells
but unchanged in TLR3-deficient cells. Moreover, RNase or specific miRNA inhibitors against the selected proinflammatory miRNAs
(i.e., miR-7a-5p, miR-142, let-7j, miR-802, and miR-146a-5p) abolished or attenuated trauma plasma exRNA-induced cytokine
production, respectively. Bioinformatic analyses of a group of miRNAs based on cytokine readouts revealed that high uridine abundance
(>40%) is a reliable predictor in miRNA mimic-induced cytokine and complement production. Finally, compared with the wild-type,
TLR7-knockout mice had attenuated plasma cytokine storm and reduced lung and hepatic injury after polytrauma. These data suggest
that endogenous plasma exRNA of severely injured mice and ex-miRNAs with high uridine abundance prove to be highly proinflammatory.
TLR?7 sensing of plasma exRNA and ex-miRNAs activates innate immune responses and plays a role in inflammation and organ

injury after trauma.

espite significant improvements in damage control resusci-

tation and care of seriously injured patients, severe traumatic

injury is still a leading cause of death in persons younger
than 50 y of age and directly impacts over 35,000 soldiers wounded
in action in recent conflicts (1-3). Immediate effects of trauma
include the direct and indirect mechanical forces acting on tissues,
which in turn induces local tissue damage, contusions, hemorrhage,
fractures, and compromised host defense mechanisms due to disrupted
barrier defenses (4—6). Subsequently, immunological and inflammatory
responses frequently follow severe traumatic injury and are, in part,
a consequence of innate immune activation by endogenous drivers
(7-9).

The innate immune system functions to detect and defend against
threats to its host by triggering an inflammatory response against path-
ogen- or damage-associated alarm signals using a ubiquitous set of
conserved pattern recognition receptors (PRRs) located on cells of the
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innate immune system (10). These PRRs serve to sense molecular
structures known as pathogen- or damage-associated molecular pat-
terns released by invading pathogens or host cells and tissues, respec-
tively (11, 12). One such family of PRRs, the TLRs, is a prominent
group of sensors that recognize various pathogen components, such
as LPS and lipoproteins, and endogenous danger molecules, such as
HMGB-1, histone, and nucleic acid. When engaged with their respec-
tive ligands, TLRs activate downstream signaling pathways and pro-
mote the production of inflammatory mediators and activation of
innate immune cells. Among multiple TLRs that serve to sense
nucleic acids (11, 12), TLR7 is known as the sensor for ssRNAs,
such as those found in viral particles (13). Critically, its endosomal
localization is thought to prevent recognition of self-derived RNA
ligands (14, 15), given the ubiquitous presence of RNA.

It has been postulated that the release of various nucleic acids
into the circulation following tissue injury drives proinflammatory
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immune responses through the triggering of sensing pathways (11).
As a result, the potential role of extracellular nucleic acids after
tissue injury has previously been explored, such as mitochondrial
DNA (16) and microRNAs (miRNAs) as potential biomarkers of
traumatic injury (17-19). These miRNAs, a group of small noncod-
ing ssSRNAs 20-24 nt in length, are considered to function primarily
intracellularly in post-transcriptional gene regulation by binding to
the 3" untranslated region of target mRNAs. Importantly, miRNAs
have also been found in a wide range of body fluids of healthy
volunteers (20) and in the critically injured (19). We have recently
reported that host cellular miRNAs are released into the circulation
during sepsis (21, 22) and myocardial ischemic injury (23). We
found that certain miRNAs have a unique capability to induce a
proinflammatory response through a TLR7-dependent mechanism
(22, 23).

Although extracellular (ex)-miRNAs have been implicated in
several diseases, including trauma (18) and sepsis (22, 24, 25), the
expression patterns of circulating plasma ex-miRNAs after trau-
matic injury and their biological roles and mechanisms in trauma-
induced inflammation and injury remain unclear. Here, we tested
the hypothesis that traumatic injury induces a release of endoge-
nous cellular RNAs that are potent activators of innate immunity
and injury-induced inflammation. To test this, we established a mouse
model of polytrauma and performed RNA sequencing (RNAseq) to
profile plasma extracellular RNA (exRNA) in healthy and severely
injured animals and humans. We examined the role of plasma
exRNA and its signaling pathway in innate immune activation and
organ injury after trauma.

Materials and Methods

Human subjects

Healthy volunteers and trauma patients were enrolled under the protocol
(HP-00079925) approved by the institutional review board of the University
of Maryland School of Medicine and by the Air Force Surgeon General
Office of Research Oversight and Compliance. Trauma patients aged 18 y or
older with nonpenetrating blunt trauma to the extremities, chest, abdomen,
and pelvis and with injuries to bone, lung, spleen, liver, bowel, kidney, and
aorta were enrolled upon arrival at the Shock Trauma Center, University of
Maryland at Baltimore. Age- and sex-matched healthy control subjects
were enrolled at the General Clinical Research Center of the University
of Maryland Medical Center. The detailed demographic and clinical data
of both trauma and control cohorts are listed in Table I. Both trauma and
healthy subjects were enrolled with written informed consent and based on
the institutional review board—approved inclusion and exclusion criteria.
Plasma was prepared from blood samples by centrifugation (1,000 X g for
10 min twice followed by 10,000 X g for 10 min at 4°C). All studies
involving human subjects were conducted in accordance with the guide-
lines of the World Medical Association’s Declaration of Helsinki.

Animal subjects

Eight- to 12-wk-old sex- and age-matched wild-type (WT) C57BL/6J mice
were purchased from The Jackson Laboratory (Bar Harbor, ME). TLR3 ™/~
(TIe3™FV/) stock no. 005217) and TLR7™~ (TIr7™Fv/J, stock no.
008380) mice were originally purchased from The Jackson Laboratory and
have been bred in-house with C57BL/6J mice for more than 10 genera-
tions. All animals were housed for at least 1 wk before experiments in an
air-conditioned, pathogen-free environment with free access to water and
a bacteria-free diet at the animal veterinary facilities at the University of
Maryland School of Medicine. Blinding and randomization were conducted
using simple sequential numbering generated manually to determine group
assignment. All animal care and procedures were reviewed and approved
by the institutional animal care and use committee of the University of
Maryland School of Medicine. All animal studies complied with the U.S.
Department of Health and Human Services Guide for the Care and Use of
Laboratory Animals. Institutional animal care and use committee protocols
were also approved by Air Force Surgeon General Office of Research
Oversight and Compliance.
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Murine model of polytrauma

A polytrauma model was created consisting of bowel ischemia, bone frac-
ture, and muscle crush, simulating combat injuries such as those induced by
improvised explosive devices. Male mice were anesthetized using isoflurane
(2.5% for induction, 2% for maintenance) with a fraction of inspired oxygen
of 95-97% at a flow rate of 100 ml/min. After midline laparotomy, the supe-
rior mesenteric artery (SMA) was exposed via a perihepatic approach and
occluded at the aortic origin using a microvascular clip. Bowel ischemia was
confirmed visually by pallor in the distal bowel (Supplemental Fig. 1A),
hypoperistalsis, and the absence of distal pulsating flow. The abdominal con-
tents were replaced, and the abdominal wall was temporarily closed using
Steri-Strips (3M) to minimize evaporative losses. At the end of 35 min of
bowel ischemia, the SMA was partially exposed, and reperfusion was initi-
ated by removal of the surgical clip and confirmed by the plethoric appear-
ance of bowel, indicating restoration of perfusion. At the onset of SMA
occlusion, a unilateral midshaft tibial fracture was induced by blunt force, and
the ipsilateral gastrocnemius muscle was crushed by application of a Kelly
forceps for 30 min. Reduction and external fixation of the fracture were
performed using tape splinting and a hollow foam boot cast (Supplemental
Fig. 1B). Sham animals underwent laparotomy and exposure of the SMA
only. Fascial and skin layers were closed with running suture at the end of
the sham or polytrauma procedure, and bupivacaine (3.5 mg/kg) was infiltrated
widely at the incision. All animals were maintained at a rectal temperature of
36°C-37°C during all procedures using a homeothermic heating pad and
were administered preemptive buprenorphine analgesia (0.1 mg/kg) and fluid
supplementation (20 ml/kg) prior to instrumentation. Core rectal temperature
was measured by a thermometer at different time points after procedures. Sim-
ple randomization was used to assign animals, and the operators (A.S., F.C.)
were blinded to the mouse strain information.

Mouse blood and solid tissue sample collection

Animals were euthanized at 6 h and 24 h following polytrauma or sham
procedure by cardiac puncture under general anesthesia. Blood samples
were collected in K2EDTA phlebotomy tubes (MiniCollect, Greiner Bio-One)
and immediately processed by two-step centrifugation at 1,000 X g and
10,000 x g for 10 min at 4°C to obtain a cell-free plasma aliquot, which
was stored at —80°C in a freezer until further analysis. Tissues and thoracic
and abdominal organ samples were collected sterilely and rinsed in cold PBS.
Samples were immediately snap frozen in liquid nitrogen and stored at —80°C
until further analysis.

Tissue histology

Kidney, liver, and skeletal muscle samples were collected, rinsed in PBS,
and immersed in 10% neutral-buffered formalin for 24-48 h. Small bowel
segments were first flushed with PBS to remove all luminal contents prior to
immersion in neutral-buffered formalin. All specimens were subsequently
embedded in paraffin, and 4-pm sections were stained with standard H&E
by the histology core of the University of Maryland School of Medicine.

Measurement of plasma cytokines and organ injury serum markers

Plasma IL-6, TNF-o, and MIP-2 were tested using ELISA kits (R&D Systems).
Myoglobin concentration was determined by ELISA (Life Diagnostics). Aspar-
tate aminotransferase (AST) activity was measured by colorimetric enzyme
activity assay kits (Sigma-Aldrich).

Mouse echocardiography

Mouse echocardiography was performed using a Vevo 2100 (FUJIFILM
VisualSonics) under light sedation (ketamine 20 mg/kg i.p.) at 6 h and
24 h following the surgical procedures. Both B- and M-mode images were
obtained with parasternal short-axis (SAX) and long-axis views. Image
analysis was performed offline using Vevo Lab PC software (FUJIFILM
VisualSonics). Left ventricular internal diameter at the end of diastole
(LVIDd) and at the end of systole (LVIDs) were measured from SAX images
obtained at the level of the papillary muscles. Stroke volume was determined
by the change in LV cavity area between systole and diastole based on LV
tracings of SAX and long-axis images, and ejection fraction was calculated as
(end diastolic volume — end systolic volume)/end diastolic volume. Cardiac
output (CO) and fractional shortening were calculated as heart rate X stroke
volume, and (LVIDd — LVIDs)/LVIDd, respectively.

RNA extraction and quantification

RNA was extracted from homogenized tissues using TRIzol (Sigma-Aldrich)
reagent according to the manufacturer’s protocol, and concentration was
measured using a NanoDrop One ultraviolet spectrophotometer (Thermo
Fisher Scientific). For mouse plasma RNA extraction, TRIzol LS (Thermo
Fisher Scientific) reagent was mixed with 50 wl of plasma samples along
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with 9.9 amol of Caenorhabditis elegans mir-39 (Qiagen) as a spike-in con-
trol and processed according to the manufacturer’s protocol. To improve
RNA recovery yield, 5 pg of glycogen (Invitrogen) was added to samples
during alcohol precipitation and chilled at —20°C for 18 h. For human plasma
RNA extraction, a miRNeasy serum/plasma advanced kit (Qiagen) was used
to extract RNA from 250 wl EDTA anticoagulated plasma following the
manufacturer’s instructions. The purified RNA pellets were then resuspended
in diethyl pyrocarbonate—treated HO and quantified with the fluorometric
Quant-iT RNA Assay Kit (Thermo Fisher Scientific). Alternatively, the
Bioanalyzer 2100 Small RNA Kit (Agilent Technologies, Santa Clara, CA)
was used to quantify small RNA.

Quantitative RT-PCR

For gene expression in solid tissues and cells, moloney murine leukemia
virus reverse transcriptase (Promega) was used to synthesize cDNA from
purified template RNA samples. Subsequently, quantitative real-time PCR
with GoTaq Master Mix (Promega) was carried out in a QuantStudio 5
PCR thermocycler (Applied Biosystems). Relative expression of mRNA
was calculated using the comparative cycle threshold method normalized
to GAPDH expression. Sequences of 5’-3 for the primers are as follows:
mKIM-1 (kidney injury molecule-1), forward: 5'-CATTTAGGCCTATACT
GC, reverse: 5'-CAAGCAGAAGATGGGCATT-3'; mNGAL, forward: 5'-
CTCAGAACTTGATCCCTGCC-3', reverse: 5'-TCCTTGAGGCCCAGA-
GACTT-3’; mGAPDH, forward: 5'-AACTTTGGCATTGTGGAAGG-3',
reverse: 5'-GGATGCAGGGATGATGTTCT-3'; mIL-1B, forward: 5'-GCC
CATCCTCTGTGACTCAT-3', reverse: 5'-AGGCCACAGGTATTTTGTCG-3';
mlIL-6, forward: 5'-AGTTGCCTTCTTGGGACTGA-3', reverse: 5'-TCCAC-
GATTTCCCAGAGAAC-3'; mTNF-a, forward: 5'-CTGGGACAGTGACC
TGGACT-3', reverse: 5'-GCACCTCAGGGAAGAGTCTG-3'.

RNAseq and bioinformatic analysis

Plasma RNA from mice and humans were used for small RNAseq library
preparation. Libraries were sequenced on an Illumina NextSeq 500 (Illumina,
San Diego, CA) and analyzed by Norgen Biotek Corp. The raw sequence
data were analyzed using the exceRpt small RNAseq pipeline (Genboree
Bioinformatics). Differential expression analysis was performed using R
package edgeR version 3.24.0, which incorporates empirical Bayes estima-
tion into a negative binomial distribution (26). The log, fold change and log
p values from differential expression analysis were used to draw heatmaps
using the R package pheatmap version 1.0.12 (27). Target genes for selected
miRNAs were predicted using the R package multiMiR (28), and functional
analysis on these predicted targets was performed using the R package
clusterProfiler version 4.4.4 (29). The small RNAseq data of the present study
have been deposited in the National Center for Biotechnology Information Gene
Expression Omnibus (GEO) and are accessible through GEO series accession
number GSE223151 at https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE223151.

Cell culture and reagents

Bone marrow-derived macrophages (BMDMs). Cells were isolated from
bone marrow flushed from the femurs and tibias of 8- to 12-wk-old male or
female mice and cultured in the presence of M-CSF (R&D Systems). Cells
were resuspended in RPMI 1640 growth medium supplemented with 10%
FBS, 5% horse serum, and penicillin/streptomycin (100 U/ml) and seeded at a
density of 2 X 10%ml on 6-well, 12-well, 24-well, or 96-well plates (3 ml/well,
2 ml/well, 0.5 ml/well, or 0.1 ml/well, respectively) in an incubator at 37°C
with 5% CO,. Growth medium was replaced 48 h after initial plating, and at
72 h, BMDMs were ~70—-80% confluent and ready for experiments.

miRNAs. miRNA mimics were ordered from Integrated DNA Technologies
as lyophilized ssRNAs with phosphorothioate internucleotidic linkages
synthesized and purified by HPLC. ssRNAs were resuspended in sterile
DNase-/RNase-free diethyl pyrocarbonate—treated H,O and diluted to work-
ing concentrations.

Cell treatments. 1) miRNA mimics and TLRs ligand treatment. BMDMs
were serum starved for 1 h prior to cell treatment by replacing growth
medium with RPMI 1640 supplemented with 0.05% BSA. Synthetic miRNA
mimics were complexed with Lipofectamine 3000 transfection reagent
(Thermo Fisher Scientific) and incubated for 15 min at room temperature
prior to addition of the RNA-lipid complex to cells. Lipofectamine,
polyinosinic:polycytidylic acid (10 wg/ml; Enzo Life Sciences), R837 (1 pg/ml;
InvivoGen), or Pam3Cys (1 pg/ml; Enzo Life Sciences) was added directly to
wells. 2) Plasma RNA treatment. Various concentrations of plasma RNA iso-
lated from sham or trauma mice 6 h after procedures were incubated with
BMDMs, and media were collected 18 h later for ELISA or Western blot anal-
ysis. 3) RNase, DNase, and anti-miRNA treatment. Plasma RNA (0.25 pg/ml)
from sham or trauma mice was also incubated with RNase A (10 pg;
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Sigma-Aldrich) or DNase (1 U; Thermo Scientific) at room temperature
for 30 min before being packed with Lipofectamine 3000. To test the role
of specific miRNAs in plasma RNA, locked nucleic acid miRNA inhibitors
(Qiagen) were applied. BMDMs were pretreated with anti-miR-7a, anti-mi-142,
anti-let7j, anti-miR-802, or anti-miR-146a at 50 nM or combined mixture
at 250 nM for 1 h prior to treatment with plasma RNA at 0.25 pg/ml.

Western blot of complement factor B (cfB)

Proteins from equal volumes of cell culture medium were separated in a
4-20% gradient Tris-HCI SDS-PAGE (Bio-Rad Laboratories), transferred to
polyvinylidene difluoride membranes, and immunoblotted overnight at 4°C
with goat anti-human cfB Ab (1:2500 dilution, Complement Technology) in
5% nonfat dry milk as we reported before (30).

Bronchoalveolar lavage (BAL) collection

BAL fluid was collected from euthanized mice after instillation and aspira-
tion of 1 ml Dulbecco’s PBS into the trachea using a syringe. The procedure
was repeated once. The collected BAL was centrifuged, and the supernatant
was stored at —80°C.

Lung permeability assay

Lung permeability was evaluated using pulmonary leakage of a fluorescent
dextran from the circulation as we reported recently (24). FITC-dextran
(40 kDa, 2.5 mg/ml; Sigma-Aldrich) was delivered via the tail vein in a
volume of 250 wl at 5.5 h after sham or trauma procedures. After 30 min,
BAL and plasma were collected, and mean fluorescence intensity was mea-
sured using a fluorescent plate reader. The ratio of mean fluorescence inten-
sity of BAL to plasma was used to reflect lung permeability.

Protein quantification assay

Protein was quantified using a bicinchoninic acid assay kit (Thermo Fisher
Scientific) with the BAL collected as described above.

Plasma creatinine

Plasma creatinine was measured using the QuantiChrom creatinine assay kit
from BioAssay Systems following the manufacturer’s instructions.

Lung digestion and flow cytometry analysis

Mice were euthanized at 6 h after sham or trauma procedures, and their
lungs were perfused through the right ventricle with 10 ml of PBS. The lungs
were moved, cut into small pieces with scissors, transferred into C-tubes
(Miltenyi Biotec, Auburn, CA), and processed in digestion buffer (1 mg/ml
of collagenase D and 0.1 mg/ml DNase I, both from Roche) with a Gentle-
MACS dissociator (Miltenyi Biotec) according to the manufacturer’s instruc-
tions. Homogenized lungs were passed through a 40-pm cell strainer to obtain
a single-cell suspension. The remaining RBCs were lysed using RBC lysis
buffer (Thermo Fisher Scientific). The isolated cells were stained with viability
dye of Zombie red (1:500, BioLegend) for 10 min on ice. The cells were
washed and incubated with CD16/CD32 Fc blocker (0.5 pg/sample, Thermo
Fisher Scientific) on ice for 10 min prior to staining with the following Abs:
CDI1b-Alexa Fluor 700A (BioLegend) and Ly6G-Percp-CyS.5A (BioLegend)
at 4°C for 30 min. The cells were then washed in PBS solution containing 5%
FBS. Data were acquired on a Cytek Aurora (Cytek Bioscience) flow cytome-
ter and analyzed by FlowJo (BD Biosciences). The leukocyte gating strategy
is shown in Supplemental Fig. 2.

Statistical analysis

Continuous variables were expressed as the mean = SEM for normally dis-
tributed data and median (25th, 75th percentiles) for nonnormal distributions.
Categorical data are described or presented as count (percent). For two-group
comparison, the Student ¢ test or Mann-Whitney U test is applied. For multiple-
group comparison, one-way ANOVA with Tukey post hoc test or two-way
ANOVA with Bonferroni post hoc correction was applied when the data met
the two assumptions normal population distribution and equal variance. If the
data did not meet the assumptions, we performed ANOVA after the data
were transformed to the log format, or we performed the Kruskal-Wallis test.
The Mantel-Cox test was used for survival curve analysis. Receiver operating
characteristic (ROC) curves were constructed to assess the sensitivity and spe-
cificity of four-nucleotide abundance and compare their ability to determine
the inflammatory property. Analyses were performed using GraphPad Prism
6 (GraphPad Software, La Jolla, CA). Differences were considered significant
at p < 0.05 with two tails.
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FIGURE 1. Polytrauma induces hypothermia, systemic inflammation, local tissue damage, and remote organ injury in mice. Mice were subjected to sham
or polytrauma procedures as described in the Materials and Methods section. (A) Rectal core temperature. ***p < 0.001, ****p < 0.0001 versus trauma at
the same time point. “*p < 0.001 versus trauma 2 h and trauma 6 h. (B) Cytokine storm after traumatic injury. Six hours and 24 h after trauma or sham surgical
procedures, mice were euthanized, and plasma was collected. Plasma IL-6 and TNF-a were analyzed by ELISA; n = 5-7. *p < 0.05, **p < 0.01, **¥p <
0.001, ****p < 0.0001. (C) H&E staining of small bowels of trauma and sham mice. Six hours after the procedure, small bowels were collected, fixed, and
stained with H&E. There are inflammatory cell infiltration, separation of the epithelium and the luminal basal layers, villous blunting, and near-complete disinte-
gration of epithelial layers; sham mice display no observable mucosal damage. (D) Muscle injury. Crush injury of gastrocnemius muscle results in loss of orga-
nized muscle fascicular architecture (dotted line), severe intracellular vacuolization (black arrows), and global disruptions of muscle fiber membrane (green
arrows). (E) Cytokine gene expression in gastrocnemius muscles 6 h after procedures. *p < 0.05, **p < 0.01, ***p < 0.001. » = 4-9. (F) Plasma myoglobin in
sham and trauma mice. There is a rise in plasma myoglobin levels at 6 h as a consequence of traumatic rhabdomyolysis. *p < 0.05, n = 5-11. (G) Lung perme-
ability at 6 h after procedures. Alveolar-capillary permeability was measured by leakage of FITC-dextran (40 kDa) from blood circulation to alveolar space pre-
sented as the ratio of FITC fluorescence in BAL to plasma. BAL protein level was measured by bicinchoninic acid assay. n = 6-9/group. **p < 0.01, ***p <
0.001 versus sham. (H) IL-6 and MIP-2 in the BAL at 6 h after sham or trauma. ***p < 0.001, ****p < 0.0001, n = 6-9/group. (I) Lung myeloid cells and
neutrophil counts 6 h after procedures. ****p < 0.0001, n = 6-9/group. (J) Representative pictures of M-mode mouse echocardiography and quantitative values
of LVIDd, LVIDs, stroke volume, and CO. *p < 0.05, n = 3-5/group. Each data point represents an animal subject (original magnification X20).
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Results

Polytrauma induces marked local and systemic inflammation and
multiple-organ injury

We established a murine polytrauma model (Supplemental Fig.
1A, 1B) with the three components, bowel ischemia, bone fracture,
and muscle crush, a type of injury often occurring after improvised
explosion, and we systematically examined inflammation and local
and remote organ injury. Polytrauma mice initially exhibited a lower
core temperature at 2 and 6 h after the procedure but recovered at
24 h (Fig. 1A). Polytrauma also led to a marked increase in plasma
IL-6 and TNF-« levels at both 6 and 24 h (Fig. 1B). Histology con-
firmed severe bowel injury as evidenced by widespread intestinal
mucosal damage, including severe villous blunting, marked neutro-
phil infiltration, and patchy mural necrosis with sloughing of the
mucosa (Fig. 1C). Tibial fracture and muscle crush resulted in local
muscle interstitial edema and necrosis (Fig. 1D); marked increases
in muscle tissue inflammatory cytokine genes such as IL-1(3, IL-6,
and TNF-a (Fig. 1E); and a rise in plasma myoglobin at 6 h
(Fig. 1F). The polytrauma model also resulted in multiple remote
organ dysfunction and injury, such as the lung and heart. Marked
acute lung injury was evidenced by increased lung permeability,
alveolar cytokine production, and leukocyte infiltration at 6 h follow-
ing polytrauma (Fig. 1G-1I). Echocardiography showed that 6 h
after trauma, there was a decrease in both LVIDd and LVIDs, indi-
cating ventricular hypovolemia (Fig. 1J). The stroke volume and CO
were also decreased significantly at 6 h, with subsequent return to
normal range by 24 h (Fig. 1J). Moreover, the average calculated
ejection factions for sham and trauma mice were 82.9 + 4.4% and
70.0 = 11.0%, respectively, showing a statistically nonsignificant
reduction of 12.9%. There was also significant acute kidney
injury at 6 h, as demonstrated by increases in the acute kidney
injury biomarkers KIM-1 and NGAL (neutrophil gelatinase-associated
lipocalin) gene expression in the kidney, increases in plasma creat-
inine, and acute tubular necrosis (Supplemental Fig. 1C), as well
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as acute hepatic injury, as evidenced by increased AST and bile
duct proliferation on histology (Supplemental Fig. 1D).

Traumatic injury leads to an increase in plasma exRNAs and differential
expression of ex-miRNAs in mice and humans

Using high-resolution automated microelectrophoresis (Bioanalyzer
2100) (Fig. 2A), we observed a rise in small RNAs between 10 and
150 nt in size (112 £ 27 versus 399 + 45 ng/ml; p < 0.001) in the
mouse plasma 6 h after polytrauma (Fig. 2B). To profile plasma
RNA, we performed RNAseq analysis of mouse and human plasma
samples. In both mice (sham, » = 6; trauma, n = 9) and humans
(healthy control, n = 10, trauma, n = 10, details in Table I), there
was a marked increase in plasma RNA reads following trauma, and
the predominant circulating plasma RNA—more than 80%—were
miRNAs; the rest were rRNA, mRNA, piwi-interacting RNA, and
tRNA (Fig. 2C). There were 420 miRNAs detected in mouse plasma
and 329 in human plasma. Among them, 178 plasma miRNAs were
shared by both mice and humans, accounting for 42% and 54% of
mouse and human plasma miRNA, respectively. Among the 329
miRNAs detected in human plasma, 134 miRNAs were upregu-
lated (>1.5-fold) in trauma patients, 28 of which overlapped with
the 151 upregulated miRNAs identified in mice with polytrauma.
The complete list of plasma miRNAs differentially expressed in
both mice and humans after trauma is presented in the heatmaps of
Supplemental Fig. 3. The entire RNAseq data were deposited in the
NCBI GEO site (GSE223151).

Plasma exRNA in trauma mice triggers proinflammatory cytokine
responses in macrophages via TLR7 signaling

To assess the ability of circulating plasma RNA after trauma to
induce inflammatory responses, plasma RNA was purified and used
to treat BMDMs. We found that plasma exRNA from trauma, but not
sham, mice induced robust and dose-dependent (0.175-0.7 wg/ml)
IL-6 and MIP-2 production (Fig. 3A). TLR3 and TLR7 are two
innate immune receptors sensing dsRNA and ssRNA, respectively
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FIGURE 2. Plasma RNA profiling in trauma. (A) Capillary electrophoresis analysis of mouse plasma RNA collected at 6 h following sham and trauma
procedures. (B) Plasma RNA concentrations in sham and septic mice 6 h and 24 h after sham or trauma procedure. ***p < 0.001. (C) Plasma miRNA pro-
files of mice and humans. Mouse plasma was collected 6 h after procedures. Human plasma was collected at the time of admission. The bar graphs illustrate
the read counts of different plasma RNA biotypes in the plasma. The pie charts represent the different plasma RNA biotypes as percentages. The percentages

of miRNA in green color are shown for both mice and humans.
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Table I. Demographic and clinical information of the human subjects
Control (n = 10) Trauma (n = 10)

Age, y 30.7 (23-37) 32.5 (22-53)
Sex, male 6 (60%) 7 (70%)
Ethnicity

White 8 (80%) 8 (80%)

Black 1 (10%) 2 (20%)
Mechanism of injury

MVC 9 (90%)

Fall 1 (10%)
ISS 27.8 (22-49)
Injury characteristics

Bone fracture 7

Lung injury 4

Splenic injury 4

Liver injury 3

Bowel injury 2

Renal injury 1

Aortic injury 2
Laboratory

INR 1.51 (0.9-5.4)

PTT, s 25.2 (23-29)

Platelets, ><103/ul 274.3 (148-426)

Lactate, mmol/L 3.32 (1.9-4.8)

Demographics with average [range] or count (percent).
INR, international normalized ratio; ISS, injury severity score; MVC, motor
vehicle crash; PTT, partial thromboplastin time.

(11). As shown in Fig. 3B, trauma plasma exRNAs at the concen-
tration of 0.7 wg/ml induced IL-6 and MIP-2 production in WT
BMDMs. Genetic deficiency of TLR7, but not TLR3, significantly
attenuated the effect of plasma exRNAs. This marked attenuation
of inflammatory responses observed in TLR7-deficient cells appeared
specific for exRNA because neither TLR3 nor TLR7 deficiency had
any impact on LPS-induced cytokine production, a TLR4-mediated
event (Fig. 3B).

Ex-miRNAs identified in trauma mice activate innate immunity via
its uridine moieties and TLR7 signaling

To determine the innate immune activity of plasma miRNAs follow-
ing trauma, we selected 18 miRNAs from the mouse RNAseq data

1 RNA-Sham
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based on the following criteria: (1) =1.5-fold upregulated, (2) abun-
dance with >100 read counts, (3) statistically significant (false dis-
covery rate and p value <0.05) in the different expression patterns
between sham and trauma mice, and (4) containing various abundance
of uridines in their sequences stratified as low (<20% uridine), mod-
erate (=20 to <40% uridine), and high (=40% uridine) (Table II),
respectively, and tested these miRNA mimics for their abilities to
induce IL-6 and MIP-2 production in BMDMs. Among the 18 miRNAs
tested, 9 miRNAs (let-7b-5p, let-7j, miR-7a-5p, miR-34a-5p, miR-
122-5p, miR-142a-3p, miR-145a-3p, miR-146a-5p, and miR-802-5p)
induced dose-dependent cytokine production (Fig. 4A), most with an
ECsq at submicromolar range, whereas the other 9 miRNAs failed to
induce cytokine production (Fig. 4A). Given the critical role of uri-
dine (U) moieties in the binding to the crystal structure of TLR7 by
synthetic small ssSRNA (31), we performed additional analysis on the
four-nucleotide abundance of the tested miRNAs above and their
associations with the proinflammatory properties. Compared with the
nine noninflammatory miRNAs, the nine proinflammatory miRNAs
contained overall more uridines (pro- versus noninflammatory, 40 +
2% versus 23 + 2%; p < 0.001) (Fig. 4B). In contrast, there was no
significant difference in guanosine (G) content between the two
groups of miRNAs and a slightly but significantly higher adenosine
(A) and cytidine (C) abundance in the noninflammatory group.
Moreover, construction of an ROC curve using a binary classification
model of “noninflammatory” or “proinflammatory” in an expanded
panel of 33 miRNAs (Table III) revealed that the percentage of uri-
dine is the best discriminator of proinflammatory properties with an
area under the ROC curve of 0.844 (Fig. 4C). Interestingly, the per-
centage of adenosine was a similarly good discriminator (area under
the ROC curve, 0.769), though appropriately in the opposite
sense, given its association with noninflammatory miRNAs, thus
representing a strong negative predictor of the immunostimula-
tory potential of miRNAs. Further experiments revealed that
miRNAs with a high percentage of uridine (>40%), such as let-
7j, miR-145a-3p, and miR-7a-5p, all induced MIP-2 cytokine and
cfB production in WT BMDMs, whereas those with a low per-
centage of uridine (<20%), such as miR-1947-5p, miR-345-3p,
and miR-193b-3p, had minimal or no effect (Fig. 4D, 4E).
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Table II. List of murine miRNAs used in the study and their nucleotide sequences
Uridine

miRNA Sequence (5'-3") Total No. of Nucleotides No. % Stratified by %U

let-7j 5'-UGAGGUAUUAGUUUGUGCUGUUAU-3’ 24 12 50 High (=40%)
mir-142a-3p 5'-UGUAGUGUUUCCUACUUUAUGGA-3’ 23 11 48 High (=40%)
mir-7a-5p 5'-UGGAAGACUAGUGAUUUUGUUGU-3’ 23 10 43 High (=40%)

let-7b 5'-UGAGGUAGUAGGUUGUGUGGUU-3’ 22 9 41 High (=40%)
mir-34a-5p 5'-UGGCAGUGUCUUAGCUGGUUGU-3’ 22 9 41 High (=40%)
mir-145a-3p 5'-AUUCCUGGAAAUACUGUUCUUG-3’ 22 9 41 High (=40%)
mir-122-5p 5'-UGGAGUGUGACAAUGGUGUUUG-3’ 22 8 36 Moderate (=20% to <40%)
mir-146a-5p 5'-UGAGAACUGAAUUCCAUGGGUU-3’ 22 7 32 Moderate (=20% to <40%)
mir-802-5p 5'-UCAGUAACAAAGAUUCAUCCUU-3’ 22 7 32 Moderate (=20% to <40%)
mir-451a 5'-AAACCGUUACCAUUACUGAGUU-3’ 22 7 32 Moderate (=20% to <40%)
mir-126a-3p 5'-UCGUACCGUGAGUAAUAAUGCG-3’ 22 6 27 Moderate (=20% to <40%)
mir-374b-5p 5'-AUAUAAUACAACCUGCUAAGUG-3’ 22 6 27 Moderate (=20% to <40%)
mir-192-5p 5'-CUGACCUAUGAAUUGACAGCC-3’ 21 5 24 Moderate (=20% to <40%)
mir-22-3p 5'-AAGCUGCCAGUUGAAGAACUGU-3’ 22 5 23 Moderate (=20% to <40%)
mir-210-3p 5'-CUGUGCGUGUGACAGCGGCUGA-3’ 22 5 23 Moderate (=20% to <40%)
mir-345-3p 5'-CCUGAACUAGGGGUCUGGAGAC-3’ 22 4 18 Low (<20%)
mir-1947-5p 5'-AGGACGAGCUAGCUGAGUGCUG-3’ 22 4 18 Low (<20%)
mir-193b-3p 5'-AACUGGCCCACAAAGUCCCGCU-3' 22 3 14 Low (<20%)

Single-stranded miRNA mimics are ranked by uridine abundance per miRNA. Uridine % (%U) = No. of uridine/No. of total nucleotides in miRNA x 100%.

Moreover, a series of loss-of-function experiments were designed
to determine the necessity of TLR3 or TLR7 in mediating cytokine
and cfB production induced by the miRNA mimics and various TLR
agonists. As illustrated in Fig. 4F, 4G, cytokine and cfB responses to
various miRNA mimics as well as the TLR7 agonist R837 were
completely abolished in TLR7~~ but retained in TLR3™™
BMDMs. As expected, MIP-2 and cfB production was attenuated
in TLR3™~ cells when stimulated by polyinosinic:polycytidylic acid
(TLR3 agonist) but not Pam3cys (TLR2 agonist), suggesting a simi-
lar cell condition among different strains. Together, these studies
demonstrate that miRNAs with high uridine abundance exhibit
greater immunostimulatory effects than those with lower uridine
contents, suggesting the importance of uridine nucleotide as a key
element in the immune recognition of ex-miRNAs and that the ex-
miRNA-induced innate immune activation is entirely TLR7
mediated.

miRNA inhibitors and RNase attenuate the trauma plasma
exRNA-induced cytokine production

To determine if the endogenous plasma exRNA-induced cytokine
production in trauma was attributed to miRNAs, we treated exRNA
extracted from sham and trauma animals with anti-miRs specifically
against the proinflammatory miRNAs: miR-7a, miR-142a, let7j,
miR-802, and miR-146a, as identified above. As noted in Fig. 5A,
these individual miRNA inhibitors blocked at various degrees the
plasma exRNA-induced IL-6 and MIP-2 production in BMDMs.
Importantly, pretreatment with RNase but not DNase of plasma
exRNAs completely abolished the cytokine production in trauma
exRNA-treated BMDMs (Fig. 5B).

TLR7-knockout mice are protected against trauma-induced
inflammation and lung injury

Given the role of TLR7 in plasma exRNA sensing and their innate
immune activities, we next tested the necessity of TLR7 in mediat-
ing systemic inflammation and organ injury in a murine model of
polytrauma. As shown in Fig. 6A, compared with WT mice, age-
and sex-matched TLR7-knockout (KO) mice had significantly lower
IL-6 and MIP-2 levels in the plasma 6 h after polytrauma. Moreover,
the BAL levels of the proinflammatory cytokines were significantly
lower in TLR7-KO mice following trauma (Fig. 6B). TLR7™~ also
had less severe liver injury, as evidenced by lower plasma AST

levels (Fig. 6C). Moreover, there was a trend, albeit statistically
insignificant, toward better survival in TLR7-KO mice after day 3
of traumatic injury (Fig. 6D). However, and somewhat surprisingly,
although WT mice developed significant cardiac dysfunction 6 h
after polytrauma as assessed by echocardiography with decreased
ejection fraction and fractional shortening, decreased stroke volumes,
and CO, TLR7-KO mice exhibited no sign of improvement with
similar levels of cardiac dysfunction at 6 h (Fig. 6E).

Discussion

In this study, we established a mouse model of polytrauma that
models clinical trauma patients with systemic inflammation and
multiple organ injury. We found that hours after traumatic insults,
there was a marked increase in plasma exRNAs in both mice and
humans. Moreover, endogenous plasma RNA isolated from trauma
mice, but not that of sham control, was capable of inducing a dose-
dependent proinflammatory cytokine production in immune cells in
a TLR7-dependent manner. RNAseq profiling of plasma RNA iden-
tified markedly differential expression of a large group of plasma
miRNAs between trauma and control in both mice and humans.
Bioinformatic analysis and in vitro testing of a group of miRNA
mimics selected from the plasma RNAseq data have indicated the
importance of uridine abundance in predicting the proinflammatory
property of miRNA molecules. Loss-of-function studies employing
miRNA inhibitors and TLR7-KO mice demonstrated the important
role of miRNA-TLR?7 signaling in mediating proinflammatory effects
of exRNA in vitro. Finally, TLR7™~ mice appeared to be protected
in part from polytrauma-induced systemic inflammation and organ
injury.

The polytrauma model in our study was designed to simulate
blast injury to the low extremities (bone and muscle) and abdomen
(bowel) caused by improvised explosive devices that often occurred
during the recent U.S. Middle East conflict. In addition to muscle
and bone injury to the extremities from direct exposure to high-
energy explosives and fragmentation, survivors of blast injuries
often present with nonpenetrating injury to hollow viscera, including
ischemic injury from either hypotension and/or direct disruption of
mesenteric vessels and tissues resulting from blast overpressure
waves that propagate through the abdominal wall and solid organs
(32). It is worth noting that although severe trauma often involves
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significant hemorrhage and hypovolemia, a main cause of early
trauma mortality, many trauma patients sustain severe injuries
without associated hemorrhagic shock. These may include mul-
tiple soft tissue and bony injuries, such as the blunt trauma with
bone fracture, muscle crush, and nonpenetrating chest and
abdominal organ injury. Thus, our polytrauma model achieved
the goal of approximating these clinical situations using a com-
bination of bowel ischemia, long bone fracture, and tissue
injury. The polytrauma model mimics the clinical state of

hypothermia; direct local organ injury; and, importantly, multi-
ple remote organ injury to the lung, heart, kidney, and liver.
Moreover, the polytrauma model generated a massive acute
inflammatory response, reflecting the expected course of innate
immune activation following a single traumatic insult. However,
given the heterogeneous nature of injuries, such as bone fracture, mus-
cle crush, and bowel ischemia, it is difficult to link systemic effects
and organ injuries to one particular insult, which can be viewed as
a limitation of the model from a mechanistic standpoint.
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Table III.  Binary classification schemata for miRNAs used in percent-
age uridine analyses

Uridine Uridine

miRNA (%) Inflammatory? miRNA (%) Inflammatory?
let-7j 50 Yes mir-499-5p 43 No
mir-142a-3p 48 Yes mir-144-3p 35 No
mir-7a-5p 43 Yes mir-144-5p 35 No
mir-145a-3p 41 Yes mir-451-a 32 No
let-7b 41 Yes mir-1a-3p 32 No
mir-34a-5p 41 Yes mir-374b-5p 27 No
mir-181d-5p 39 Yes mir-126a-3p 27 No
mir-215-3p 38 Yes mir-150-5p 27 No
mir-122-5p 36 Yes mir-26a-5p 27 No
mir-186-5p 36 Yes mir-192-5p 24 No
mir-25-3p 36 Yes mir-210-3p 23 No
mir-382-5p 36 Yes mir-22-3p 23 No
mir-26b-5p 33 Yes mir-345-3p 18 No
mir-802-5p 32 Yes mir-1947-5p 18 No
mir-145a-5p 32 Yes mir-193b-3p 14 No
mir-133a-3p 32 Yes

mir-146a-5p 30 Yes

mir-208a-3p 18 Yes

n =18 n=15

Synthetic ss-miRNAs, rank list ordered by percentage uridine below, were
tested at effective doses of 50 nM in BMDM culture. miRNAs capable of inducing
both MIP-2 and IL-6 were classified as inflammatory (left, » = 18), whereas the
absence of a cytokine response was classified as noninflammatory (right, n = 15).
Uridine % = No. of uridine/No. of total nucleotides X 100%.

To our knowledge, one of the novel findings in the current study
was the proinflammatory property of plasma RNA in trauma mice.
The fact that the same amount of plasma RNA from sham mice failed
to achieve the effect suggests that traumatic injury may have altered
the plasma RNA profiles such that it possesses proinflammatory
characteristics. Indeed, the unbiased RNAseq analysis demonstrated
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a differential expression pattern of multiple plasma miRNAs between
trauma and health in both mice and humans, and that ex-miRNAs
represent the most predominant exRNA biotype in the plasma.
Moreover, there is substantial overlap in plasma miRNAs between
mice and humans. These observations are consistent with other
studies that have documented the roles of circulating miRNAs as
potential circulating biomarkers for defining various disease states such
as myocardial infarction (33, 34), systemic inflammatory response
syndrome (35), and sepsis (36, 37). For example, in a study of
experimental sepsis induced by cecal ligation and puncture, levels
of many miRNAs, such as miR-145-5p, miR-122-5p, miR-146a-5p,
miR-34a-5p, and miR-210-3p, are clearly elevated in septic mice
compared with control animals (21, 22), suggesting that expression
profiles of miRNAs are potential indicators of an increasingly com-
plex pathology. Similarly, patterns of miRNA differential expression
have been studied in severely injured patients, suggesting potential
correlations between miRNAs and key clinical outcomes, such as
acidosis, coagulopathy, and transfusion requirements (18, 21, 22).
However, mere observations about the relative presence of indi-
vidual miRNA patterns provide little information in terms of direct
evidence on the specific function of miRNAs and how they may ini-
tiate or perpetuate the complex postinjury inflammation and con-
tribute to trauma-induced downstream pathogenesis. Finally, it should
be pointed out that although both male and female human subjects
were enrolled, only male mice were used for the plasma RNAseq
profiling and other experiments in the present study, which represents
a major limitation. There are ample studies in animals and humans
that demonstrate sex differences in trauma pathophysiology, post-
traumatic recovery, and treatment efficacy (38—41).

Our efforts to identify the unique role of miRNAs in regulating
the inflammatory response in trauma stems from prior observations
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. Group: WT-Sham TLR7 KO- WT- TLR7 KO- p1 p2 p3
Each data point represents an (n) (5) Sham (5)  Trauma Trauma
animal subject. n = 5 in sham (10) (10)
group, n = 10 in trauma group. Baseline
p 1, WT-sham versus WT HR, bpm 649:21 6666 665:9 66816 ns ns ns
trauma; p 2, KO-sham versus FS, % 50.0£1.2 47.4+1.8 49,1+0.6 47.8+1.2 ns ns ns
KO trauma; p 3, WT trauma EF, % 82.8:1.2  80.0+14  81.8:06  80.6+1.2 ns ns ns
versus KO trauma CO, ml/min 18.6+0.9 17.6+0.6 17.5+0.6 16.9+0.9 ns ns ns
’ SV, ul 28.741.2 25.3+0.7 26.3+0.7 25.2+1.1 ns ns ns
6h Post-surgery
HR, bpm 662+13 66319 480126 390435 <0.001 | <0.0001 ns
FS, % 47.6%£1.3 48.4+2.2 34.1£3.3 33.442.6 | <0.05 <0.05 ns
EF, % 79.6£1.7 81.04£1.9 64.0+4.4 63.943.5 ns <0.05 ns
CO, ml/min 23.7+1.9 19.8+0.8 7.3£1.6 5.411.4 <0.0001 | <0.0001 ns
SV, ul 35.8£3.0 29.8+0.9 14.3+2.5 12.7¢2.2 | <0.0001 | <0.0001 ns

that certain miRNAs have a unique property of triggering innate
immune responses in various cells (macrophages, microglia, astrocytes,
and cardiomyocytes) and organs (the brain, lung, and heart), such as
cytokine or complement factor production and innate immune cell
activation (12, 21, 24, 42). Furthermore, we have previously demon-
strated that systemic administration of RNase or nucleic acid—binding
nanoprobes reduces ischemic myocardial injury (33, 43) and that
genetic deletion of TLR7 improves sepsis outcomes (24, 25, 44—-46),
further supporting the concept that exRNA sensing via TLR7 is a key
proinflammatory driver under certain inflammatory conditions.

Our bioinformatic analysis and cytokine/cfB testing of various
miRNA mimics revealed the importance of uridine abundance in
miRNA molecules in their proinflammatory properties. Among
the miRNA mimics tested in the study, those with high uridine abun-
dance (>40%) have greater immunostimulatory effects than the ones
with lower uridine contents (<20%). The molecular explanation
behind these observations is probably due to the critical role of uri-
dine in ssRNA binding to TLR7. In a structural analysis of TLR7,
Zhang and colleagues demonstrated that one of the two nucleotide
binding sites in the crystal structures of TLR7 specifically binds to
uridine moieties in ssSRNA and that successive uridine-containing
ssRNAs have full binding capability to TLR7 (31, 47). Along the
same line, we recently analyzed the nucleotide sequences of a group

of 33 miRNAs, both proinflammatory and noninflammatory. Using
a computer exhaustive search algorithm, we identified UU... U as
the functional motif of the proinflammatory miRNAs, which was
further validated experimentally in vitro via a series of single U—A
mutations and cytokine testing with miR-146a-5p (22).

The in vivo loss-of-function study in TLR-KO mice demonstrated
an essential role of TLR7 signaling in trauma-induced systemic inflam-
mation and the downstream pathogenesis of multiple organ injury
following traumatic insult. Additional studies using pharmacological
antagonists to TLR7 signaling will be needed to validate these findings.
However, the fact that TLR7-KO mice were only partially protected
with attenuated systemic inflammation and organ injuries suggests that
different endogenous danger receptor systems may also play a role (8).

In summary, in a murine model of polytrauma, we demonstrate a

unique proinflammatory property of plasma RNA. RNAseq analysis
reveals a marked differential expression of a large group of plasma
miRNAs in both mice and humans following severe traumatic injury.
Mechanistically, our study demonstrates that trauma plasma exRNA
and certain ex-miRNAs with high uridine abundance elicit their proin-
flammatory effects via TLR7 signaling. Compared with WT mice,
mice with genetic deletion of TLR7 have attenuated inflammation and
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organ injury following polytrauma. These data establish an important
role of exRNA-TLR7 signaling in trauma-induced inflammation and

organ injury.
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